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Abstract: The paper investigates the effect of welding mode parameters on the uniformity of the
deformation capacity of AISI 316 austenitic steel samples, namely, the influence of the welding current
and purging gas consumption on the samples’ ability to perceive the force of cold cupping. Punch
diameters of 3 and 8 mm were employed for the Erikson test to establish the dependence of the purge
gas flow rate on the depth of the hole before the formation of cracks. The conducted metallographic
studies confirmed an increase in the homogeneity of the dendritic structure in the weld zone due to
the redistribution of heat input, as well as the absence of uneven grains and a decrease in the spread
of grain sizes, which were in the range of 0.068–0.045 mm. The study resulted in determining the
optimal range of technological parameters for the manufacture of flexible expansion elements to
ensure their high operational properties.

Keywords: flexible compensating elements; austenitic stainless steel; purging gas; flow rate; TIG-welding;
strips extrusion

1. Introduction

Previous research has shown that, in most cases, the corrosion destruction of flexible
compensating elements (FCEs) is caused by the stress state arising from elastoplastic defor-
mations during their manufacture and operation [1,2]. A high level of residual stresses and,
accordingly, a decrease in elastic-plastic characteristics [3,4], as well as an increased level
of structural inhomogeneity in welded seams and the heat-affected zone [5,6], lead to the
destruction of the most loaded sections of these products during their operation (Figure 1).
Additionally, factors such as the environment’s composition [7,8] and the presence of media
that contain chloride [9], might hasten the development of local foci of corrosion and reduce
FCEs’ service life.

Studies on the causes of local corrosion-mechanical damage in the welded seams
and the heat-affected zone of structures made of austenitic steels have demonstrated a
significant influence of the microstructure and mechanical characteristics [10,11], as well as
the welding process parameters [12,13], on the performance properties.

According to the research findings presented in [14], welding mode parameters signif-
icantly affect the mechanical characteristics of welded joints made of austenitic stainless
steels. Importantly, a simultaneous increase in the main welding parameters, such as
welding speed and welding current, coupled with a constant level of heat input, lead to
an improvement in the weld metal’s mechanical properties due to a change in the welded
joint’s microstructure. The tensile strength and relative elongation of the weld metal could
be increased as a result, thus increasing the level of equal strength of the welded joint [14].
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properties of welded joints and deposited layers. The results of the experiments led the 
authors of [15] to the conclusion that the best microstructural and mechanical qualities of 
the weld metal can be obtained using the pulsed mode of metal transfer. Furthermore, 
the study [16] has discovered that, due to the grain refinement that occurs in the fusion 
zone, the pulsed current method increases the tensile properties of AZ31B magnesium 
alloy welds unlike continuous current welds. A comparable result is achieved by reduc-
ing the heat input into the weld and slag pools and decreasing their fluidity, as was the 
case in [17] when applying controlled mechanical transfer during surfacing with austen-
itic strip electrodes on pearlitic steel. 

Similar conclusions were made in [18] for the case of plasma arc weld joints made 
of 316L austenitic stainless steel and for the case of welded joints of 12Cr18Ni10Ti aus-
tenitic steel [19]. In [20], the use of controlled mechanical impacts on the electrode sur-
facing with austenitic materials was proposed as a method to improve the mechanical 
properties of the HAZ. 

 
Figure 1. Destruction of the bellows expansion joint along the axis of the weld. 

According to [21,22], the properties of welds in 304L austenitic steel are improved 
by a decrease in heat input, and this effect is said to be more evident as the metal thick-
ness decreases. In [23], the refractory particles in the weld pool are used to boost the 
centers of crystallization and create a suitable weld microstructure to control the struc-
ture formation and mechanical properties of the 316 steel’s microstructure. 

To reach a state of equivalent strength, the degree of heat input into the weld pool 
and base metal must, however, offer consistent and stable penetration along the entire 
length of the weld. Furthermore, the thermal cycle of welding is one of the main driving 
forces for the processes of recrystallization and grain growth occurring in the 
heat-affected zone, which is the direct cause for local areas of a decrease in the level of 
mechanical properties in this area. [24]. Additionally, the effect of the welding-generated 
δ-ferrite on the mechanical properties and corrosion resistance must be considered when 
choosing the welding mode parameters for 300-series austenitic steels, particularly for 
the most popular AISI 304 steel [25,26]. 

The potential sources of the issues that occur during the deformation of welded 
FCE blanks were analyzed, among them being the compliance of the base and welding 
materials, the welding mode, and other technological parameters’ compliance with the 

Figure 1. Destruction of the bellows expansion joint along the axis of the weld.

The studies demonstrate that for austenitic materials, the pulsed welding mode has
an advantage over the continuous one in terms of the microstructural and mechanical
properties of welded joints and deposited layers. The results of the experiments led the
authors of [15] to the conclusion that the best microstructural and mechanical qualities
of the weld metal can be obtained using the pulsed mode of metal transfer. Furthermore,
the study [16] has discovered that, due to the grain refinement that occurs in the fusion
zone, the pulsed current method increases the tensile properties of AZ31B magnesium
alloy welds unlike continuous current welds. A comparable result is achieved by reducing
the heat input into the weld and slag pools and decreasing their fluidity, as was the case
in [17] when applying controlled mechanical transfer during surfacing with austenitic strip
electrodes on pearlitic steel.

Similar conclusions were made in [18] for the case of plasma arc weld joints made of
316L austenitic stainless steel and for the case of welded joints of 12Cr18Ni10Ti austenitic
steel [19]. In [20], the use of controlled mechanical impacts on the electrode surfacing with
austenitic materials was proposed as a method to improve the mechanical properties of
the HAZ.

According to [21,22], the properties of welds in 304L austenitic steel are improved by
a decrease in heat input, and this effect is said to be more evident as the metal thickness
decreases. In [23], the refractory particles in the weld pool are used to boost the centers of
crystallization and create a suitable weld microstructure to control the structure formation
and mechanical properties of the 316 steel’s microstructure.

To reach a state of equivalent strength, the degree of heat input into the weld pool
and base metal must, however, offer consistent and stable penetration along the entire
length of the weld. Furthermore, the thermal cycle of welding is one of the main driving
forces for the processes of recrystallization and grain growth occurring in the heat-affected
zone, which is the direct cause for local areas of a decrease in the level of mechanical
properties in this area. [24]. Additionally, the effect of the welding-generated δ-ferrite on
the mechanical properties and corrosion resistance must be considered when choosing the
welding mode parameters for 300-series austenitic steels, particularly for the most popular
AISI 304 steel [25,26].

The potential sources of the issues that occur during the deformation of welded FCE
blanks were analyzed, among them being the compliance of the base and welding materials,
the welding mode, and other technological parameters’ compliance with the normative
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documentation requirements. The chemical composition of the materials was analyzed,
as well as the effect of the welding modes on the mechanical characteristics of welded
junctions. To achieve this, various samples were created, and their welding was carried out
using various mode parameters. Each group had a total of five samples.

Accordingly, the study was conducted to determine how different welding current
and speed values in TIG welding modes without filler material affected the mechanical
properties of welded samples made of the austenitic steel grades AISI 304 and AISI 316.
After the samples were cut, tensile tests were performed to determine how the welding
mode affected the strength and plasticity of the welded joints. A data acquisition board
connected to a test stand was used to gather mechanical properties, while devices installed
on the welding machine were used to gather welding mode parameters. The results of the
samples’ mechanical tests are listed in Table 1.

Table 1. Results of the mechanical tests.

No. Material
Welding
Current

I, (A)

Arc Voltage
U, (V)

Welding
Speed

v, (mm/s)

Mechanical Properties

σ0.2,
MPa

σT,
MPa

δ,
%

1 AISI 304 10–14 12–14 16 215 518 46
2 AISI 304 15–18 12–14 17 210 522 44
3 AISI 304 18–22 10–12 18 201 540 45
4 AISI 316 10–14 10–12 16 220 528 48
5 AISI 316 15–18 10–12 17 234 522 43
6 AISI 316 18–22 10–12 18 237 530 45

The results of the mechanical tests of specimens made of austenitic steels AISI 304 and
AISI 316 showed that the scatter in the values of mechanical properties was small and, in
general, corresponded to the standard indicators for these steels. The destruction of the
samples occurred both along the base metal and along the weld zone, which indicates a
sufficient equal strength of the welded joints. According to the analysis of the samples
that failed along the welds, an increase in both the current strength and the welding speed
(though to a smaller extent) increased the strength of the welded joint within the investi-
gated modes (Table 1 shows the average values of the samples’ mechanical characteristics).
This dependence is explained by the fact that the cross-sectional area of the weld grows as
the welding current increases.

The obtained dependencies were more complicated for the plasticity properties of the
samples that failed along the seam. For both steel grades, there was an observed zone of
optimal welding mode parameters with the plastic characteristics higher than the average
values for a group of samples. This observation allowed for the assumption that there
was a maximum of plastic properties in this region of the welding mode parameters. This
phenomenon was also confirmed in [1].

The study of the resistance of tapes made of austenitic steels AISI 304 and AISI 316,
as well as welded samples of these materials against IGC, consisted in holding them in a
boiling aqueous solution of copper sulfate and sulfuric acid, followed by metallographic
control of sections. The working solution consisted of (50 ± 0.1) g of copper sulfate,
(250 ± 3) cm3 of sulfuric acid, (1000 ± 3) cm3 of water. The added copper shavings ensured
all-round contact with the samples and the absence of their contact with each other. The
exposure time in the boiling solution was (8.00 ± 0.25) hours. After testing, the samples
were removed from the solution, washed in running water, rinsed with distilled water, and
dried with filter paper. Before the preparation of metallographic sections, the samples were
stored in a desiccator.

Metallographic specimens were produced with diamond pastes of various dispersion
levels according to the conventional procedure. The samples were electrolytically etched
for 15 seconds at a voltage of 12 V in a solution of 20% ammonium sulfate to reveal the
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microstructure. Metallographic studies were conducted on a NEOPHOT 32 microscope at
magnifications of ×250 and ×500.

The structure of the weld metal of the control sample is formed by crystals that grow
through the axis of the weld during crystallization. The junction of two crystallization fronts
in the center of the seam is an interweaving of the crystallite vertices. The microstructure of
the weld metal is austenite and δ-ferrite, that of the HAZ and the base metal is austenite.
The hardness of the weld metal, HAZ and base metal is Hv1 (2740–2810) MPa, Hv1 2620 MPa,
and Hv1 2580 MPa, respectively. The grain size is equal to 6–7 points for HAZ and 7 for
base metal.

In the central part of the samples’ seam, there are areas of a fine-grained structure. The
microstructure of the weld metal is austenite and δ-ferrite, and that of the HAZ and base
metal is austenite. In the HAZ, the grain size is 6 points. The precipitation of fine particles,
probably chromium carbides, is observed at a distance of about 540 µm from the fusion
line along the boundaries of austenite grains. The hardness of the weld metal, HAZ, and
base metal is Hv1 (2120–2130) MPa, Hv1 (2240–2280) MPa, and Hv1 2060 MPa, respectively.
The base metal grain score is 7.

In the weld metal of the sample after the resistance testing against IGC, there is a
misorientation of crystallites in the center; its microstructure is austenite and δ-ferrite. In
the HAZ, the microstructure is austenitic. The hardness of the weld metal, HAZ, and base
metal is Hv1 2450 MPa, Hv1 (2130–2190) MPa, and Hv1 2060 MPa, respectively. The base
metal grain score is 7, and the HAZ is 6. Fine particles, most likely chromium carbides,
precipitated along the austenite grain boundaries at a distance of roughly 500 µm from
the fusion line. Since there was no precipitation of chromium carbides along the grain
boundaries in the tape’s microstructure from which the sample was made, they are likely to
have formed as a result of technological processes during the sleeve’s production (welding,
corrugating, etc.).

The microstructure of the tape samples used for the manufacture of welded samples
before and after the resistance testing against IGC is austenitic, a rolling trace is visible, and
the grain score is 7. The hardness of the control sample is Hv1 (2130–2150) MPa; that of
the sample after the resistance testing against IGC is Hv1 2280 MPa. Generally, the metal
displayed the precipitation of chromium carbides at the grain boundaries.

The results of metallographic studies revealed that welded joints and tapes for the
manufacture of FCE are not subject to IGC. However, the release of fine particles along the
boundaries of grains and twins can contribute to the increased sensitivity of the metal to
intergranular corrosion during operation.

Additionally, we looked at how plastic deformation affected the steels’ resistance to
corrosion. In this instance, the distortion of the samples ranged from 0% to 70%. The
high flow rate of these steels’ electrochemical corrosion in a 60% NaCl solution led to its
application as a corrosion medium. Figure 2 illustrates the relationship between the degree
of deformation and the change in the mass of the steel samples under investigation.
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The study’s findings demonstrate that the degree of deformation affects the tested
steels’ level of corrosion resistance. Concurrently, high values of the corrosion resistance
index are noted throughout the examined range. The full-scale testing conducted during
product manufacturing, however, revealed that, despite their tendency to decline, forma-
tion defects continued to occur. Since no corrosion centers were found throughout the
testing, other variables influencing the heat input into the welded joints of the FCE blanks
were examined.

We also included provisions for the fact that the temperature regime in the weld zone
during welding in a shielding gas environment depends on the flow rate of the purge (root
shielding) gas if the technological process requires its supply.

Researchers examined the purge gas influences on the 304H [27] and 308L [28] welds’
corrosion, mechanical, and microstructural properties. Additionally, it has been found that
the humidity and purity of the purge gas have a substantial impact on the microstructure
and mechanical properties of GTA welds [29]. With the exception of tensile tests, standard
mechanical tests rarely apply to FCE because most of these items are manufactured from
thin austenitic strips, sheets, and wires. Furthermore, the impact of the purge gas flow rate
on the welded billets’ plastic deformation capacity has not been researched.

Consequently, this work aimed to identify the welding mode parameters that would
enable 300 series of austenitic steels to be used for the production of welded joints with the
best mechanical and structural performance while using the optimal amount of heat.

2. Methods of Research

To meet the stated study objective, we conducted tests on the mechanical characteristics
of samples of the welded joints made of AISI 316 austenitic steel with a thickness of 0.25 mm.

At various values of the mode parameters, the TIG method was employed to weld the
samples without the use of a filler material (Table 2).

Table 2. Parameters of changing the welding modes of the AISI 316Lsteel samples.

No.
Series of
Samples

Metal
Thickness,

(mm)

Welding
Current

I, (A)

Arc-Voltage
U, (V)

Welding Speed
v, (mm/s)

Argon
Consumption,

(lpm)

Purging Argon Flow
Rate Range

q, (lpm)

1 0.25 12 12–14 16 14–16 8–18 in steps of 2
2 0.25 14 12–14 16 14–16 10–18 in steps of 2
3 0.25 16 10–12 17 14–16 8–18 in steps of 2
4 0.25 18 10–12 17 14–16 10–18 in steps of 2
5 0.25 20 10–12 18 14–16 12–18 in steps of 2
6 0.25 22 10–12 18 14–16 8–18 in steps of 2
7 0.25 24 10–12 18 14–16 10–18 in steps of 2

The geometric parameters of the welded seams were discovered to match the criteria
of the technical documentation and the relevant standards for every analyzed welding
mode in each set of samples.

However, the appearance of the welds produced using various mode values varied
noticeably, both on the top and the root side. Figure 3 displays the samples of the welds
performed at lower welding currents (12–18 A) and purging gas flow rates (8–14 lpm).

Zeiss optical microscope (NEOPHOT 21) was employed for microhardness tests and
metallographic studies of the structure to clarify the mechanism by which the welding mode
parameters affect the characteristics of the weld zone and the heat-affected zone and to
predict the behavior of the welded products during further cold deformation (corrugation).

The microhardness was first measured immediately around the weld for each sample,
with no significant changes discovered. Then, the samples of AISI 316L steel obtained at
various values of the variable parameters (see Table 2) of the welding mode were subjected
to comparative metallographic investigations of the weld and heat-affected zones.
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resulted in smoother, shiny-surfaced seams with almost no color change (Figure 4).
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Figure 4. The weld seam top (a), and root (b) view, ×1.6. Mode parameters: I = 18–24 A;
v = 17–18 mm/s; q = 12–18 lpm.

In the weld zone, a dendritic structure of the crystallized metal with pronounced
liquation is observed in the microstructure of the samples obtained at lower values of the
current strength and purging gas flow rate. This structure is discernible in the form of
darker areas in the interdendritic regions and lighter bodies of the dendrites themselves.
While the seam zone is represented by columnar, more extended, and larger crystals, the
zone of liquid crystallized metal at the point of contact with the unmelted layer has a more
dispersed dendritic structure (Figure 5). At the lower boundary of the fusion zone, there
are additional single inclusions whose composition and origin are unknown.
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Figure 5. Collage of microstructures of a welded joint made of AISI 316L steel at low values of mode
parameters (×500).

The secant approach was used to estimate the grain sizes in the heat-affected zone
to evaluate the impact of energy input. In the HAZ, an austenite grain with a consistent
etching is observed. The individual grains have diameters between 0.095 and 0.075 mm,
according to measurements, while most grains are between 0.072 and 0.055 mm in size.

A more homogeneous dendritic structure is observed in the seam zone at gas flow
rates of 15–18 lpm and amperage of 16–20 A. The grain is more uniform in size and lacks
any graininess in the heat-affected zone compared to the preceding instance. The range of
grain size is 0.068 to 0.045 mm. The average grain size of the base metal is 0.030 mm.

Microstructural studies show that, in this instance, the fusion line is formed without ob-
vious segregation (Figure 6a), and the HAZ has a granular and uniform structure (Figure 6b).
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The uniformity of the plasticity characteristic distribution, which is difficult to establish
with a normal tensile test, is a significant indicator because deformation progresses in
different ways during corrugation in linear sections and in sections of the maximal bend.

The mechanical test used to more fully analyze the susceptibility of low-carbon and
austenitic steels to cold drawing and at the same time clearly show the uniformity of
the deformation properties was the Erikson test for sheet and strip extrusion [30]. This
approach was used to evaluate samples from series 1–7 that were of the same size (0.25 mm
× 25 mm × 50 mm), both in the base metal zone and the welded seam zone (Figure 7).
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Two different types of punches, measuring 3 mm and 8 mm in diameter, were used in
the testing to ensure the accuracy of the findings. The results were more sensitive to the
deformation conditions produced when the punch diameter was increased.

3. Results and Discussion

The dependence of the hole depth on the gas flow rate is depicted in Figure 8; the
graph is based on the results of the mechanical tests using the Erikson technique. The depth
of the hole is discovered to grow as the argon flow rate increases, and it almost equals to
the values for the hole depths corresponding to the base metal at values of 14 to 15 lpm.
The welded samples’ resistance to cold plastic deformation is noticeably worse than that of
the metal of the austenitic strip at shielding gas flow rates between 8 and 14 lpm.

The findings of the metallographic studies support this dependence. The success
of the deformation of a thin-walled welded workpiece, i.e., a more uniform plastic flow,
depends on the homogeneity of the structure, so it is crucial to obtain a finer and more
uniform grain size for a thin strip, as in this case, with a thickness of 0.25 mm (a uniform
grain size, a lack of pronounced liquation areas, and the absence of fragile inclusions). The
presence of titanium as a modifier in the steel composition and the sufficiently quick cooling
of a thin strip billet prevent the grain from growing to large sizes, but the composition’s
heterogeneity may well result in an uneven grain size, which may subsequently cause
uneven deformation.
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The degree of deformation, as mentioned earlier, has a dual effect on the ability
of welds and the heat-affected zones to perceive mechanical loads and resist corrosion
failure. During plastic deformation, an increase in the initial degree of the anodicity
of the boundaries occurs due to the accumulation of deformation energy on them. In
the zones of dislocation accumulation, the local anodic dissolution causes the formation
of grain boundaries, areas with surface film damage, and micropits because of recently
occurring damage under the action of stresses. These phenomena combined with stresses
and corrosive environments cause the emergence and development of microcracks.

The metal has a greater negative potential at the depth of such damage compared to
the surface areas, which accelerates the dissolution of the metal. As a result, both the stress
concentration factor and the degree of the damage are increased. This creates conditions
for accelerating the anodic dissolution and increasing the stress concentration to critical
values preceding the development of a crack to macrosize.

A further increase in the degree of deformation, in turn, leads to energy deconcen-
tration since the deformation areas grow to the size of a whole grain, which leads to the
occurrence of reverse processes, accompanied by an increase in the corrosion resistance in-
dex. Notably, this process does not have a significant positive effect on the plastic properties
of the weld metal.

The degree of deformation is further increased, and the likelihood of mechanical
damage also increases, which leads to the escalation of current corrosion processes. As men-
tioned previously, this is caused by a rise in the second-kind stresses in local microsections
and an increase in the density of dislocations. The existence of impurity concentrations and
dissolved atoms, which have a higher chemical activity, causes the corrosion and sorption
processes to be activated in these zones.

The properties of the base metal materials, the deformation-force scheme, and the
degree and conditions of loading during manufacture, as well as the operating conditions,
must all be considered in a specific analysis due to the ambiguous effect of the plastic
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deformation in the welded joint zone of the austenitic steel FCEs under study in the
presence of structural inhomogeneity and residual thermal deformation stresses.

4. Summary

1. The current study investigated how the mode parameters affect the structure and
characteristics of the welded joints of flexible compensation elements manufactured from
austenitic steels. At a purging gas flow rate in the range of 16–18 lpm, an increase in the
mechanical and structural properties was established. These flow rates are suggested to be
used as technological recommendations in FCE production based on the research’s findings.

2. Research on the microstructure of welded joints constructed of the austenitic steel
grades AISI 304 and AISI 316 revealed that austenite and δ-ferrite constitute the majority of
the welds and the heat-affected zone structure. Importantly, the structure of the welded
joints contains the twins and chromium carbides, which precipitate at the grain boundaries.
Their appearance is associated with the use of different technological processes during the
production of FCE, such as molding, welding, corrugation and some others. The results of
the studies demonstrate that samples of welded joints exhibited intergranular corrosion
resistance at different degrees of deformation. Under certain circumstances, however,
the precipitation of small particles along the grain boundaries during the manufacture of
FCE can increase the sensitivity of the welded joints to intergranular corrosion, which can
subsequently lead to negative effects during their operation

3. It was discovered that welds have a smoother, shinier surface with almost no
discoloration along the length of the seam when the welding mode’s parameters were as
follows: welding current I = 14 A; welding speed v = 16 mm/s; and purging gas flow rate
q = 18 lpm.

4. The study’s findings show that the degree of deformation had an unclear impact
on the examined steels’ tendency for corrosion failure. On the one hand, an increase in
the degree of deformation increases the density of dislocations and the latent energy of
deformation, which, with an increase in chemical activity, results in an intensification of
corrosion damage. On the other hand, the likelihood of cracking is inversely correlated with
the level of inhomogeneity, even at large dislocation densities. According to the study’s
findings, austenitic materials should be chosen based on the degree of their deformation.

5. The Erikson extrusion testing of sheets and strips is suggested to determine the me-
chanical properties of the materials used in the production of welded flexible compensating
elements. This method allows for the establishing of the deformation properties uniformity
and the distribution of plasticity characteristics over the area of the blank.
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