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Abstract

Austenitic heat-resisting steels are used in a
wide range of industries. Their use is motivated not
only by their excellent mechanical properties but
also due to their excellent resistance to corrosion
and the ability to withstand high temperatures.
These steels are prone to defects and challenges
during welding because of their high content of Cr,
Ni, Al, and other alloying elements. The main
problem is the high heat energy input, which
causes differences in structure between the welded
joint and the surrounding area. The relatively high
heat input and cooling in the heat-affected zone
(HAZ) causes carbide formation and, as a result,
coarse grain formation, which is undesirable for
obtaining favourable mechanical properties. This
study investigates the weldability of two heat-
resistant austenitic steels (EN X12CrNi23-13 and
EN X8CrNi25-21) using the gas tungsten arc
welding (GTAW) technique. Both materials are
separately analyzed, and the results are discussed
in terms of potential welding techniques and
technological plan improvements to achieve high-
quality welds without pre-heating or any other
additional post-welding heat treatment, which is
important for the industry because it can reduce
production time and cost.
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Rezime

Austenitni vatrootporni Celici koriste se u raznim
oblastima industrije. Njihova upotreba je motivisana
ne samo odlicnim mehanickim svojstvima vec i
odli¢nom otpornod¢u na koroziju i sposobnoséu da
izdrze visoke temperature. Ovi cCelici su skloni
defektima i izazovima tokom zavarivanja zbog
visokog sadrzaja Cr, Ni, Al i drugih legirajucih
elemenata. Glavni problem je veliki unos energije
zavarivanja, $to uzrokuje razlike u strukturi izmedu
zavarenog spoja i okolnog materijala. Relativho
veliki unos toplote i hladenje u zoni uticaja toplote
(ZUT) uzrokuje stvaranje karbida i kao rezultat toga
formiranje krupnog zrna, $to je nepozelino za
dobijanje povoljnih mehani¢kih osobina. Ova studija
istrazuje zavarljivost dva austenitna vatrootporna
Celika (EN X12CrNi23-13 i EN X8CrNi25-21)
primenom  tehnike  zavarivanja  netopljivom
volframovom elektrodom u zastitnoj atmosferi
inertnog gasa. Oba materijala se posebno
analiziraju, a rezultati se razmatraju u smislu
potencijalnih tehnika zavarivanja i poboljSanja
tehnolodkog plana za postizanje visokokvalitetnih
zavara bez predgrevanja ili bilo koje druge dodatne
termicke obrade posle zavarivanja, sto je znacajno
za industriju jer moze smanijiti vreme i troSkove
proizvodnje.

The paper was published in its original form in the Proceedings of the 2" Conference with international participation "Welding and welded

structures” held in Sarajevo, BiH, from October 25 to 27, 2023.
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1. Introduction

Greenhouse gas emissions are a major
global concern in nowadays living. Thermal power
plants contribute to this significantly because fossil
fuel combustion is one of the main sources of
greenhouse gases [1]. According to research,
steam temperature and pressure have a significant
impact on a power plant's efficiency [1 - 3]. Most of
the electricity-generating equipment in power plants
operates at very high temperatures from 600°C to
1400 °C and high steam pressures in the range of
20MPa and more [2]. These operating pressures
and temperatures are even higher for high-
efficiency power plants than they are for
conventional older-generation power plants, and as
a result, they need less coal to produce the same
amount of energy [2, 4]. As operating temperatures
rise, structural components must meet higher
standards for use in power plants with high
temperatures. As a result, a variety of heat-
resistant steels have been created [1] that can
withstand harsher operating conditions to meet
these demands. While the operating conditions
don't call for any special mechanical characteristics,
they do call for strong anti-corrosion and high
resistance to heat destruction. Low-alloy steels
cannot be used in hostile environments or at
temperatures higher than 550°C because they lose
strength at high temperatures and form a thick layer
of oxide. To avoid additional costs, steel
microstructure must remain stable over an
extended period while operating defect-free. When
conventional steel is exposed to high temperatures,
strengthening precipitates dissolve or coagulate,
which  significantly  reduces  strength  and
mechanical properties and speeds up corrosion [4].
These unfavourable conditions could result in
failures.

Heat-resistant steels themselves belong to the
group of high alloy steels and the basic alloying
element added to steel is Cr. With a greater
presence of chromium (Cr), the heat resistance
increases, and with the presence of other alloying
elements such as Ni, Al, Mo, Ti, etc. the steel
improves the mechanical properties. Based on the
microstructural characteristics these steels can be
ferritic steels with main alloying elements (Cr, Si,
and Al), ferritic-austenitic steels, ferritic-martensitic
steels, martensitic and austenitic steels with main
alloying elements (Cr, Ni, Si, and less frequently Al
and Ti).

Two types of heat-resistant steels are used in
power plants: ferritic-martensitic and austenitic
steels [2]. The ferritic-martensitic grades include
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trace amounts of Mg, Mo, S, C, and Ni, which are
primarily present to aid in precipitation
strengthening and high-temperature behaviour [2].
The martensitic steels are designed for operation at
steam temperatures below 650 °C [2, 5]. The main
steam pipes in fossil power plants with steam
temperatures up to 600 °C have frequently been
made of martensitic heat-resistant P91 and P92
steels [1]. In comparison to martensitic heat-
resistant steel, austenitic heat-resistant steel has a
higher resistance capability to oxidation [1]. Also,
austenitic steels are significantly stronger, more
ductile, and have higher creep-rupture strength
than ferritic/martensitic steels [2]. These steels are
widely used in many industries like chemical,
pharmaceutical, cement, and food industries, as
well as in aviation, navy, and architecture. This is
due to their superior cold hardening and polishing
capabilities, high oxidation and corrosion
resistance, mature manufacturing process, good
deformation, and mechanical properties at elevated
temperatures [5, 6]. However, due to the formation
of carbides and nitrides in the microstructure, which
coarsens during use, commercial heat-resistant
austenitic steels have low creep rupture strengths
at high temperatures [7, 8]. The carbides at the
boundaries are the ideal Ilocation for cavity
nucleation under creep-fatigue loading conditions,
which calls into question the creep-fatigue life of the
structure.

Austenitic stainless steels are also used when
joining dissimilar metals [9]. The tensile strength of
joints between structural C-steel and austenite
stainless steel was studied by Cam et al. in a
recent publication [9]. They discovered that joints
fracture at low-strength base metal sides and that
there are certain inhomogeneities in the weld metal
microstructure, which contained three phases:
ferritic-austenitic, baintic, and martensitic phases.
Welding can be difficult because residual stresses
in the joint may result from the different thermal
conductivities of austenitic stainless steel and
carbon steel [9]. As opposed to welding martensitic
and ferritic steels, welding austenitic heat-resistant
steels only presents two difficulties: poor heat
dissipation and increased electrical resistance.
Intergranular corrosion can happen in the base
material as well as the heat-affected zone (HAZ).
It's also possible that internal stresses contribute to
the formation of hot cracks during the weld cooling
process. Austenitic heat-resistant steels contain
different amounts of alloying elements which can
allow steel to pass through the precipitates during
service and thus provide high-temperature stress
strength, grain refinement, and precipitation
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hardening [10]. But when the welding process is
used these characteristics might change, because
of the effect of the localized high temperature [10],
so it is important to study the creep rupture strength
and mechanical properties of welded joints of these
steels.

In the present research, the weldability of two
types of austenitic  heat-resistant  steels
(X12CrNi23-13 and X8CrNi25-21) is investigated.
The experiment consists of welding two samples
from both materials with gas tungsten arc welding
(GTAW) with assigned parameters according to the
assigned welding technology. After welding the

samples, several tests were done bending,
hardness, tension, non-destructive tests with
penetrants, and radiography. The findings

demonstrate that it is possible to reduce the cost of
welding during the construction of structures by
adjusting some of the parameters, such as current
strength and welding speed. By doing so, it is
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possible to avoid preheating and additional heat
treatment during the welding of these pieces.
Additionally, data on critical properties and
information on the microstructural characteristics
are provided. The study's main objective is to offer
an initial understanding of the mechanical and
weldability characteristics of austenitic heat-
resistant steels. It identifies potential next steps for
additional research, and the findings can act as a
fundamental manual for welding these steels with
GTAW.

2. Materials, experiments and methods

The two welded plates used in the investigation
are made of two different austenitic heat-resistant
steel plates with the designations EN X12CrNi23-
13 and EN X8CrNi25-21. The mechanical
characteristics and chemical composition of these
steels are listed in Tables 1 and 2.

Table 1. Mechanical properties of the investigated austenitic heat-resistant steels

Tabela 1. Mehani¢ka svojstva ispitivanih austenitnih vatrootpornih ¢elika

Designation Mechanical properties
Rn | Reo2 | As | Z | KU | HB
EN AISI | N/mm? % | % | J
. 500-
X12CrNi23-13| S309 200 210 | 35 | 43 | 21 [192
: 500-
X8CrNi25-21| S310 700 210 | 35 | 42 | 23 [192

Table 2. Chemical composition of the investigated austenitic heat-resistant steels

Tabela 2. Hemijski sastav ispitivanih austenitnih vatrootpornih ¢elika

Designation

Chemical composition, [mass %]

EN AlSI | C | Si |Mn

P

S Cr Ni N Fe

X12CrNi23-13| S309 [0.15| 1.0 | 2.0

0.04500.015

22.0-24.0 12.0-14.0,0.11 | rest

X8CrNi25-21 | S310 |0.10| 1.5 | 2.0

0.0450.015

24.0-26.0 [19.0-22.0,0.11 | rest

Data from both tables indicate that there are
only minor variations in the Cr and Ni contents
between these materials. The dimensions of the
plates are 150 x 150 x 2.5mm and 150 x 150 x
6mm. The welding technique used is GTAW with
different welding parameters for each set of plates.
The welding on the thinner plate (sample 1) is a
two-sided facing joint with one passage. The thicker
plate (sample 2) is prepared with X shaped grove
for a butt-weld joint done with several passes,

performed using the same device (Cea Matrix 250
HF) that was used for welding the thinner plate.
The temperature of the work pieces before welding
and between each pass is measured with an
infrared thermometer Steinel HL Scan. The
protective gas during the welding of both materials
is Argon with a content of 99.99% due to the
provision of deeper penetration and quality
protection of HAZ from inclusions from the
atmosphere. The flow is 14 I/min. The filler material
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for both steels is an W 23 12 L Si bar with a
diameter of 2.0mm. At a 23°C ambient
temperature, sample 1 is welded without any
preheating. A 64A current is used for the frontal
pass, which is followed by a 29°C cooling period
before the next pass is made on the opposite side.
The sample is rotated, cleaned at the root, and then
welded using the same 64 A current. Following the
application of the first layer, the piece is rotated
once more to the opposite side for the application
of the second pass, which uses a current of 62 A.

4
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Since the time between these operations is short,
the intermediate temperature remains at the value
of 50°C. After the second side of the joint has been
welded, the object is removed from the worktable,
visually inspected, and then cooled in air. Figure 1
illustrates the pre-welding preparation, the welding
process, and the deformation that results from too
much heat being applied to the material. The short
cooling period the piece had between rotation and
the other side's welding is what caused the
deformation.

Figure 1. Pre-welding preparation, welding, and deformation after welding of sample 1

Slika 1. Priprema pred zavarivanje, zavarivanje i deformacija nakon zavarivanja uzorka 1

The second sample is also welded without
preheating at an ambient temperature of 23°C and
the preparation of the sample is shown in Figure 2.
The second sample is welded on two sides, with
three passes on each side with the same device as
the first sample with argon as a protective gas. The

filler material used has a diameter of 2mm, and the
tungsten electrode used has a diameter of 2.4mm.
The values for the current and the various
temperatures between the layers are shown in
Table 3.

m_2.5mm
.

2.5mm “m

Figure 2. Sample 2, preparation with X-shaped grove for butt welded joint

Slika 2. Uzorak 2, priprema sa X Zljebom za su¢eono zavareni spoj
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Table 3. Arc current used and measured inter pass temperatures

Tabela 3. Primenjena struja zavarivanja i izmerene meduprolazne temperature

Pass Current used Temperature
number Al measured in .
between layers [ °C]
1 93 20
2 93 152
3 109 47
4 109 100
5 120 52
6 120 159

The filler material for both steels is an W 23 12 L
Si bar with a diameter of 2.0mm and mechanical
properties and chemical composition are shown in
Table 4 and Table 5.

Table 4. Mechanical properties of filler material

Tabela 4. Mehanicka osobine dodatnog materijala

Designation Mechanical properties
Rm [N/mm?] | Ryo2 [N/mm?] | As | Z
W 2312L Si
510 320 - -

Table 5. Chemical composition of filler material

Tabela 5. Hemijski sastav dodatnog materijala

Designation | Chemical composition, [mass. %]
C | Si| Mn P Cr | Ni | Fe
0.03|0.76{1.32-/0.0022-|23.65|12.76| rest

W2312L Si

tests are done that can be categorized as non- Sample 6mm. According to the EN 3452 standard,

destructive (penetrants and radiography) and Penetrant testing entails the following steps:
destructive testing (macrostructure and Cleaning and degreasing the surface of the material
microstructure  examination, hardness testing, Peing tested, application of the penetrant, removal
bending and tensile testing). The radiographic ©f the penetrant with water or a cloth, and
method includes an examination for detecting application of a developer that draws the penetrant
errors in the welded joint: cracks, slag inclusions, ©out of the cracks. These procedures were carried
porosity, and lack of root fusion. The samples were ~ Out on both samples. Two testing samples are

tested according to the standard EN 17636-1. The created from both ~welded plates for the
source is 2x2 in size and emits X-rays. The macrostructure examination, as shown in Figure 3.
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Figure 3. Samples for macrostructure testing for both welded plates

Slika 3. Uzorci za ispitivanje makrostrukture za obe zavarene ploce

Additionally, tests for hardness, bending, and
tensile strength have been conducted. Figure 4
displays the samples from these tests for both
materials. The label's first number denotes the
sample's number, and its second number, the
location of the testing sample.

Figure 4. Testing samples for tensile, bending and hardness testing

Slika 4. Uzorci za ispitivanje zatezanjem, savijanjem i za ispitivanje tvrdoce

The hardness testing is carried out according to
standard EN 6507-1 with a diamond indenter tool
with hardness 10HV. Although the indented
samples can be ground and polished for
microstructure analysis, other samples were
created for this study's microstructure analysis.
These were ground and polished in preparation for
microstructure analysis. The polishing step was
done with a polisher cloth and the addition of Al,O;
with gradation up to S5uym. The samples were
quickly dried after being etched for a brief period
with a V 2A etchant. Later, the structure is

examined under an optical microscope, and
pictures are created for later analysis. Using bend
testing of the butt-welded joints in accordance with
standard EN 910, the capacity of the austenitic
heat-resistant steels to bend around the welded
joint was investigated. A pin with a 4a diameter is
used to bend the samples around the welded joint
face and welded joint root at an angle of up to 120
degrees. The pin is 15mm wide and passes
between the cylinders. Figure 5 shows the
procedure for both samples. For the bend test
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result to be considered acceptable, neither the weld
nor the metal should have failed.

The standard tensile testing machine
SHIMADZU, which has a maximum capacity of 250
kN, is used for the tensile testing. Three specimens

4
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from each welded plate with dimensions in
accordance with 1SO6892 and EN895-Part 1 are
tested on a total of six samples. The test is
conducted at a 5 mm/min speed.

Figure 5. Triple point bending testing

Slika 5. Ispitivanje savijanjem u tri tacke

The tensile tests were performed with an
accuracy of 0.001 mm at room temperature. The
samples prepared for this testing are shown in
Figure 6.

Figure 6. Tensile testing specimens

Slika 6. Uzorci za ispitivanje zatezanjem

3. Results and discussions

The results of the radiography testing has shown
in sample 1, lack of root fusion and many pores
with dimensions that do not meet the requirements
for a high-quality welded joint were observed. Only
a few minor pores were found in the second
sample, which are not thought to be important for

the joint's capacity to support weight. Due to the
careful selection of the X-grove plate preparation,
the multiple passes of welding, and the maintained
temperature between them, the second sample has
a higher quality. Figure 7 displays both radiograms.
The results from penetrant testing demonstrated
that the weld and its surrounding area are free of
any defects.

ZAVARIVANJE | ZAVARENE KONSTRUKCIJE, 1/2024, str. 05-16
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a)

b)

Figure 7. Results of the radiography testing a) sample 1, b) sample 2

Slika 7. Rezultati radiografskog ispitivanja a) uzorak 1, b) uzorak 2

The metallographic examination, macroscopic
and microscopic examinations, is carried out to
ascertain the fundamental structure of the
austenitic steel and to determine the quality of the

produced welded joint in terms of defined eligibility
criteria according to standard EN288-3. The
macrostructure of the welded samples is shown in
Figure 8.

Figure 8. Macrostructure of welded joints of both samples a) sample 1, b) sample 2

Slika 8. Makrostruktura zavarenih spojeva oba uzorka a) uzorak 1, b) uzorak 2

The base metal, the metal of the heat-affected
zone, and the weld metal, which expresses the
groove fill area, are shown as the components of
the welded joint in Figure 8. The macrostructures of
the welded joint samples under examination
demonstrate that the welding process and selected

welding technology have been met in full. In Figure
9 the micrographs the microstructures of 3 specific
zones: base metal, HAZ and weld metal for sample
1 on the left side and sample 2 on the right side are
presented.

Figure 9. Microstructure in base metal, weld metal and HAZ for Sample 1(left side) and Sample 2 (right side)

Slika 9. Mikrostruktura osnovnog metala, metala Sava i ZUT za uzorak 1 (leva strana) i uzorak 2 (desna strana)
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The base metal for both samples shows a
typical austenitic grain matrix containing annealing
twins and some non-metallic inclusion. The
micrographs that represent the heat-affected zone
on both samples clearly indicate the changes from
the composition of the base metal to weld metal.
The transition zone is dendritic with a coarser grain
structure and a new phase that is emerging within
the grains, a dense and dark micro constituent that
resembles a perlite structure. There is a presence
of precipitated carbides inside and along the grain
boundaries, as well as a slight rounding of the
grains, which are both caused by the heat input.
Sample 2 is characterized by cellular dendritic
microstructure, and in Sample 1 the overlay is a bit
different the cells and dendrites are not always
well-defined. It is generally accepted that the ratio
of chromium equivalent (Creq) to nickel equivalent
(Nieq) determines the solidification microstructure
[11]. There are several causes for the formation of
these differences in the microstructures. Different
microstructures that form in both grades of
stainless steel may be explained by differences
between the solidification modes of these materials
(sample 1- 309S and sample 2 — 310S). The
primary phase formed during the 310S solidification
is austenite and when cooled to room temperature,
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this austenite doesn't change. Weld metal has a
distinctive dendritic structure with large, elongated
grains, and it seems that the grain size and the
twins of the specimens experienced significant
changes during the thermal cycles caused by the
welding. The grains are larger and elongated, the
twins are thicker. The images make it obvious that
the most crucial component of the welded joint is
the transition between the Heat Affected Zones and
weld metal. There are noticeable differences in the
size and shape of the formed grains, which makes
that area more brittle. Therefore, for more in-depth
analysis, a 500:1 magnification is required.

There are no extreme differences in hardness
between the base metal, HAZ, and weld zone.
There is a slight rise in hardness in the second
sample in the weld zone which is expected. On the
contrary, the first step shows an undermatch case
of weld the hardness in the base metal is higher
than the one measured in the welded zone. Due to
the limitations of optical measurement and the
imperfections in the tip geometry, the results are
characterized by significant uncertainties. The
differences between these zones can be more
accurately measured if a smaller indentation tool is
used. Results from hardness testing are given in
Figure 10.

200
-

100
S0

1

BASE METAL MHAZ HAZ TELD )

2 - 5 6 7 8 9
Measured positions

Figure 10. Hardness testing results for samples 1 and 2

Slika 10. Rezultati ispitivanja tvrdoce za uzorke 1i 2
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Figure 11. Bending tested samples

Slika 11. Uzorci za ispitivani savijanjem

The bending test results for specimens from
both welded plates indicate that the performed
welding process is of high quality since there were
no signs of cracks upon reaching the bend angle of
120°. No discernible difference was found between
the specimens based on the measured angles. Due
to the material's high strength and the lack of a
machine that can handle the demands of this kind
of material, the samples failed to break. However,
the value is greater than the necessary service

value, leading to the conclusion that the weld
satisfies the requirements for bending. In the first
sample, the fracture occurs in the base material,
while in the second sample, the fracture precisely
occurs in the zone that separates the base metal
from the weld metal, as shown in Figure 11.

All measured angles and the maximum load in
samples taken from the sample 1 and sample 2
welded plates are listed in Table 6.

Table 6. Angles and maximal loading during the bending test

Tabela 6. Uglovi i maksimalno opterecenje pri ispitivanju savijanjem

Sample 1.1 1.2 2.1 2.2
a [ 136 136 140 122
F[N] | 6056.72 | 6027.22 | 6981.09 | 6656.28

Tensile testing results revealed consistency in
measurements, and measured sizes were roughly
the same in each test specimen that was observed.
According to Figures 12. and 13, the fracture for the
specimens from the thinner plate occurs in the base

metal as opposed to the specimens from the
second plate, where the fracture occurs precisely in
the heat-affected zone, which is the zone between
the base metal and the weld.

Figure 12. Tensile tested specimens from sample 1

Slika 12. Uzorci ispitani zatezanjem iz uzorka 1

14
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Figure 13. Tensile tested specimens from sample 2

Slika 13. Uzorci ispitani zatezanjem iz uzorka 2

Figure 14. displays the test results for each of
the six specimens. Thicker plate samples exhibit
higher yielding and maximum stress than thinner

plate samples. Only one sample from the thicker
plate fractured in the welded zone; the welds in the
thinner plate samples did not fail.
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Figure 14. o — ¢ diagram for each tensile test specimen

Slika 14. o — ¢ dijagram za svaki uzorak ispitivan zatezanjem

4. Conclusions

The impact of the welding process, or the
choice of the welding process technology, on
mechanical and operational properties, is carefully
examined based on several variables that
accurately describe the behaviour of the base
metal, welded joint, and its component parts.
Chemical micro segregation during solidification
facilitates the understanding of microstructure
formation in austenitic steel weld overlays. Each
weld overlay has a microstructure that is typical of
the cast microstructure of a complex alloy, where
the chemically homogeneous liquid phase solidifies
into a less homogeneous solid. Along with
evaluating the quality of the welding technology that
has been used, this examination also establishes
the boundaries of the various structures that

4. Zakljuéci

Uticaj procesa zavarivanja, odnosno izbora
tehnologije procesa zavarivanja, na mehanicka i
radna svojstva, paZljivo se ispituje na osnovu
nekoliko varijabli koje taéno opisuju ponasanje

osnovnog metala, zavarenog spoja i njegovih
sastavnih delova. Hemijska mikro segregacija
tokom  océvr8éavanja olakS8ava razumevanje

formiranja mikrostrukture austenitnog ¢elika. Svaki
sloj Sava ima mikrostrukturu koja je tipicha za
livenu mikrostrukturu sloZzene legure, gde se
hemijski homogena te¢na faza o¢vr$¢ava u manje
homogenoj ¢&vrstoj fazi. Uz procenu kvaliteta
koris¢ene tehnologije zavarivanja, ovim ispitivanjem
se utvrduju i granice razli¢itih struktura koje Cine
zavareni spoj.
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comprise the welded joint. Further research on
austenitic heat-resistant steels can be done using
the properties that were examined in this study.
Since the thicker sample that was welded produced
better results, it can be used to conduct additional
research on how high temperatures affect
mechanical properties while still utilizing the same
welding technique.
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