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Abstract: The tests discussed in the article aimed to analyse the microstructure 
and properties of plasma arc-welded joints (process 15) used in tests concerning 
welding procedure approval. The material subjected to the tests was austenitic steel 
X5CrNi18-10, belonging to a group of structural materials characterised by special 
properties (high corrosion resistance, favourable mechanical properties and good 
weldability). Because of its advantages, the steel is used in many industrial sectors 
and joined using various welding techniques. The article presents results obtained 
using the plasma arc welding process (PAW), which, due to its advantages, enjoys 
growing popularity in many industries. The test joints were subjected to macro and 
microscopic metallographic tests, mechanical tests (tensile tests, bend tests and hard-
ness measurements) and diffraction tests.
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Introduction 
Because of their favourable corrosion resistance in 
aggressive environments, stainless steels are rat-
ed among structural materials of special properties 
[1-4]. Basically, within the entire range of temper-
atures, stainless steels contain one phase, i.e. aus-
tenite. Depending on the chemical composition of 
a given steel grade, it is also possible to observe 
a slight fraction of high-chromium ferrite δ (ap-
proximately 10%) [5, 6]. The presence of austen-
ite is responsible for an increase in the yield point 
and tensile strength [5, 7, 8].

Austenitic steels are characterised by high ductil-
ity, elasticity, formability [4] and crack resistance 
at cryogenic temperatures [1]. The applicabili-
ty of such steel at the above-named temperatures 
results from the lack of transition to the brittle 
state [1, 2]. Classical austenitic steels are charac-
terised by good weldability enabling the obtain-
ment of appropriate strength, corrosion resistance, 
toughness and ductility in the weld and heat affect-
ed zone (HAZ). The aforesaid advantages result, 
among other things, from the fact that the forma-
tion of undesired phases in the structure requires 

longer exposure to high temperature (entailing 
lower cooling rates) than that during the welding 
thermal cycle. Because austenitic steels do not un-
dergo hardening during fast cooling, the heat af-
fected zone does not contain hardening structure 
and is not characterised by grain growth [9, 10].

Stainless steels can be welded using several 
methods. The selection of a proper method de-
pends on a given type of alloy. An improperly se-
lected welding method could negatively affect the 
material structure.

The plasma arc welding (PAW) of stainless steels 
is not so commonly used in industry as TIG (pro-
cess 141 in accordance with EN 4063) and MIG 
methods (process 131 in accordance with EN 
4063) [11]. The advantages of the PAW process 
include higher welding rates (because of higher 
energy concentration, stability and plasma beam 
adjustability) and the possibility of welding thick 
plates using relatively narrow runs with significant 
penetration depths (translating into lower stresses 
and strains) [12, 13]. The development of the tech-
nique is responsible for the fact that the PAW meth-
od is enjoying continuous applicability in relation 
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to elements characterised by the highest require-
ments concerning the quality of the weld (lack 
of spatter and porosity as well as very high aes-
thetics). Increasingly often it is possible to come 
across PAW equipment and welding stations used 
for the joining of vessels and other products made 
of stainless steels having thicknesses restricted 
within the range of 6 mm to 8 mm (or even thick-
er). The PAW process constitutes an alternative to 
TIG or MIG welding methods.

The article discusses results obtained in tests 
concerning plasma arc welded joints (process 15) 
and accompanying the process of welding proce-
dure approval. The process of welding procedure 
approval was performed in accordance with the 
requirements specified in the PN-EN ISO 15613 
standard [14], including the performance of an ad-
ditional test, i.e. the observation of microstructure 
in the joint area. The material subjected to weld-
ing was 8 mm thick steel X5CrNi18-10 (AISI 304).

Test materials and methodology 
The subject of the tests discussed in the article was 
an 8 mm thick butt welded joint made of steel 
X5CrNi18-10 (having the form of flat bars) using 
the PAW method (process 15 in accordance with 
ISO 4063 [15]). The chemical composition of the 
test steel is presented in Table 1.

Figure 1 presents the structure of the base ma-
terial, i.e. the classical microstructure obtained 
in hot-rolled austenitic steels. It is possible to ob-
serve annealing microtwins. The visible banded 

structure resulted from the plastic treatment of the 
plates. It was also possible to notice some darker 
areas of ferrite.

The tests of the welded joints included (macro 
and microscopic) metallographic tests, mechanical 
tests (static tensile test, static bend test and hard-
ness measurements) and diffraction tests.

The microstructural observations of the weld-
ed joints were performed using a DMLM 4000M 
light microscope (Leica). The metallographic spec-
imens used in the tests were previously subjected 
to electrolytic etching. The etching process was 
performed at room temperature and involved the 
use of a voltage of 6 V and etching time restrict-
ed within the range of 10 s to 40 s. The etchant 
contained 10 g of oxalic acid and 100 ml of H2O. 
Such an approach made it possible to reveal the 
fusion line and the heat affected zone (HAZ). Mi-
crostructural observations included the weld, the 
heat affected zone (HAZ) and the base material. 
The metallographic tests were preceded by mac-
roscopic observations performed using a stereo-
scopic microscope.

The static tensile test was performed in accor-
dance with the requirements specified in the PN-
EN ISO 6892-1:2016-09 standard [17], using an 
MTS 810 testing machine. The specimens subject-
ed to the tests were sampled perpendicularly to 
the weld axis. The test involved rectangular spec-
imens (7 mm × 7 mm), maintaining the length of 
measurement part L0 = 72 mm. The weld face and 
root were subjected to mechanical treatment. The 

Fig. 1. Microstructure of the base material, i.e. steel X5CrNi18-10

Table 1. Chemical composition of steel X5CrNi18-10 in accordance with PN-EN 10088-2: 2014-12 [16]

Steel grade C Si Mn P S Cr Ni
X5CrNi18-10 <0.05 <0.75 <2.0 <0.04 <0.015 17.5–19.0 8.0–10.0
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cross-beam travel rate amounted to 10 mm/min. 
The tensile tests involved the use of 3 specimens.

The static three-point side bend test was per-
formed in accordance with the recommendations 
specified in the PN-EN ISO 5173:2010 standard 
[18] and involved the use of non-standard spec-
imens having dimensions of 100 mm × 6 mm 
×8 mm. The specimens were cut out perpendic-
ularly to the weld axis. In order to remove the 
reinforcement and collar of the weld root, the 
specimens were subjected to mechanical treat-
ment. The test was performed using a bending pin 
having a diameter of 32 mm, i.e. being four-fold 
thicker than the base material. The bend test in-
volved the material of the weld.

The hardness measurements were performed in 
accordance with the requirements specified in the 
PN-EN ISO 9015:2011 standard [19] and involved 
the use of a Zwick/Roell ZHU 187.5 universal 
hardness tester. The measurements involved the 
use of the Vickers hardness test, performed in ac-
cordance with the requirements specified in the 
PN-EN ISO 6507:2007 [20], and a load of 49 N 
(HV5). The specimens used in the tests were sam-
pled perpendicularly to the weld axis and con-
tained the centrally located cross-section of the 
welded joint, indispensable for the proper arrange-
ment of measurement points.

In each specimen, indents were made in two 
measurement lines (rows (R)) crossing the base 
material, HAZ and the weld. Both lines were lo-
cated 2 mm away from the plate surface. Because 
of the very narrow area of the heat affected zone 
(HAZ), hardness measurements in the zone were 
performed on the measurement line and, in addi-
tion, above and below it.

The radiographic tests involved the use of a D8 
Advance (Brucker) diffractometer equipped 

with an X-ray tube featuring cobalt anode  
λCo = 0.17902 nm. The measurement conditions 
included angle range 2θ = 45°–125°, measurement 
increment Δ2θ = 0.04° and time τ = 10 s/increment.

Test results

The results of the macroscopic metallographic tests 
are presented in Figure 2, whereas the results of 
the microscopic tests are presented in Figures 3 
through 5. The two-run weld was characterised by 
a relatively large face width of ~11.5 mm and sym-
metricity in relation to the weld axis. Both the di-
mensions of the weld face and those of the weld 
root were restricted within the range of bounda-
ry values concerning imperfection dimensions in 
relation to quality level B in accordance with the 
PN-EN ISO 5817 standard [21]. The observations 
did not reveal the presence of any other internal 
welding imperfections such as cracks, incomplete 
fusion or porosity. It was possible to observe that 
individual dendrites grew in both layers, which 
indicated the occurrence of the so-called tran-
scrystallisation. In addition, dendrites were also 
observed in the central area of the weld, which is 
characteristic of the crystallisation of welds made 
of austenitic steels. A darker area observed near 
the fusion line in the macrostructural photograph 
was the heat affected zone.

Figure 3 presents the microstructure of the weld 
made of steel X5CrNi18-10, composed of the aus-
tenitic matrix and precipitates of ferrite (lamellar 
and reticular). Figure 4 presents the weld micro-
structure in the fusion line with the weld and the 
heat affected zone, whereas Figure 5 presents the 
central area of the weld.  The structure of steel 
X5CrNi18-10 was purely austenitic. The ferrit-
ic nature of steel crystallisation combined with 

Fig. 2. Macrostructure of the welded joint made of steel X5CrNi18-10
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Fig. 3. Weld microstructure

Fig. 4. Microstructure in the fusion line area

post-weld segregation processes were responsible 
for the fact that the structure of the welds made 
of steel X5CrNi18-10 was composed of austenite 
and a certain amount of ferrite. During the crys-
tallisation from the liquid state the nature of phase 
transformations changed L → L + δ → δ → δ + 

γ → γ [9]. In terms of welding, the cooling process 
was so fast that crystallisation was of non-equi-
librium nature and, up to ambient temperature, 
the weld structure contained a certain amount of 
ferrite δ. The faster the cooling above a tempera-
ture of 1250°C, the greater the amount of ferrite. 
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The formation of the above-named phase was also 
significantly affected by segregation taking place 
during crystallisation. The aforesaid segregation 
increased the life of the structure and reduced the 
rate of ferrite transformation into austenite [9].

Figure 6 presents the diagram of the static ten-
sile test. The material did not reveal a clearly no-
ticeable yield point. During the test it was possible 
to observe a plastic strain in the form of a neck 
(see Fig. 7) located in the weld. The tests of the 
weld made of steel X5CrNi18-10 revealed con-
ventional yield point Rp0.2 = 321.9 MPa, tensile 
strength Rm = 547.7 MPa and  relative elongation 
A = 52.5%, whereas the mechanical properties of 
steel X5CrNi18-10 in accordance with PN-EN 
10088-2: 2014-12 [16] included Rp0.2 min = 210 MPa, 
Rm= 520–720 MPa and Amin = 45% (Table 2). As 
can be seen, the joint was characterised by high-
er yield point than the value required in relation 
to steel X5CrNi18-10 not subjected to welding. 
The test result satisfied the requirement specified, 
among other things, in the PN-EN ISO 15614-
1 standard [22], according to which the tensile 

strength of the specimen should be not lower than 
the specified lowest tensile strength of the base 
material.

Table 2. Results obtained in the static tensile test 

Joint
Steel X5CrNi18-10 in accordance 

with PN-EN 10088-2: 2014-12 
[16]

Rp0.2 [MPa] 321.9 >210
Rm [MPa] 547.7 520–720
A [%] 52.5 >45

Fig. 5. Microstructure in the fusion line area between the runs

Fig. 6. Stress-strain curve concerning the welded joint made 
of steel X5CrNi18-10
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Fig. 7. Specimen after the static tensile test

The three-point bend test involved the use of 
a bending pin. A bend angle of 160° obtained with-
out cracks or partial tear confirmed high plastic 
properties of the welded joint. The maximum 
strength preceding the bending of the specimen 
amounted 3550 N.

Figure 8 presents the specimen after the bend test.
The Vickers test-based hardness measurements 

were performed in two lines, i.e. on the weld face 
and weld root side (Fig. 9). The tests revealed a 
slight increase in hardness in the HAZ and in the 
weld (on the weld root side) in comparison with 
that of the base material as well as revealed a slight 
decrease in hardness in the HAZ and in the weld 
(on the weld face side) in comparison with the 
hardness of the base material. The lowest hard-
ness of 164 HV5 was measured on the weld face 
side, whereas the highest hardness of 260 HV5 
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was measured on the weld root side. The X-ray 
phase analysis and the analysis of diffraction lines 
made it possible to analyse the phase composition 
and changes (if any) in the weld in relation to the 
base material.

Figure 10a presents the diffraction record of the 
base material, whereas Figure 10b presents the re-
cord obtained in relation to the weld. In both dif-
fraction patterns it was possible to observe strong 
peaks originating from austenite and weak peaks 
originating from ferrite. The strongest peak ob-
served in the base material was (111)γ. It was also 
possible to observe a strong line originating from 
(200)γ and weaker lines originating from (311)γ, 
(220)γ and (222)γ. In addition, it was possible to 
observe a weak peak originating from ferrite (110)
α. In the weld, the strongest line was that originat-
ing from (111)γ. It was also possible to observe 
a strong peak originating from (200)γ. The inten-
sity of both lines was significantly higher in the 
weld than in the base material. In turn, it was pos-
sible to observe the weakening of the peak origi-
nating from (311)γ. It was also possible to observe 
an increase in the intensity of line (110)α and the 
appearance of an additional (yet weak) peak orig-
inating from ferrite (200)α. The test involved the 
calculation of the reflection intensity ratio for aus-
tenite Iγ111/Iγ200 and Iγ111/Iγ220 as well as for ferrite 
Iα110/Iα200 and the comparison of the above-named 
values with theoretical values for the PDF stan-
dard specimen from the ICDD base. The analysis 
of the aforementioned simple indicators enabled 
the detection of the presence and strength of the 
crystallographic texture.

The results of the test are presented in Table 3. 
The differences between theoretical values and 

Fig. 8. Specimen after the three-point side bend test: 
a) bend side view, b) view from the weld face, c) view from 

the weld root

Fig. 9. Hardness distribution in the weld, heat affected zone (HAZ) and in the base material (BM), measured in cross-sec-
tion, on the side of the weld face and weld root
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experimentally identified intensity ratios indicat-
ed the texturisation of the material.
Table 3. Austenite and ferrite peak intensity ratios for steel 

X5CrNi18-10 subjected to plasma arc welding 

Material Iγ111/Iγ200 Iγ111/Iγ220 Iα110/Iα200

Theoretical value 2 3.1 5
Base material 1.1 7.8 –
Weld 1.9 23.1 4.8

Conclusions
The microstructure of the weld made of the auste-
nitic chromium-nickel steel was composed of aus-
tenite and ferrite of two, i.e. lamellar and reticular, 
morphologies.

The weld made of steel X5CrNi18-10 using 
plasma arc welding method was relatively plastic, 
which was confirmed by the bend test result.

The results of the static tensile test revealed that 
the material after welding satisfied requirements 
concerning mechanical properties.

The differences concerning the intensity between 
the standard specimen and the test material, 
observed during the diffraction phase analysis, 
revealed the texturisation of the material.

The study was funded by the Ministry of Science 
and Higher Education within research subsidy no. 
16.16.110.663 for the AGH University of Science 
and Technology in Kraków.
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