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Abstract In this study, AISI 316 types of austenitic stainless
steels were welded by FCAW (flux-cored arc welding) using
E316LT1-1/4 flux-cored wire under various shielding gas
mixtures containing CO2 at different ratios. Effects of mixed
ratio of Ar and CO2 in the in the shielding gas on the micro-
structure, impact toughness, and microhardness of welded
materials were studied. Stereo optical microscopy, scanning
electron microscopy (SEM), energy dispersive spectroscopy
(EDS), transmission electron microscope (TEM), and TEM/
mapping analysis techniques were used for microstructural
characterizations. The impact toughness values of the weld-
ments were decreased as a result of the formation and growth
of inclusions in the microstructure due to the increases amount
of CO2 in the shielding gas. The hardness values and δ-ferrite
amount in the weld metal were affected by depending on of
the shielding gas mixtures.
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1 Introduction

AISI 316 L austenitic stainless steel materials have a wide
range of usage area for their superior mechanical and corro-
sion properties. They are commonly preferred in energy in-
dustries such as ship building, chemistry, defense, nuclear
energy, and cryogenic applications. Compared to other stain-
less steels, austenitic stainless steel is distinguished with its
excellent corrosion resistance and high toughness characteris-
tics. Due to the internal structure being austenitic, embrittle-
ment, which is a significant problem encountered in ferritic
stainless steels and seen under transition temperature, is not
observed in this type of steels. Furthermore, their resistance to
intergranular corrosion is high due to low carbon content.
Their toughness properties are significantly good, and nomar-
tensite transformation is observed during cooling. Therefore,
cold cracking problems are not observed in joining austenitic
stainless steels as in ferritic martensitic stainless steels, and no
pre-heating during joining and post-welding heat treatment
are required [1–5].

Flux-cored arc welding (FCAW) method is used in joining
thick section stainless steels in today’s industry, which leads to
a considerable increase in production speed of welding treat-
ments. Welding performed by using flux-cored arc is a more
economical and efficient method compared to other welding
methods due to its high melting power, suitability for automa-
tion for continuous welding process, its usability in every
position, ease of performance, and smooth weld nuggets with
high mechanical properties. Slag formation in welding and
protection of weld metal by shielding gas ensure less oxida-
tion of nugget surfaces in welds performed with flux cored
wires and minimization of foreign matters in weld bath [5–9].
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In order to ensure the safety of constructions formed with
welded joints, mechanical and microstructural characteriza-
tion of the weld metal obtained as a result of the joining must
be performed elaborately. Quality of joint varies depending on
parameters such as metal transfer rate, heat input, welding
seam geometry, and the shielding gas composition used.
Being one of the most significant parameters during the
welding treatment, shielding gas protects weld metal from
the adverse effects of the nitrogen and oxygen contained in
the atmosphere and ensures steady arc and uniform metal
transfer. Therefore, type and composition of the gas used con-
siderably affect the microstructure and mechanical character-
istics of the joined material [10–18].

FCAW method used in joining thick section stainless steels
has gradually become widespread in recent years. Superiorities
of the FCAW method over the other welding methods and us-
ability of active shielding gas increase the prefer ability of the
method. Additional stainless steel flux-cored wires are designed
so as to be used with Ar-CO2 or 100 % CO2 shielding gasses.
High arc energy given by CO2 gas provides a higher melting
speed and satisfactory penetration based on other shielding gas
types. Moreover, its oxidative effect in welding arc plasma re-
sults in oxidation of the elements contained in the stainless steel
such as Mn, Si, Al, Cr, and Ti [11–14, 16]. Some studies have
reported that this situation was reported to have a higher amount
of inclusion content compared to the alkaline-based additional
weld metals due to the fact that it causes inclusion formation in
weld metal and the rutile-based additional weld metals have low
purification capability [16, 19].

In literature; Cleiton et al., [20] joined AISI 316 L austenitic
stainless steel material with E309MoL-16 additional weld metal

at different heat inputs. It was reported in the feritscope measure-
ments performed after the joining process that increasing of heat
input caused a reduction in δ-ferrit amounts. Arivazhagan et al.
[16] joined modified 9Cr-1Mo material by using the FCAW
method and examined the effect of shielding gas, mixed of Ar
and CO2, on mechanical properties, and they determined that as
the CO2 amount contained in the mixture rate increased, the
amount of oxygen contained in dissolved weld metal increased
and also the mechanical values decreased and the inclusion
amount contained in weld metal increased. It has been shown
in numerous studies that it affects composition of the shielding
gas used in welding treatment and microstructure and conse-
quently mechanical properties of materials joined as multipass
[8, 12–16, 21]. However, characterization of the microstructural
transformations occurred and the inclusions in oxide form and
also their effect on mechanical values were not studied in detail.
What makes this study differ from others is that AISI 316 L
material joined by using the FCAW method at four shielding
gas compositions (Ar-12 % CO2, Ar-20 % CO2, Ar-50 % CO2,
and 100%CO2) was examined by performing notch impact tests
and microstructure studies and characterizing the δ-ferrit amount
and the inclusions in weld metal with appropriate methods.

2 Experimental procedure

The chemical composition of the AISI 316 L austenitic stain-
less steel material and E316LT1-1/4, rutile type flux cored
wire, used in this study is given in Table 1. Multipass welding
processes were carried out with a semi-automatic oscillating
device, in order to see the effect of shielding gasses during the
welding process (Fig. 1a). The interpass temperature was kept
under constant control (<150 °C) to prevent faults that may
occur due to overheating. Depending on the welding parame-
ters, the heat input kept under control between 0.9 and
1.4 kJmm-1 for all passes. In addition to that short circuiting
transfer mode in first pass and spray transfer mode with small

Table 1 Chemical compositions of base and filler material used

Elements C Si Mn Cr Ni Mo

AISI 316L 0.016 0.801 1.609 16.44 9.590 1.719

E316LT1-1/4 0.028 0.60 1.50 18.35 12.65 2.68

Fig 1 a The assembly of welding equipments and performing of the welding. b Scheme of joint preparation
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amount of spatter in the other passes were occurred during the
welding process. As understood from earlier literature [22,
23], metal transfer mode during FCAW process depends on
welding parameters such as current and voltage values, elec-
trode size, composition of electrode, and shielding gasses. In
order to achieve a spray transfer, higher current and larger
diameter electrode are needed. A shielding gas of carbon di-
oxide (CO2) and mixture of CO2 and argon also provide spray
transfer. Therefore, shielding gas composition one of the most
important parameters and contributes to spray transfer mode
during welding process. Plates (450 ×150×14 mm3) were
used for producing the joints and a 60° single V groove edge
preparation was followed with a root face/gap of 6 mm as
shown in Fig. 1b. Ceramic backing was used in the joints.
Four different gasses were used as shielding gas, which were
Ar-12 % CO2, Ar-20 % CO2, Ar-50 % CO2, and 100 % CO2.
The shielding gas flow rate was applied as 15 l/min. Table 2
shows the parameters used in welding.

Charpy impact test specimens were obtained from the weld
metal samples, and the experiments were carried out using the
test temperatures of −40 °C, −20 °C, 0 °C, and 20 °C as the
reference temperatures. Three Charpy impact tests were con-
ducted for each temperature, and the arithmetic average was
taken. Various sizes of welding samples removed from the
welded pieces were subjected to metallographic processes
for microstructural analysis. Samples readied for microstruc-
ture analysis were electrolytically etched in 10 % of oxalic
acid solution, at 10.4 V for 15 s. After etching, NIKON
SMZ800 stereo microscope was used first to examine the
macrostructure, and NIKON ECLIPSE L150 optical micro-
scope was used to examine the microstructure of the pieces.
The chemical composition analysis in percentage weight of
the cross-sectional samples extracted from the welded mate-
rials was performed with the Foundry Master Pro brand
Optical Emission Spectrometer. Chemical analysis was per-
formed on 3 regions of the weld metal, and the measurement
results were averaged. The microhardness process was carried
out by applying an image-controlled 200-g load with Struers
DuraScan 20 brand device. Ferrite content measurements of
the welds in ferrite percentage were performed with a Fischer
Ferritscope across the weld zones. X-ray diffractometer
(XRD) analyses were performed on the samples that present
the highest and lowest mechanical values in order to deter-
mine δ-ferrite and austenite phase amounts. XRD analyses
were carried out in GBC MMA 027 brand X-ray device, at
28.8 mA, 25 kV power values by using CuKα tube, with 0.2°
of scanning increments in the range of 2θ/40–120°. The image
of the inclusions occurred in the weld metal was taken with

Table 2 Welding conditions and parameters used

Passes Current
(A)

Voltage
(V)

Welding speed
(mms-1)

Heat input
(kJmm-1)

1 180 30 4.83 1.1

2 250 35 5.38 1.6

3 260 35 5.17 1.8

4 212 32 4.82 1.4

5 212 32 4.82 1.4

6 220 33 5.33 1.3

γ-austeniteδ-ferrite

a b

c d

Fig. 2 Weld metal microstructure
a Ar-%12 CO2 b Ar-%20 CO2 c
Ar-%50 d %100 CO2
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JEOL JSM-6060LV brand scanning electron microscopy
(SEM), and its characterization was obtained with JEOL
HRTEM brand transmission electron microscopy (TEM) and
with energy-dispersive spectrometry (EDS). For TEM analy-
sis, samples were formed into a thin foil (200 μm), and after
thinning mechanically, they were electrolytically etched at
−30 °C in 80 % alcohol—20 % perchloric acid solution.

3 Results and discussion

3.1 Microstructure

The microstructure images taken from the weld metal of the
AISI 316 L austenitic stainless steel material welded with the
FCAW method by using different shielding gas are shown in
Fig. 2. In the images, dark-colored areas indicate δ-ferrite, and
the light-colored regions indicate the austenite phase. The
amount of CO2 in the shielding gas affects the δ-ferrite ratio
formed in the microstructure. Low amount of CO2 (Ar-12 %
CO2) in shielding gas cases decreased heat input and caused
rapid cooling of weldmetal during the welding process, which
provided to increase in δ-ferrite amount in weld metal. δ-
ferrite content formed in the microstructure decreases with
the increase in the amount of CO2 in the shielding gas, and

this causes the expansion of the austenite area. Moreover,
morphology of the δ-ferrite that forms depending on the com-
position of the shielding gas also varies. When performing
welding in low amounts of CO2 shielding gas, the dendritic
branches of δ-ferrite form in linear elongation shape, whereas
with the increase in the amount of CO2, breaks, openings, and
splits were observed in dendrite branches with the welding
performed in especially the Ar-50 % CO2 and 100 % CO2.
Since the weld is the same kind of metal, the effect of melting
occurred in the main material on the microstructure is negli-
gible. The cooling rate is higher in the first pass, due to the
multi-pass nature of the welding. However, the weld metal is
exposed to more thermal cycles with the later welding passes.
The δ-ferrite phase that forms spherical chains rather than
dendrite branches has caused splits of the bonds between the
branches with the increased amount of CO2 in the shielding
gas. This is supported by the similar previous studies [12]. The
increase in the amount of CO2 in the shielding gas leads to an
increase in arc voltage of the ionization, disassociation, and
recombination energies created during the welding process
and affects the seam form, the drop transition mechanism,
and arc energy during welding [24–27]. As a result of this
situation, the heat input increases, and weld pool reaches to
a higher temperature. Thus, the cooling rate of the weld metal
slows down, and remaining at the critical transformation tem-
perature for longer periods causes the expansion of the aus-
tenite area in microstructures of the weld metal. It has been
reported in previous studies that the morphology of the δ-
ferrite in the weld metal varies depending on the temperature
and cooling rate [10–14, 28]. Comparing the base material
with the weld metal, rapid cooling in the weld metal causes
lesser amounts austenite formation [12, 29].

3.2 Microhardness measurements

Figure 3 shows the microhardness measurements have
been carried out from the weld surface to the root pass
in a straight line. In the microhardness measurements tak-
en from the center of the weld metal longitudinally, the

Fig. 3 Vickers microhardness
values

Table 3 Results of chemical analysis conducted on weld metal of AISI
316 L material

Elements Ar-% 12 CO2 Ar-% 20 CO2 Ar-% 50 CO2 CO2

C 0.0225 0.0207 0.0201 0.0191

Si 0.707 0.615 0.57 0.505

Mn 1.65 1.37 1.37 1.26

Cr 18.13 18.14 18.12 17.89

Mo 3.09 2.82 2.83 2.74

Ni 12.65 12.83 12.87 12.73

Cu 0.084 0.0952 0.0949 0.0965

Nb 0.019 0.0199 0.0186 0.0171

Ti 0.0549 0.0739 0.0742 0.0573
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highest hardness value was obtained as 221 HV0.2 in the
weld metal welded with the Ar-12 % CO2 shielding gas in
general. And the lowest hardness value was measured as
157 HV0.2 in the weld metal welded with CO2 shielding
gas. Microhardness values increase depending on the

increasing amount of δ-ferrite in the weld metal. Since
the hardness values taken from various points of the weld
metal vary depending on the amount of δ-ferrite at the
point of hardness, the hardness values taken at the same
region can vary. The higher microhardness values in the
material welded with Ar-12 % CO2 shielding gas are to be
expected because of the δ-ferrite content. The results ob-
tained in this study are in line with an earlier study [8, 11,
12, 20].

3.3 Chemical analysis

The chemical analysis results of the weld metal of the AISI
316 L material welded with the E316LT-1/4 flux core wire are
given in Table 3. Analyzing the results of the spectrometer, the
variation of the C, Mn, and Si elements in the weld metal is
noteworthy depending on content of shielding gas. The C
content of the sample that was welded with the shielding gas
containing Ar-12 % CO2 was 0.0225 %, whereas C content of
the sample welded with a 100 % CO2 was 0.0191 %. An
increase in the amount of CO2 in the shielding gas has been

Fig. 4 Variation C, Mn, and Si element contents in the weld metal
according to shielding gas

Table 4 Ferrite content analysis of the welded joints (δ-ferrite %)

Measurement areas 

Ar - %12 CO2

1. 2. 3. 4. 

Face  12,9 18,2 17,5 11,2 

Middle 13 14,8 15 12 

Root 12,1 14,6 13,2 11,5 

Ar - %20 CO2

1. 2. 3. 4. 

Face  9,2 12,7 12,9 10,2 

Middle 9,3 11,3 12,2 9,2 

Root 9,8 9,4 10,1 9,8 

Ar - %50 CO2

1. 2. 3. 4. 

Face  9,8 11,8 12 8,2 

Middle 8,3 9,2 9,8 6,6 

Root 8,1 8,3 8,5 8 

%100 CO2

1. 2. 3. 4. 

Face  9,4 9,9 10,4 9,6 

Middle 7,7 8,8 9,3 8,4 

Root 7,6 8 7,3 6,9 
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found to cause a decrease in the Si, Mn elements in the weld
metal. The amounts of Si and Mn in the weld metal welded
with Ar-12 % CO2 shielding gas were 0.707 and 1.65 %;
whereas the amounts of Si and Mn in the weld metal welded
with 100%CO2 shielding gas were 0.505 and 1.26%, respec-
tively (Fig. 4). The presence of O2 and CO2 gasses in the
shielding gas composition causes the loss of the main alloying
elements such as Mn and Si during the passage of the molten
droplet in the arc. However, as the amount of CO2 in the
shielding gas increases the formation of oxides such as MnO
and SiO2 also increases, and a large amount of them are mov-
ing away from the weld metal as a slag, a certain amount of
them remains in the weld metal as inclusions [12, 13, 16].

3.4 Ferrite measurements

The variation of the amount of δ-ferrite in the weld metal
obtained by welding the AISI 316 L austenitic stainless steel
with different shielding gasses with the FCAW method is
given in Table 4. The highest δ-ferrite ratio of 13.8 % was
obtained in the weld metal welded with the Ar-12 % CO2

shielding gas, according the averaged measurements taken
from the root, middle, and surface parts of the weld metal.
And the lowest δ-ferrite ratio of 8.6 % was measured in the
weld metal welded with the 100 % CO2 shielding gas. It was
seen that the amount of δ-ferrite increased in the central part of
the weld metal and decreased in the vicinity of the base ma-
terial. This was thought to be caused by melting and the
cooling rate occurred in the austenitic base material. It was
observed that the measurement results taken from the middle
and lower part of the weld metal were lower than the measure-
ment results in the upper area, and similar results were obtain-
ed along the line, especially on the lower sections. The δ-
ferrite ratio in the weld metal welded with Ar-12 % CO2

shielding gas was found to be higher regionally in all

measurements taken from the root, intermediate, and cover
passes of the weld metal. According to the results obtained,
the lower amount of δ-ferrite obtained in the CO2 shielding
gas supports the microstructure results. The amount of δ-
ferrite increases because of the faster solidification in the cov-
er pass. Figure 5 shows the average percentage of δ-ferrite
amount obtained by the measurement performed via
feritscope graphically.

It is observed in the general measurement values that the
amount of δ-ferrite on the cover passes of the weld metal is
excessive. The reason for this is the faster solidification on the
cover passes and as a result the insufficient time for austenite
transformation due to sample’s shorter exposure to transition
temperature. Also, since the middle and lower passes were
exposed to the thermal cycle in the next pass, they remained
in the transition temperature longer than the cover pass. Thus,
much more austenite transformation was occurred.

Fig. 5 Measurements of δ-ferrite content (%)

Fig. 6 X-Ray diffraction analyze of weld metal a Ar-%12 CO2 b %100
CO2

Table 5 Impact energy values of welds

Shielding gasses Test temperature (°C) 20 0 −20 −40

Ar-%12 CO2 Impact energy values (J) 84 77 75 67

Ar-%20 CO2 81 77 69 63

Ar-%50 CO2 68 68 63 59

%100 CO2 65 65 56 50
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3.5 XRD analyze

XRD analysis is applied for the phase analysis in the weld
metal (Fig. 6). It was observed in the weld metals of the sam-
ples welded with Ar-12 % CO2 and 100 % CO2 shielding
gasses that all peaks were created in the austenite phase.
Feritscope measurements revealed that 13.8 % δ-ferrite was
present in the weld metal of the weldment with Ar-12%CO2

shielding gas. In the XRD analysis applied to the weld metal
of the sample welded with Ar-12 % CO2 shielding gas, 2θ-45,
5° low intensity δ-ferrite (1 1 0) peak was identified. All other

diffraction patterns represent γ-austenite phase. γ (2 0 0) and
γ (3 1 1) γ diffraction peaks contained in weld metal show the
highest and greater quantities of phases. In contrast, γ (1 1 1)
and γ (2 2 0) diffraction peaks are the lowest and the least
amount of phases in all of the weld metal. And this shows that
the interior structure is formed by austenite and small amount
of δ-ferrite phase in general. No δ-ferrite peaks were observed
in the sample welded with 100 % CO2 shielding gas. Results
are compatible with feritscope measurements and the micro-
structural images given in the previous sections. Moreover,
the results are also consistent with XRD analysis results taken

Fig. 7 Variation of the notch
impact toughness values as a
function of the shielding gas and
test temperature

Fig. 8 SEM fractographs of
fractured Charpy impact samples
welded under shielding gas of
(20 °C) a%12 CO2 b%20 CO2 c
%50 CO2 d %100 CO2
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from the welding of similar materials [18, 30]. Very small
quantities (8.6 %) of δ-ferrite phase are present in the weld
metal of the material welded with 100 % CO2 gas. Therefore,
this amount is not present in the XRD graphs. In addition, the
carbide precipitation, Cr2N, or intermetallic phases were also
not found in X-ray diffraction analysis. This is advantageous
for both the mechanical properties and the corrosion resistance
of the weld metal [30].

3.6 Impact toughness and fracture surface

The impact strength values that vary depending on the
type of shielding gas used during the welding process
are given in Table 5 and shown in Fig. 7 graphically.
Looking at the Table and Figure, the Charpy impact test,
test temperature, and the amount of CO2 in the shielding
gas composition affect the fracture energy values. A de-
crease in Charpy impact toughness values is observed as
the amount of CO2 in the shielding gas increases. In ad-
dition, Charpy impact test temperature also affects the
fracture toughness energies, and lower toughness values
are obtained at low temperatures. In general, comparing
the resulting fracture energies, impact toughness of the
sample welded with Ar-12 % CO2 shielding gas varies
between 84 and 67 J, depending on the test temperature.
This value range was obtained as 81-65 J with Ar-20 %
CO2, 68-59 J with Ar-50 % CO2 and 65-50 J with 100 %
CO2. In the Charpy impact tests, the highest impact
toughness energy value at room temperature occurred at
84 J in the welding performed with Ar-12 CO2 gas. And
the lowest impact toughness value was 50 J in the Charpy

impact test performed at −40 °C in the weld metal welded
with 100 % CO2 gas.

The structure of the austenitic phase is advantageous for
achieving high toughness in tests conducted at lower temper-
atures. The amount of δ-ferrite content decreases depending
on the amount of CO2 in the shielding gas composition. This
can be considered to cause a slight decrease in impact tough-
ness depending on the temperature. Therefore, there is a slight
decrease in the samples with an increase in the austenite phase,
despite the expected increase in the toughness values. During
the welding process carried out by the method of FCAW, the
inclusions formed in the microstructure in parallel with the
increase in CO2 shielding gas cause lower toughness strength
in the samples with higher austenite percentage.

SEM images of fracture surfaces after impact test are
shown in Fig. 8. Looking at the fracture surfaces resulted in
the experiments conducted at different temperatures on weld
metals with different shielding gasses, typical ductile fracture
morphology of austenitic stainless steels is observed. The

Inclusion

cleavage fracture 

zone

a b

c d

Fig. 9 SEM fractographs of
Charpy impact test samples
welded under %100 CO2

fractured at temperatures of a
20 °C b 0 °C c −20 °C d −40 °C

Fig. 10 SEM image of inclusion
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inclusions are created in dimples that form the network struc-
ture. Inclusions have spherical forms. The size of the inclu-
sions and the size of the created pits increase as the amount of
CO2 in the shielding gas increases. During the welding pro-
cess, an increase in the amount of CO2 in the shielding gas
creates various reactions. It can dissociate in the arc to release
oxygen and carbonmonoxide and this can result in a reduction
in the weld metal content of elements such as silicon, manga-
nese and titanium. This case leads to increase in number and
size of inclusions in the weld metal [26]. A decrease in terms
of size and distribution of the inclusions was observed in the
weld metal obtained with shielding gas containing higher
amounts of Argon. Additionally, it was observed that the in-
clusions expand the dimensions of the pits that they are locat-
ed in. Expanding pits affect the Charpy impact results and
cause the decrease of the toughness values in line with the
increase in CO2 gas in the shielding gas.

Fracture surface images obtained after Charpy impact test
carried at different temperatures of the material welded with
only the 100 % CO2 gas are shown in Fig. 9. Partial cleavage
fracture zones on the surface of fracture has occurred when the
test temperature decreased to −40 °C, in the fracture surfaces

of the material welded at lower impact temperatures with
100 % CO2 shielding gas. Inclusions present in the micro-
structure during the impact test are believed to accelerate the
formation and propagation of the fractures during the dynamic
test. Thus, it leads to decrease in the amount of energy used for
formation and propagation of the fracture during the Charpy
impact test. The lower impact toughness values obtained and
the inclusions found in the earlier studies on the fracture sur-
faces after the Charpy impact test of the austenitic stainless
steel material are in line with the results obtained in this study
[8, 11–14, 16, 17].

According to the microstructure images and feritscope
measurements given in the previous sections, it is seen that
impact toughness values of the samples with higher δ-ferrite
content in the weld metal are also higher at all temperatures.
As it is known, δ-ferrite has body-centered cubic (BCC) struc-
ture and accordingly the values obtained in the Charpy impact
tests vary depending on the temperature. Lower values are
obtained at lower test temperatures [31]. And impact tough-
ness value of austenitic phase having face-centered cubic
(FCC) structure is independent of temperature provides ad-
vantages to materials joined even at low temperatures.

Fig. 11 Fracture surface of charpy impact sample welded under pure CO2 and EDS analysis results of inclusion

Fig. 12 a TEM images and b
EDS analyze of the weld metals
performed under %100 CO2

shielding gas
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Fig. 13 a TEM-EDS line scan showing variation alloying elements across the weld metal b EDS analysis of linear graphs of the elements
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Although impact toughness in materials having FCC structure
does not change a lot based on test temperature, the existence
of δ-ferrite in certain amounts in weldmetal causes to decrease
toughness value at low test temperatures. The impact tough-
ness values obtained from samples with higher δ-ferrite con-
tent in the weld metal are also higher. In fact, although the
impact toughness values should be higher in samples with
higher austenite phase, the increase in the amount of inclu-
sions created in the microstructure of the weld metal in line
with the increased amount of CO2 cause the decrease of the
impact toughness values of the welded materials, despite the

high amount of austenite in the weld metal. This shows that
the inclusions formed in the weld metal are more effective
than the amount of austenite and δ-ferrite phase. It has been
reported that increased amount of CO2 in the shielding gas
reduces δ-ferrite amount of the weld metal and leads to the
formation of oxides such as Si2O and MnO in the weld metal
[12–14, 16, 17].

Figure 10 shows the SEM image taken from the inclusion on
the fracture surface seen after the impact test applied to the weld
metal of the AISI 316 L austenitic stainless steel material welded
using 100 % CO2 shielding gas, in order to better see the

Fig. 14 TEM mapping analysis
taken from metal joined with
%100 CO2 shielding gas
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inclusions. As shown in the figure, the pits where the inclusions
are located are deeper, and there are gaps right next to the inclu-
sions. There are cleavage fracture zones with a flat appearance
on the morphology of the inclusion's fracture surface. The struc-
tures located on the inclusion form draws attention.

SEM image and the point EDS analysis of the inclusion
formed in the weld metal of the materials welded using 100 %
CO2 shielding gas are shown in Fig. 11. O, Si, Ti, Al, and Mn
peaks are observed in the EDS analysis of the inclusion. And
the ratio of Cr and Ni elements is significantly lower than
normal. EDS analysis show that inclusions are formed of dif-
ferent oxides, in other words of multiple oxides. Since Si and
Mn in the weld metal do not behave as deoxidant at above
1800 °C, they precipitate as microparticles [17]. The heat in-
put that was increased due to use of 100 % CO2 shielding gas
increases the diffusion of oxygen in the weld pool [32]. It is
understood that they combine with elements having high af-
finity to oxygen such as Si, Mn, Ti, and Al and create multiple
oxide forms. As far as it can be understood from the EDS
analysis, the oxygen causes the formation of inclusion in the
weld metal because of the increased heat in the weld pool, and
the ones formed on the surface of the weld pool are added to
slag created due to melting of the flux of the additional metal.
Inclusions are probably composed of FeO, CrO, Si2O, TiO2,
MnO, and Al2O3, and their sizes vary between 1 to 8 μm.

3.7 TEM-EDS analyses

The mechanical, microstructural, and characterization tests
performed in order to prove the effect of shielding gas during
welding of AISI 316 L stainless steel material in the applied
the experimental studies showed the effect of CO2 gas on the
weld metal. However, TEM/EDS analyses were performed in
order to be able to perform more detailed studies of the inclu-
sions formed in the weld metal. Much smaller size inclusions
were found in the microstructure in TEM analysis, and char-
acterization of these inclusions was carried out. Figure 12
shows the TEM image of inclusions in the weld metal and
the EDS analysis of the inclusion. The chemical composition
of an inclusion as revealed by TEM-EDS (Fig. 12b) is as
follows: O:31.4 %, Al:1.7, Si:10.9, Ti:21.9, Cr:9.6, Mn:21.6,
Fe:2.8. TEM/EDS analysis result shows that multiple oxides
are formed in the weld metal depending on the increased
amount of CO2 in the shielding gas mentioned previously
and confirms the information obtained in SEM/EDS studies.

And Fig. 13 shows the linear analysis results of the inclu-
sions in the weld metal microstructures. Elements in the form
of oxide came to the fore in linear analysis results. These are
presented in Fig. 13b as O, Si, Ti, Al, Mn, and Cr concentra-
tion graphs.

TEM-EDS analysis result shows that multiple oxides are
formed in the weld metal depending on the increased amount
of CO2 in the weld metal mentioned previously and confirms

the information obtained in SEM-EDS studies. Also, EDS
elemental mapping of the inclusions occurred in the various
zones are taken and the distribution of elements in the struc-
ture of the multiple oxide form was studied, in order to better
characterize the multiple oxide formation (Fig. 14). Cr, Si, Ti,
Al, Mn, and O elements were identified in the mapping pro-
cess. However, Al, Ti, and O elements decrease in some parts
of the oxide inclusion. The elements in the structure are not
uniform. TEM-mapping analysis clearly confirms that the in-
clusions are formed of Al2O3, CrO, SiO2, MnO, TiO2 oxides.

4 Conclusions

& Austenite area expands and the amount of δ-ferrite phase
decreases in the microstructure, depending on the ratio of
CO2 in the shielding gas.

& Low amounts of CO2 shielding gas cases the dendritic
branches of δ-ferrite form in a linear elongation shape,
whereas with the increase in the amount of CO2, breaks,
openings, and splits are observed in dendrite branches
with the welding performed in especially the Ar-50 %
CO2 and 100 % CO2.

& The increase in the amount of CO2 in the shielding gas
during the welding process forms spherical inclusions in
the weld metal by creating various reactions. It was deter-
mined that the amount of CO2 in the shielding gas causes
an increase in the number of inclusions in the weld metal.

& Both SEM/EDS and TEM/EDS analysis values reveal that
inclusions contain oxygen. It is understood that they com-
bine with elements having high affinity to oxygen such as
Si, Mn, Ti, and Al, and create multiple oxide forms. It is
suggested that these oxides are complex oxides and con-
sist of Si2O, TiO2, MnO, and Al2O3.

& A decrease in Charpy impact toughness values was ob-
served as the amount of CO2 in the shielding gas in-
creases. Impact toughness values are adversely affected
by amount and size of inclusions within weld metal. In
addition, Charpy impact test temperature also affects the
fracture toughness energies, and lower toughness values
are obtained at low temperatures.
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