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The effects of welding current and speed in plasma arc welding (PAW) on the microstructures and mechan-
ical properties of 304 stainless steel and its acid pickling behavior were investigated. 304 stainless steel
pipes were fabricated using PAW at nine different welding currents and speeds. The resulting weld was
composed of austenite and d-ferrite, where the dendritic structure size decreased as heat input was reduced.
At a constant welding speed, increasing the current improved elongation, while the strength remained
nearly unchanged. After heat treatment, an oxide layer formed, consisting of (Mn, Cr, Fe),0, spinel, Ni-
rich metallic phase, Fe,O,, and Fe,O,. During acid pickling, the oxide layer on the weld was removed more
rapidly than that on the base metal due to the formation of a Cr- and Mn-enriched layer within the inner
oxide. As the number of specimens increased, the time required for effective acid pickling also increased,
while the mass loss rate decreased. An equation was proposed to estimate the pickling performance of the

acid solution.
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1. Introduction

Stainless steels are alloys that contain additional
elements, including Cr and Ni, to improve corrosion
resistance to air, water, and chemicals. Among them, 304
stainless steels (304SS) have austenitic microstructures
that offer excellent corrosion and wear resistance,
weldability, and formability, with typical applications in
chemical and petrochemical processing, machinery, and
structural components of ships, aircraft, and automobiles
[1-3]. Additionally, jet propellants, gas turbines, and
nuclear plants are other applications due to their high
temperature and pressure toughness [4,5].

Plasma arc welding (PAW) is an effective method for
joining 304SS workpieces with thicknesses ranging from
6 to 13 mm, using a non-consumable tungsten electrode
to ignite and maintain an arc in the weld zone [6,7]. Studies
have focused on PAW processing parameters to elucidate
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their effects on microstructures and mechanical properties,
including activating flux, current, welding speed, plasma
flow rate, working distance, and current mode [8-13].
Activating flux improved penetration depth by constricting
the plasma column and reducing the anode spot [§]. An
increase in plasma flow rate led to greater penetration depth
and grain size, while a slight decrease could destabilize the
process [7,9,11]. Working distance affected energy loss,
resulting in undercutting or incomplete penetration
[7,11,12]. Increased welding current improved mechanical
properties, but coarser 5-ferrite formation in the fusion zone
at high current reduced strength and hardness [12]. Pulse
current mode demonstrated superior impact properties
compared to constant current mode, owing to higher
dislocation density and martensite volume fraction [13].
Post-weld heat treatment of 304SS is performed after
PAW to reduce microstructural inhomogeneity, residual
stress, brittleness, and the toughness loss that occur during
welding [5,14]. Since the heat treatment is conducted in air,
oxide layers with various compositions of Fe, Cr, Ni, and O
form on the surface [15,16]. Additionally, preferential
oxidation of Cr to Cr,O, or a spinel results in a significant
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Cr-depleted zone beneath the oxide scale, which can lead
to intergranular corrosion or stress corrosion cracking in
this zone [16]. To achieve fine surface quality and remove
the Cr-depleted zone, acid pickling can be applied,
allowing acid to penetrate through the pores and cracks
in the oxide layers, attacking the FeO layer and releasing
the relatively insoluble Fe,O, and Fe,O, layers above
[15,16]. Acid solutions commonly used for pickling
stainless steels include H,SO, [17,18], HCI [19-22], HF
[22,23], HNO, [16], and/or their mixtures [23-26].
Although HNO, and its mixtures were traditionally used,
use has diminished due to NO_ emissions, which raise
environmental concerns [16,23]. HCI solutions can
dissolve both the oxide and base metal, but corrosion from
chloride remains an issue [19-22].
effectively dissolve oxide scales, particularly SiO, [22,

HF solutions

23]. H,S0O, is widely used in practice due to low cost and
chemical stability and is often mixed with HF [18,23].
Many studies have investigated the effects of acid
concentration, immersion time, pickling type (static or
dynamic and single- or multi-step), and oxidant addition
on pickling behavior and microstructures [16-26].

Although various studies have examined the effects of
PAW conditions and acid pickling, notable gaps remain
between lab-scale experiments and industrial applications.
For instance, the general pickling process includes
mechanical descaling, preliminary pickling, and final
pickling [16,18]. However, mechanical descaling and
preliminary pickling steps are often omitted in actual
industrial processes due to limitations in facility
capabilities, cost, and manpower. To bridge this gap, a
detailed study considering practical processing conditions
is necessary to understand the relationship between PAW
processing conditions and microstructures, mechanical
properties, and acid pickling behavior. This study
investigated the effects of welding current and speed in
PAW on the microstructures, mechanical properties, and
acid pickling behavior of 304SS. Samples were welded
and heat-treated based on industry-standard processing
conditions to assess the effects. Similarly, the acid solution
and additives used in industry were directly utilized to
evaluate pickling behavior. Microstructures, chemical
composition, tensile properties, and fracture surfaces after
welding were analyzed, followed by a discussion of acid
pickling behavior across different cycles.
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2. Experimental Procedures

A plate of raw 304SS with a thickness of 5 mm was
obtained from POSCO, Republic of Korea. A pipe with
an outer diameter of 406.4 mm and a length of 3000 mm
was fabricated by PAW using the 304SS plate, following
the processing conditions listed in Table 1, with a length
of 300 mm for each condition. 308L stainless steel was
used as the welding filler wire. The chemical compositions
of 304 and 308L stainless steels can be found elsewhere
[5]. After joining the outer surface of the pipes using PAW,
gas tungsten arc welding was performed on both the inner
and outer surfaces once more, respectively. Post-weld heat
treatment for the pipes was conducted at 1050 °C for
10.8 min in air, followed by cooling in flowing water.
Acid pickling of the heat-treated pipes was performed on
small specimens, cuttoa 5 x 30 x 30 mm’ dimension with
the welded section at the center. The pickling solution of
200 mL was prepared by mixing 8 vol% HF, 10 vol%
H,SO,, and 82 vol% H,O. Rust powder (10 g), which
detached from the pipes after heat treatment and consisted
of Fe,O, and Fe,O, (Fig. 1), was dissolved in the pickling
solution as an oxidant to accelerate the pickling rate. Acid
pickling was conducted at 60 °C, with the solution covered
during pickling to minimize evaporation. The acid pickling
process was considered complete when the black oxide
scale covering the specimen surface was fully removed.
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Fig. 1. An X-ray diffraction pattern of rust powder
dissolved into the pickling solution
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Table 1. Processing conditions of the PAW for 304SS

Condition Current (A) Voltage (V) Welding speed (cm/min) Heat input (J/mm/s)
1 250 27 50 810
2 275 27 50 891
3 300 27 50 972
4 250 27 55 736
5 275 27 55 810
6 300 27 55 883
7 250 27 60 675
8 275 27 60 742
9 300 27 60 810

For mechanical testing of the welded pipes before heat
treatment, the pipes were machined into tensile specimens
with the welded section in the middle, following the
ASTM E-8 standard [27]. The tensile specimens were
flattened using a hydraulic press to remove curvature
before testing. The specimens were elongated at a strain
rate of 10° s until fracture. The tests were performed
three times to ensure the repeatability and reproducibility
of the results. Microstructures and phases were
characterized by an optical microscope (OM), scanning
electron microscope (SEM) with energy dispersive
spectroscopy (EDS), and X-ray diffractometer (XRD).
Porosity was evaluated through image analysis using
Imagel. The mass change of the specimens during acid
pickling was measured every 10 min. After 40 min of
pickling, the immersed specimens were gently brushed to
remove the oxide scale.

3. Results and Discussion

3.1 Effects of welding conditions on microstructures and
mechanical properties

Microstructures in the welds of specimens fabricated
under various welding conditions are shown in Fig. 2.
The bright dendritic phase is austenite, while the dark
interdendritic phase is 5-ferrite. No equiaxed grains were
observed. These microstructural features suggest that the
substructure grows in the direction of the highest temperature
gradient [13]. Differences in dendrite size and spacing are
evident between the welding conditions. High heat input
resulted in a low cooling rate, leading to coarse dendritic
structures, while a steep thermal gradient developed with
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low heat input, forming finer microstructures [6,28]. In
addition, both skeletal and lathy §-ferrite were observed
regardless of the welding condition, although the relative
amounts of each shape varied. The formation of
differently shaped ferrite is also attributed to the cooling
rate [5,29]. Skeletal 5-ferrite forms at a low cooling rate,
which provides sufficient time for austenite to consume
existing ferrite. This occurs in conditions with high heat input
(conditions 2, 3, and 6), where the amount of skeletal 5-
ferrite is greater than that of lathy S-ferrite. Under high
cooling rates, diffusion in the ferrite-austenite transformation
is limited, leading to the formation of lathy oJ-ferrite
(conditions 4, 7, and 8).

The elemental distribution in the weld obtained under
condition 6 is shown in Fig. 3. It is clearly seen that §-
ferrite is enriched with Cr. The segregation of Cr is
influenced by the cooling rate; the degree of segregation
decreases as the cooling rate increases, while the partition
coefficient between austenite and J-ferrite remains lower
than unity [30,31]. Simultaneously, the depletion of
austenite-promoting elements such as Ni is known to
occur, but this behavior was undetectable due to the small
difference in Ni content (< 2 wt%) between austenite and
o-ferrite [30].

The mechanical properties of specimens welded under
different conditions are presented in Fig. 4. All specimens
fractured at the weld. The yield and tensile strengths
obtained with a welding speed of 50 cm/min (conditions
1-3) decrease as the current increases from 250 to 300 A.
However, at constant welding speeds of 55 cm/min
(conditions 4-6) and 60 cm/min (conditions 7-9), both
strength values remain nearly the same regardless of the
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Fig. 2. OM images of the weld area in the 304SS specimens fabricated by the various welding conditions. The ‘C’ number and
(‘R’ number) in each image indicate the welding condition and the ranking of heat input, respectively

Fig. 3. Elemental mapping of the microstructure in the weld obtained with the welding condition 6
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Fig. 4. Strength and elongation of the 304 stainless steel
specimens welded by various welding conditions

current. The overall ranges of yield and tensile strength
were 355-369 MPa and 641-692 MPa, respectively.
Conversely, increasing the current at a constant welding
speed tends to raise the elongation. The highest
elongation, with moderate yield and tensile strengths, was
achieved under welding condition 6, while welding
condition 1 showed the lowest ductility.

The fracture surfaces of the tensile specimens welded
under conditions 1, 6, and 7 are shown in Fig. 5. Uneven
surfaces with different heights were observed in the
specimens from conditions 1 and 7 (Fig. 5a and c). These
surfaces were composed of flat cleavage areas with
dimples in between, indicating a combination of ductile
and brittle fractures. In contrast, uniform surfaces with
similar heights were found in the specimen from condition
6 (Fig. 5b). Dimples covered these surfaces, indicating
that ductile fracture was dominant. The fracture surfaces
in Fig. 5 illustrate the differences in elongation among
the specimens. The porosity in the weld of all specimens
was less than 0.05%, as determined by image analysis.
Only in the weld from condition 9 was the porosity 0.11%,
which likely contributed to the lowest tensile strength
among the specimens.

3.2 Acid Pickling Behaviors

The subsequent heat treatment and acid pickling were
conducted on specimens fabricated under welding
condition 6, which achieved the highest ductility and
moderate strength. The cross-sections and corresponding
elemental distributions in the base metal and weld of the

CORROSION SCIENCE AND TECHNOLOGY Vol.23 No.6, 2024

Fig. 5. Fracture surfaces of the 304 stainless steel specimens,
welded by the conditions (a) 1, (b) 6, and (c) 7, at two
different magnifications

heat-treated specimens are shown in Fig. 6. The oxide
thickness in the base metal and weld was 10.9 + 3.6 and
11.7 + 2.7 mm, respectively (Fig. 6a and b). Cracks were
observed in the oxide layer, forming in both vertical and
horizontal directions. Differences in thermal expansion
behavior of the base metal and oxide and the applied load
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Fig. 6. SEM cross-sections of (a) base metal and (b) weld and elemental distributions along the thickness direction in (c) base
metal and (d) weld of the heat-treated 304SS specimens. Vertical red lines indicate the observed paths for line profiling

during specimen preparation contributed to crack
formation.

Although no apparent differences in oxide morphology
were found between the base metal and weld, the chemical
compositions of the oxide layer varied depending on the
location. Fig. 6¢ and d show the elemental line profiles
and maps for Fe, O, Ni, Cr, and Mn. At both locations,
the O content increases moving from the oxide/base metal
interface to the outer surface, indicating the formation of
compounds with more Fe and O, such as Fe,0, and Fe,O,.
However, significant enrichment of Cr and Mn was found
in the oxide layer just above the base metal interface (Fig.
6¢). This behavior was absent in the weld (Fig. 6d). The
Cr- and Mn-rich layer is (Mn, Cr, Fe),0, spinel,
commonly observed during stainless steel oxidation
[32,33]. Also, Cr depletion was observed in the substrate.
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The difference in Cr and Mn distributions in the oxide
layer between the base metal and weld is attributed to
grain size. Smaller grains in steels lead to faster diffusion
of Cr and Mn due to a shorter lateral oxide growth
distance, enabling quicker formation of the Cr- and Mn-
rich oxide layer [32,34]. The average grain size in the
weld, measured by EBSD, is 69.3 mm, which is 3.3 times
larger than that in the base metal. The larger grains in the
weld resulted in slower Cr diffusion, leading to an oxide
layer with lower Cr content. This contributed to reduced
oxidation resistance and a slightly thicker oxide layer in
the weld.

Another notable point is the Ni distribution; a network-
shaped Ni-rich metallic phase was observed within the
oxide layer. Studies have reported that Ni-rich metallic
phases act as diffusion barriers, with minimal involvement
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Fig. 8. X-ray diffraction patterns of the specimens (a) before and (b) after acid pickling
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in oxidation [35]. The formation of (Mn, Cr, Fe),0, spinel
during oxidation displaces Ni into the surrounding
austenite, as Ni has a lower oxygen affinity than other
elements. This Ni-rich metallic phase diffuses outward
into the oxide layer, forming a continuous network
[33,36]. Furthermore, the location of Ni-rich metallic
phase depends on the oxidation temperature. Ni
enrichment occurs below 500 °C in steam, while Ni
diffuses throughout the oxide layer at higher temperatures
[37]. Since the specimens were heat-treated at 1050 °C,
Ni-rich regions were observed throughout the oxide layer.
Additionally, nano-sized pores were observed in the upper
section of the oxide layers, while the inner section was
relatively dense (Fig. 6¢ and d) [37].

Surface changes after each acid pickling cycle, up to
six cycles, are shown in Fig. 7. The initial surface was
dark, with the weld and substrate indistinguishable. After
the first cycle, the oxide layer on the weld began peeling
off on both the front and back sides. The dissolution rate
of'the FeO layer depends on the acid diffusion rate through
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cracks and pores and the rate at which the spent acid
diffuses away from the layer [16]. Acid penetrates the
oxide layer through existing cracks and small pores (Fig.
6). Moreover, the oxide layer with lower Cr content near
the base metal/oxide interface likely provides lower
corrosion resistance in the weld (Fig. 6d). This could
explain the faster peeling of the oxide layer on the weld
compared to the base metal. From the second to fourth
cycles, the substrate was exposed, though no apparent
change was observed. After brushing the specimen
surface following the fifth cycle, most of the oxide layer
was removed. The remaining black dots and stains were
completely eliminated after the sixth cycle.

The specimen surfaces were analyzed by XRD (Fig.
8a), showing that the main phase of the oxide layer was
Fe,O, with small amounts of Fe,O, after heat treatment.
FeO forms as a very thin layer on the steel surface at the
initial stage of oxidation and is easily transformed into
oxides with higher oxygen content (Fe,O, and Fe,0,).
Due to its thinness and position, FeO was not detected in
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Fig. 9. (a) Acid pickling time and mass loss per specimen,
and mass loss rate (b) of each specimen and (c) at different
time

the XRD analysis. The oxides were completely removed
after the acid pickling cycles, revealing the underlying
austenite (Fig. 8b). This confirms that acid pickling was
successfully performed, achieving a fine surface quality
on the 304SS specimens.

To understand changes in the pickling performance of
the acid solution with varying numbers of specimens, the
time spent on acid pickling and the mass loss per specimen
were analyzed (Fig. 9a). For up to 7 specimens, the time
required for acid pickling remained constant at 60 min,
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increasing to 70 min when testing 8—13 specimens. For
1415 and 16—17 specimens, immersion times of 70 and
80 min, respectively, were needed to complete pickling.
By dividing the outer surface area of the specimens, the
mass loss per unit area was calculated. The mass loss was
only slightly influenced by the number of specimens,
ranging from 59.5 to 76.6 g/m’. The variation in mass
loss per specimen may be attributed to the brushing step
used to mechanically remove the oxide layer.

The mass loss rate was estimated by dividing the mass
loss by the time spent pickling each specimen, as shown
in Fig. 9b. The rate decreased as the number of specimens
increased. This decreasing trend was caused by an
increase in the Fe*" ion concentration. As more specimens
were immersed in the solution, a greater amount of the
oxide layer dissolved, releasing iron ions. The pickling
temperature of 60°C led to rapid and continuous
evaporation of the solution, which also increased the
concentration of iron ions. Using the mass loss rate and
pickling time, the following linear equation was fitted:

r= 378 x 10 '+ 121 (1)

where r and 7 are the rate in g/m*min and time in min,
respectively. The linear fit is plotted in Fig. 9c alongside
the mass loss rate over time. This equation can be used
to estimate the pickling performance of the acid solution
(8 vol% HEF, 10 vol% H,SO,, and 82 vol% H,0) and to
determine when the solution should be replaced.

4. Conclusions

In this study, the effects of welding current and speed
in plasma arc welding on the microstructures and
mechanical properties of 304 stainless steel, as well as its
acid pickling behavior, were investigated. 304 stainless
steel pipes were fabricated through PAW with various
welding currents and speeds. The weld consisted of
austenite and o-ferrite, with the size of the dendritic
structure decreasing as heat input was reduced. The
highest ductility and moderate strength were achieved
with a welding current of 300 A and a welding speed of
55 cm/min. After heat treatment at 1050 °C, an oxide layer
with cracks and nanopores formed on the base metal,
consisting of (Mn, Cr, Fe),0, spinel, Ni-rich metallic
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phase, Fe,0,, and Fe,O,. The oxide layer on the weld was
removed more quickly during acid pickling than that on
the base metal, due to a Cr- and Mn-rich layer formed
within the inner oxide. Acid pickling was successfully
performed using a solution of 8 vol% HF, 10 vol% H,SO,,
and 82 vol% H,0. As the number of specimens increased,
the time required for acid pickling also increased, while
the mass loss rate decreased. An equation is proposed for
estimating the pickling performance of the acid solution,
which can be used to determine the appropriate time to
replace the solution.
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