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ABSTRACT

Due to the physicochemical properties of austenitic stainless steels, their welding may result in significant joint
distortions and adverse microstructural changes, leading to the formation of unacceptable welding imperfections.
This study investigates three single-pass fillet welding techniques employing the tungsten inert gas (TIG) process
(141) for joining AISI 304L austenitic stainless steel sheets. It was found that the use of lower heat input value does
not cause discoloration of the weld. Moreover, it was observed that reducing the parameters causes the vertical
sheet metal to deflect by about 0.333° in the direction opposite to the weld. The highest heat input value caused a
deflection of 4.833° towards the weld. Increasing the parameters also deflected the incoming sheet metal towards
the weld, but the angle was smaller i.e. 2.167°. An inadequate ferrite content was observed in the specimen weld-
ed under the lowest parameter settings. Macroscopic examination revealed no significant welding imperfections.
Microscopic analysis showed a microstructure characteristic of the materials used. The width of the heat-affected
zone varied with the applied parameters, increasing with higher heat input. The study demonstrated that parameter
selection significantly influences the properties of the resulting joint. In developing the welding procedure for AISI
304L austenitic stainless steel, particular emphasis should be placed on controlling heat input, as it is the primary

factor determining both the joint properties and the magnitude of welding distortions.
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INTRODUCTION

The continuous advancement of industry and
the growing demand for materials necessitate a
deeper understanding of available iron alloys and
the expansion of their potential applications. Con-
sequently, the demand for steel has been steadily
increasing over time. Stainless steels can be distin-
guished here, the production of which is constant-
ly growing, as well as steels from new classes of
materials which are, generically, called high-en-
tropy alloys (HEA) [1,2]. However, due to price,
availability and also easier processing, stainless
steels are still commonly used group of materials.
This is owing to the attractiveness of this group of
steels resulting from their properties, which allow
them to be used in practically every industry, as
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well as the increase in anti-corrosion requirements,
failure-free operation of devices and the desire to
reduce the costs of maintaining and operating ma-
chines and structures [3,4].

Among the types of stainless steel, austenit-
ic stainless steels occupy a special place. This is
due to their versatility, which allows them to be
used in numerous industries, i.e. wherever cor-
rosion resistance, hygiene, durability and ease of
processing and forming are required [5—7]. It can
be mentioned: food industry — production of food
storage containers, kitchen tools and food process-
ing equipment; chemical industry — production of
tanks, pipelines, heat exchangers and other devic-
es; medical industry — surgical and dental tools,
implants; automotive industry — production of
exhaust elements, fuel tanks, fastening elements;
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petrochemical industry — tanks, pipelines, devices
in contact with aggressive environments [7-11].
Like other steel grades, they contain a small amount
of carbon and a relatively large amount of chromi-
um. Additionally, they include nickel, which is the
basic austenite-forming element. The most com-
mon types of austenitic stainless steel are classified
as group 300 according to the AISI/ASTM stand-
ard, i.e. chrome-nickel or chrome-nickel-molyb-
denum. Among the undoubted advantages of aus-
tenitic steels, which make them attractive, can be
found high corrosion resistance, good mechanical
properties and high susceptibility to cold forming
[7,12,13]. It should be noted that they are charac-
terized by the highest impact strength values in a
wide temperature range among all stainless steel
grades. Problematic, especially during welding,
are the high coefficient of thermal expansion and
the low coefficient of thermal conductivity defin-
ing this type of material [13]. Additionally, it is not
easy to determine the weldability of these steels.
Austenitic steels are generally considered to be
well weldable, but incorrect selection of the pa-
rameters of welding process may lead to the for-
mation of hot cracks, crystallization cracks in the
weld, segregation cracks in the HAZ (heat affected
zone), annealing cracks, as well as a decrease in
impact strength and increased susceptibility to in-
tergranular corrosion, resulting from precipitation
processes and the formation of ¢ phases [14-16].
Therefore, it is extremely important to correctly
develop the welding technology for this materi-
al. Therefore, the latest research focuses on con-
trolling welding parameters and conditions, as well
as their influence on joint properties. These issues
concern both stainless steels and other types of
steel grades [17-22].

TIG (tungsten inert gas) welding is a joining
process using a non-consumable electrode in an
inert gas shield, which is very versatile techno-
logically and metallurgically, but is characterized
by low efficiency [23,24]. It is used to make joints
from virtually all material groups, but also dissim-
ilar and combined ones [25-27]. Low efficiency
requires modification of the process to increase
the amount of weld metal produced, e.g. hot wire
welding and A-TIG (welding with the use of an
activating flux) [28-31].

Rao and Deivanathan’s research confirms
that the properties of welded joints, such as ten-
sile strength and bending strength, depend on the
applied current intensity. Additionally, they also
point out that the parameters that allow obtaining

the desired properties change depending on the
consumable used — so there are no universal cur-
rent values [32]. Korinko and Malene also empha-
size the difficulty of welding austenitic steels due
to the susceptibility of these steels to the formation
of two distinct weld defects, solidification cracking
and lack of penetration [33]. Sun and Han indicate
that only the weldments produced using the appro-
priate procedure exhibit satisfactory mechanical
properties, particularly toughness. They also draw
attention to the control of welding parameters, es-
pecially when good resistance to hot cracking is
desired [34]. Costanza et al. focused on studying
the effect of shielding gases on the properties of
welded joints. They concluded that the use of dif-
ferent shielding gases also affects the properties of
joints, although not to the same extent as the se-
lection of parameters. According to their studies,
the greatest uniformity of the microhardness pro-
file of welded cross-sections can be achieved by
using a mixture of 98% Ar and 2% H, or 95% Ar,
4% CO, and 1% H,, or pure argon as a shielding
gas. Mixtures such as: 95% Ar + 5% H,, 75% Ar
+20% He + 5% H,, or 90% Ar + 8% CO, + 2%
O, caused greater imperfections, which directly
translates into strength properties [35]. The influ-
ence of shielding gases on the properties of joints
was also studied by Durgutlu, who found that the
addition of H, to Ar increased the tensile strength.
In addition, the penetration depth and bead width
increased with the increase in the hydrogen con-
tent in the shielding gas, as did the average grain
size in the weld metal [36]. Varbai reached simi-
lar conclusions, but he studied the effect of adding
nitrogen and oxygen to argon [37]. These studies
show how difficult and important it is to use appro-
priate welding parameters to obtain the required
strength properties, and also draw attention to the
need to deepen knowledge about the influence of
welding variables on the final result. However, it
is worth developing research on TIG welding, as
emphasized by scientists in their studies [38—40],
especially since this method can be successfully
used not only for welding similar steels, but also
for joining materials with different microstructure
and properties [41,42], and even for regenerating
the damaged surface of composite materials [43].

Therefore, the objective of this article is
to examine the influence of welding parameter
selection, and consequently heat input, on the
welding distortions and morphology of joints
welded from 304L austenitic stainless steel us-
ing the TIG method.
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MATERIALS AND METHODS

For the tests, sheets of 304L austenitic stain-
less steel (1.4307; material group 8.1 according
to TR ISO 15608) were used as the base mate-
rial. This grade of steel has a lower carbon con-
tent than AISI 304 and is widely used in industry.
The material, with sheet dimensions of 2 x 88 x
137 mm, was provided in a hot-rolled, annealed,
pickled and smoothed condition, meeting the 2B
finish standards. The composition of the steel
used, which is known from the material certificate
provided by the material supplier, is presented in
Table 1.

The manual TIG (141) method was selected
to join the sheets using a Lincoln Electric Invertec
400 TPX welding machine. As a filler metal, it
was decided to use a solid rod with a diameter
of 1.6 mm, marked according to ISO 14343-A
W 19 12 3 L Si, which is an austenitic welding
rod with a reduced carbon content and a simulta-
neous increase in the percentage of silicon. The
composition of the consumable was determined
based on the wire manufacturer’s catalog and is
presented in Table 2. Argon (Ar) according to
PN-EN ISO 14175 was used as the shielding gas,
with a flow rate of 8 I/min. There was no backing
gas. The tungsten electrode type was WLI15 and
its diameter was 2.4 mm. The nozzle diameter was
12 mm. Direct current with negative polarity (DC-)
was applied. Prior to initiating the welding process,
three 2 mm long TIG tack welds were made at the
beginning, end, and center of each sample.

Three T-joints with single-pass fillet welds
were welded (FW sl) in PB position, therefore,
three welding technological instructions were
developed, characterized by different parame-
ters that translate into the heat input which is
shown in Table 3.

The achievement of the set goal was accom-
plished based on the following research plan:

1. Development of welding technology (WPS —
welding procedure specification).

. Weld of test joints and preparation of samples
for testing according to the prepared test plan
(Table 3).

. Performing non-destructive tests:
visual tests (VT);
penetrant tests (PT);
angular distortion measurements;
measurements of the volume fraction of high-
temperature ferrite

. Performing destructive tests:
macroscopic metallographic examinations;
microscopic metallographic examinations.

e o o o W
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Penetrant testing was carried out using re-
mover, penetrant and developer manufactured
by OPN CHEMIE company. After cleaning
and drying the welded joints, the penetrant was
applied and left for about 10 minutes. Excess
penetrant was then removed and developer was
applied. To measure the angular distortion, a
universal analogue angle meter MKMb with
a measuring range of 0-360° and an accuracy
of 0°05" was used. The measurement was per-
formed at three points, allowing to obtain infor-
mation about the deformation along the entire
length of the welded joint — at the beginning, in
the middle and at the end of the sample, on the
opposite side the weld. It was decided to take
three measurements, because it was considered
that such a number would be sufficiently repre-
sentative of the entire joint. The tested sample
is relatively short, and the points that were se-
lected represent the most critical locations (the
beginning of the sample, which is characterized
by instability of parameters due to arc ignition,
the end similarly with the difference that the

Table 1. 304L austenitic stainless steel chemical composition

Element | C | si | M | P | S | o | N | N
wt. %
Content | 0015 | 038 | 154 | 0029 | <0001 | 1810 | 800 | 0052
Table 2. W 19 12 3 L Si welding wire chemical composition
Element | C | Mn | Si | Cr | Ni | Mo
wt. %
Content | 0.03 | 1.9 | 0.8 | 18.5 | 12.0 | 27
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Table 3. Welding parameters of test joints

Sample number | Welding current | [A] | Arc voltage U [V] | Welding time t [s] Weld[inmgmslgieed v Heat i:f;t]Q [kJ/
S1 66 11.6 150 0.9 0.51
S2 125 12.2 90 1.5 0.61
S3 180 17.3 30 4.6 0.41

variability of parameters results from arc ex-
tinction, and the center of the joint as a location
from a stabilized process). Ferrite content was
measured using a Feritscope Fisher MP30 with
a measuring head that was applied eight times
to each of the three designated sample zones
(base material — BM, heat-affected zone — HAZ
and weld material — W), and then the average
content and standard deviation were calculated.
Ferrite content was measured in three different
zones of the weld to investigate and compare
its distribution depending on the location, with
the aim of better understanding the structural
changes within the joint. Macroscopic tests
were performed on prepared samples, which
were first cut using a band saw, then ground
and etched with a reagent made of nitric acid,
hydrofluoric acid and distilled water. In order
to obtain the possibility of observation under
a microscope, the previously prepared sections
were embedded in resin and then ground down,
polished and etched with the same reagent used
when preparing samples for macroscopic ex-
amination. An Olympus BX-52 microscope
was used to observe the samples.

RESULTS

Non-destructive testing

Visual tests were performed on all samples,
along the entire length of the weld, in accordance
with the guidelines of the PN-EN ISO 17637
standard. Traces of silicon from the welding con-
sumables used were observed at the S1 weld.
Moreover, the tested joint was characterized by
high purity with no visible traces of oxidation.
On the remaining two samples (S2, S3) numer-
ous tarnish colours were noted, probably caused
by the release of iron oxides. Photos of the com-
pleted joints are shown in Figure 1. What is more,
the insufficient material addition in relation to the
used parameters resulted in undercutting at the

ends of the last two samples and a crater at the
end of the S3 joint.

Penetrant tests did not reveal any surface
weld imperfections for all samples. They only
confirmed the occurrence of defects at the ends
of S2 and S3 joints observed during visual
tests. Photos of samples after penetrant testing
are shown in Figure 2.

Angular distortion was defined as the de-
viation of the plates from their original posi-
tion, which was equal to a right angle. It was
measured at three points and the average of
the measurements obtained for the sample S1
was 0.333°, S2 — 4.833° and S3 — 2.167°. The
measurement results are presented in Table 4.
It is worth noting that the change in the angular
position of the first tested element (S1) has the
opposite sign to the other two, i.e. the devia-
tion occurred in the opposite direction and an
obtuse angle was obtained. However, an acute
angle was created for S2 and S3 (a < 90°).

The results obtained are extremely interest-
ing when compared with the parameters with
which the samples were welded, as well as with
heat input. They show that a joint made with
the highest heat input is characterized by the
highest deflection. Interestingly, however, the
sample with the lowest heat input during weld-
ing did not obtain the smallest angular distor-
tion. This value distinguishes the welded joint
with the lowest parameters, and additionally in
its case the deflection occurred in the opposite
direction than in the case of the other samples.

The results obtained during the ferrite con-
tent test and their standard deviation are pre-
sented in Figure 3. It is worth noting that in
accordance with the PN-EN ISO 8249 standard
specifying the minimum ferrite content, the
amount of this structure is consistent with the
requirements for the S2 and S3 samples. For
the S1 lower than desired values were obtained,
which may be the result of incorrectly selected
parameters and reduce the joint’s corrosion re-
sistance and resistance to hot cracking.
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Figure 1. View of the joints of samples a) S1, b) S2, ¢) S3

Figure 2. View of the joints of samples after penetrant testing a) S1, b) S2, ¢) S3
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Table 4. Results of angular distortion measurements of made test joints

Weld sample S1 Weld sample S2 Weld sample S3
Measurin
oint 9 The value of Deflection value The value of Deflection value | The value of the | Deflection value
p the measured the measured
a a measured angle a
angle angle
1 91.000° 1.000° 84.500° 5.500° 88.000° 2.000°
2 90.000° 0.000° 85.500° 4.500° 88.000° 2.000°
3 90.000° 0.000° 85.500° 4.500° 88.500° 2.500°
Average 90.333° 0.333° 85.167° 4.833° 88.167° 2.167°
8
7
6 T
S
= 5
5} m BM
c 4
3 i W
L3 m HAZ
L2
1
0

S1

S3

Figure 3. Average values of the ferrite content

Destructive testing

The samples shown in Figure 4 were subject-
ed to macroscopic tests. They allowed to deter-
mine that none of the joints had any undercuts,
lack of fusion, cracks, non-metallic inclusions or
porosity. Moreover, it was noticed that all sam-
ples were characterized by a concave face, with
a smooth transition into the base material of the
joined elements. The first and second welds are
symmetrical, but the penetration obtained when
welding the second element is deeper. What is
more, it may seem that in S1 there was no full
penetration (no fusion was achieved), however,
after analysis using the Image] program it was
found that minimal fusion was achieved, which
was confirmed by subsequent microscopic ex-
amination. Nevertheless, it does show that while
structural integrity exists, in terms of strength
properties the test may deviate significantly from
the values obtained for the other samples. In the
case of sample S2, it may seem that the weld is a
multi-pass weld. However, this is only apparent,
and this illusion is related to the welding tech-
nique and parameters, which directly translates

into the material solidification process. The heat
input in this case caused the accumulation of
dendrites in the lower part of the weld, which in
turn affected the way the material was etched, re-
sulting in the illusion of a two-pass welding. Ad-
ditionally, there is a noticeable deviation of the
vertical plate towards the weld, which makes it
stand out from other joints in which the change in
angular position occurred towards the weld. The
third sample differs from the others in terms of
geometry - the weld is large and asymmetrical,
and the welder melted a thin plate. The HAZ is so
narrow that it was impossible to observe it during
macroscopic examination.

The analysis of the microstructures of the
base materials showed a typically austenitic
structure with small, regular grains and visible
twin formations. The heat-affected zone of sam-
ple S1 is characterized by small dimensions (50—
100 pm) and the presence of high-temperature &
ferrite arranged in zones. The last band of ferrite
occurring in this zone is the fusion line below
which there are expanded austenite grains. The
HAZ of the sample S2 is noticeably wider (70—
200 pm) and is characterized by overheating and
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Figure 4. Cross-sections of welded joints: a) S1, b) S2, ¢) S3

local thickening of high-temperature ferrite ap-
peared, which has a spherical structure on the
fusion line. The HAZ of the third sample (S3)
is narrow (approximately 100 pm) and, as in the
case of the previous joints, there is high-temper-
ature ferrite, which is characterized by a globu-
lar shape on the fusion line. Dendrite axes turn-
ing into coarse-grained austenite grains also ap-
peared. As in the first sample, they changed. In
the case of weld materials of all samples, obser-
vations revealed dendritic structures composed
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of austenite with high-alloy ferrite precipitates
on their branches. The first joint is distinguished
by the smallest amount of § ferrite precipitates,
while the largest amount can be observed in the
second joint. In the third case, an even distribu-
tion of dendrites with separated high-tempera-
ture ferrite is noticeable. No chromium carbide
precipitation was observed at the grain boundar-
ies in any sample, despite the differences in heat
input. Figures 5 and 6 show the analyzed micro-
structures of samples S1-S3.
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Figure 6. Microstructure of the weld material, magnification 200x a) sample S1, b) sample S2, c) sample S3
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DISCUSSION

The conducted studies show how the selec-
tion of parameters affects the properties of weld-
ed joints, but also that heat input does not always
determine the properties of the joint. In the case
of the tested samples, the difference between the
heat input was 0.1 kJ/mm. It would seem that
these are insignificant differences, but in compar-
ison with the parameters used, a broader picture
is obtained. The welded joint with the smallest
parameters and the longest welding time (S1) was
characterized by an average heat input, but low
parameters result in the achievement of the small-
est measured values, i.e. the smallest angular dis-
tortion and the smallest ferrite content in each of
the joint zones. It is worth noting that the deflec-
tion in this sample took a different direction than
in the case of the other joints. This observation
is consistent with the conclusions given by Un-
nikrishnan et al., according to which the residual
stresses at low heat input are compressive, while
for higher values they are tensile [44]. Addition-
ally, in the case of this sample, the obtained weld
is not symmetrical — more additional material is
present on the bottom sheet, and consequently
less heat input was introduced into the vertical
sheet, which may also translate into the direction
and value of angular distortion. Low ferrite con-
tent, such as that found in the tested sample, may
cause an insufficiently developed austenite-ferrite
interface, and thus facilitate crack propagation in
the last phase of crystallization [12,13]. Studies
by Shankar et al. [45] and Luppo et al. [46] con-
firm that in the case of hot cracks, the solidifi-
cation mode is extremely important, and thus the
appropriate ferrite content, in order to prevent the
propagation of this type of cracks. Additionally,
insufficient ferrite content may cause an increase
in impurities such as sulfur or phosphorus in the
interdendritic liquid solution in the last phase of
crystallization and create preferential conditions
for the formation of hot cracks [12,13].

Sample S3 welded with the highest parameters
and the shortest welding time was characterized
by the lowest heat input. However, despite this,
the deviation values or ferrite content are neither
the smallest nor the largest. The only exception
is the ferrite content in HAZ, but this may re-
sult from burning through the incoming sheet.
The explanation for obtaining average values of
deviations despite using the largest parameters,
which could suggest the largest distortion, is that
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the heat input for this test had the lowest value.
What is more, in order to obtain a smooth tran-
sition of the weld surface into the base material,
deep penetration was obtained, which resulted in
uniform and greater heat dissipation and, conse-
quently, in obtaining a stress distribution includ-
ing both compressive and tensile stresses with
the predominance of the latter. Additionally, as
a result of this and the use of too high welding
parameters, excessively deep penetration was
achieved, which almost led to burning through
the material, significantly affecting the shape of
the weld. The welding rod melted into the sheet,
which is why the weld observed during macro-
scopic examination appears to be slightly con-
cave. It is highly probable that this also affected
the stress distribution within the weld, conse-
quently contributing to the observed angular dis-
tortion. Moreover, despite the lowest heat input,
it is in this sample that traces of overheating are
visible, which only confirms the thesis that even
despite the use of low heat input, too high weld-
ing parameters can negatively affect the proper-
ties of the joint and it is extremely important to
control all welding parameters.

Sample S2, despite being welded using av-
erage parameters, is characterized by the maxi-
mum tested properties, i.e. the largest angular
distortion and the largest ferrite content in the
base material and the weld, which results from
the largest heat input. As reported by Garcia-
Garcia et al. [47], a higher heat input results in a
direct increase in angular distortion of the joint.
Similar conclusions were reached by Mousavi
et al. [48], demonstrating a correlation between
residual stresses and heat input. The direction
of angular deformation and its value in this case
result from the introduction of the highest heat
input and the occurrence of dominant tensile
stresses in the material, which was additionally
intensified by the lower spreading of the weld
and, consequently, higher point heat concentra-
tion. A high ferrite content in the joint is desira-
ble not only for ensuring anti-corrosion protec-
tion or preventing the formation of hot cracks,
but also for increasing the strength properties
of the joint. During the research [49] it was
proved that higher ferrite content contributes
to higher tensile strength (increases ductility
and mechanical strength). However, according
to Muthupandi et al. [50] the amount of ferrite
does not affect at all or affects very little the im-
pact strength of the joint.
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When selecting welding parameters, it is nec-
essary to pay attention to all of them, not just to
the selected ones, and also to take into account
the properties of the joint that want to be obtain.
Analysis of the above results allowed to conclude
that the best parameters for welding a 2 mm thick
austenitic sheet are the parameters used to make
the second sample (S2). They will allow to obtain
optimal joint properties, but in their case must be
expected the deflection that must be taken into
account when designing the structure. Similar
parameters for sheets of similar thickness are rec-
ommended by Anand Rao et al. [32]. They found
that a weld connecting 3 mm thick sheets welded
with an intensity of 120 A is characterized by the
best tensile strength and bending strength. Kumar
et al. [51] reached similar conclusions. He indi-
cated 120 A as the current value that allows to
obtain a microstructure characterized by relative-
ly small dendrites, which directly translates into
better joint strength. He recommends the use of
low heat TIG due to its good tensile strength and
ductility as well as narrow HAZ and slight grain
coarsening. Ghumman et al [52] distinguished the
selection of parameters in relation to the desired
features. In the case where one wants to obtain
optimal values of microhardness or minimum
surface roughness, the best choice for thin sheets
(3 mm) will be to use a current of 125 A and an
arc voltage of 16 V. However, if strength proper-
ties such as tensile strength and percentage elon-
gation are more important, the most optimal val-
ues will allow to obtain parameters equal to 100
A and 16 V. They also warn against increasing
the parameters, because it causes an increase in
surface roughness. Similar results were also ob-
tained during other investigations [53], also for
sheet metal with a thickness of 3 mm, with the
difference that the minimum surface roughness
was obtained with welding parameters of 125 A
and 18 V and the optimum hardness for 125 A and
20 V. Similarly to the above, reducing the current
value allowed obtaining the most optimal values
of ultimate tensile strength and percentage elon-
gation, respectively 100 A, 18 Vand 100 A, 16 V.
However, the latest research [54] shows that in
the case of identical value of heat input, welding
speed and welding current do not have a signif-
icant effect on the strength, plasticity or micro-
hardness of the joint. The authors show that the
most important parameter to control during weld-
ing is heat input. What is more, researchers also
note that if the smallest possible angular distortion

are desired, the welding speed should be reduced,
which will avoid an increase in stresses, as well as
dendritic segregation and columnar crystals.

CONCLUSIONS

Based on the analysis of the results of the
conducted research, the following conclusions
can be drawn:

1. The welded test joints and the tests carried out
allowed for determining the influence of the
basic process variables on the properties of the
welded joints.

2. Visual and penetrant tests did not reveal any
welding defects on the tested test joints. No
geometric inconsistencies or cracks were
found.

3. The highest value of average angular distortion
is characteristic of the S2 joint (4.833°), which
is related to the heat input, and especially the
correlation between the welding speed and the
welding current.

4. Ferrite 6 measurements for welds in samples
S2 and S3 are within the acceptance criterion
(3+15 FN). Sample S1 does not meet the speci-
fied criterion (2.85 FN). It has been shown that
the heat input affects the size of the thermal im-
pact zone (on the opposite side of the electric
arc) and thus the 6 ferrite content. The greater
heat input, the greater the HAZ and the ferrite
content d.

5. The revealed structures in the examined joints
are specific to particular areas (BM, HAZ, W).
No chromium carbide precipitates were identi-
fied at the grain boundaries at the magnifications
used, despite differences in the of heat input.

6. It is recommended to use welding parameters
for austenitic stainless steel of 304/304L grades
with a thickness of 2 mm corresponding to the
range for samples S2 and S3.
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