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Abstract This study addressed the comparison of microstruc-
tures and mechanical properties of gas tungsten arc welding
(GTAW) of 443 super pure ferritic stainless steel which are
protected by three different kinds of shielding gas during
welding process: pure argon, argon in the inner layer com-
bined with nitrogen in the outer layer (simple double-layer
gas), and argon-5 %nitrogen in the inner layer combined with
nitrogen in the outer layer (mixed double-layer gas). As a
result, in the center of the welds protected by nitrogen and
argon, it formed equiaxed grains which achieving the purpose
of grain refinement, while there were all columnar grains in
the weld protected by pure argon. The experimental results
showed that the depth/width ratio of the welds shielded by
simple double-layer gas had been increased. Additionally,
with the addition of nitrogen in the shielding gas, the hardness
and impact toughness of the weld metal and heat-affected
zone (HAZ) were improvedwhen the heat input was the same.
The relationships between microstructures and mechanical
properties of 443 ferritic stainless steel joints were studied
by optical microscope and scanning electronmicroscope com-
bined with energy-dispersive spectrometer.

Keywords GTAW . Ferritic stainless steel . Nitrogen . Grains
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1 Introduction

In general, equiaxed crystal structures in welds are expected
rather than columnar crystal structures due to its excellent
mechanical properties. The welds with finer grains will exhibit
higher strength and better toughness because there exist more
boundaries in the equiaxed crystal structures which can pre-
vent deformation and crack propagation when the welds are
stressed to deform. Based on solidification theory, increasing
cooling rate or decreasing temperature gradient can promote
the columnar-to-equiaxed transition (CET). So far, many ex-
perimental or theoretical studies have been developed for
CET, such as adding alloying elements [1–4], cryogenic [2,
5], magnetic field [6, 7], ultrasound [8], and vibration [8, 11].
However, the capital equipment costs of cryogenic, magnetic
field, and ultrasound are high, while adding alloying elements
have not been uniform. In order to overcome these limits, a
new double-layer gas-shielded welding method was invented
by Lu Shanpin [9]. The inner layer gas can influence the weld
bead morphology and the weld shape due to Marangoni con-
vection. The outer layer gas can be decomposed and dissolved
in the molten pool, which can change the element content in
the weld metal and heat-affected zone (HAZ) metal. The new
double-layer gas-shielded welding method can change the mi-
crostructures and properties of weld metal and HAZ metal
simultaneously.

With 21 wt% Cr, less than 0.01 wt% C, and 0.2 wt% Ti,
443 stainless steel is a new low-cost super-pure ferritic stain-
less steel with good machinability and corrosion resistance,
which made 443 stainless steel more attractive in pipe and
automobile exhaust funnel. But, its poor notch impact
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toughness of the weld metal and HAZ metal caused by coarse
crystal structures and grain growth in HAZ greatly limits its
application. Asmentioned above, people took a lot of methods
to refine the grain size of welds in ferrite stainless steel.
However, many factors limit the development of above
methods. Many researchers have studied the influence of
shielding gas compositions. Nitrogen (N) is a strong γ stabi-
lizer, which can improve the strength of welding joints
[13–14]. In addition, N may assist in initiating the homogeni-
zation of the Cr or Ti distribution in these two phases [2, 10,
11, 12–17]. N atoms produce a distorted lattice of Fe matrix
which results in an increase in the hardness and strength of the
steel [18]. Paulraj Sathiya and M. Y. Abdul Jaleel have report-
ed that nitrogen-shielded weld metal microstructure had finer
grains and fewer amounts of equiaxed grains [19].
Appropriate control over these factors can result in a signifi-
cant improvement in the CET, hardness, and toughness of the
joints and, in particular, its toughness of fusion zone. Given
the above considerations, a mixed gas of Ar and N2 as
shielding gas has recently been used to absorb the nitrogen
into the WM of the DSSs [13–14]. N element can be
decomposed and dissolve in the molten pool and diffuse into
the HAZ when the HAZ is at high temperature [12, 14]. The

double-layer gas-shielded welding method with gas nitriding
is a potential method of welding 443 stainless steel to improve
the toughness of the weld metal and HAZ metal,
simultaneously.

However, it is very rare to view literatures about adding
nitrogen into molten pool during the welding of ferritic stain-
less steel. In this paper, the welds protected by different con-
tents of N2 in Ar and pure Ar during the process of welding
443 ferritic stainless steel were studied. Effects of nitrogen on
the formation of equiaxed grains in the center of the welds
were investigated. The relationships between the microstruc-
tures and mechanical properties of the joints were analyzed.

2 Experimental procedures

In this study, various shielding gases were used in the welding
process, pure Ar, simple double-layer gas, and mixed double-
layer gas, to explore the effect of nitrogen on the welding of
443 ferritic stainless steel. In order to achieve the purpose of
double-layer gas-shielded welding method, a gas tungsten arc
welding (GTAW) torch with a gas hood was used in the ex-
periments; the schematic diagram is shown in Fig. 1. Nitrogen
was added into the shielding gas through the gas hood. The
pure Ar used to generate the arc and protect the pool and
electrode from oxidation is at the inner layer, and the N2 is
at the outer layer. In this investigation, the power source was
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Fig. 1 Schematic diagram of
GTAW torch with a gas hood
during the welding process

Table 1 Welding parameters

Welding
conditions

Welding
current (A)

Welding
speed
(cm/min)

Electrode
gap (mm)

Shielding
gas

1 80 100 2 Ar

2 80 100 2 Ar inner +N2 outer

3 100 100 2 Ar inner +N2 outer

4 80 100 2 Ar-5 %N2

inner +N2 outer

Table 2 Chemical compositions of 443 ferritic stainless steel (wt%)

Alloy
element

C Cr Si Cu P S N Mn Ti Fe

Content <0.01 21 0.3 0.4 ≤0.02 ≤0.002 0.012 0.1 0.2 Bal.
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Times WS-250 with direct current electrode negative polarity.
Four experimental conditions were employed in this study.
The welding parameters are listed in Table 1.

The base material used for this study was 443 ferrite stain-
less steel sheets, with the dimensions of 200×60×3 mm. Its
chemical compositions and mechanical properties are listed in
Table 2 and 3 respectively. Before welding, the sheets were
polished by sandpaper to expose metallic luster and cleaned
by acetone. After welding, the welds were etched in FeCl3
liquid with HCl, HNO3, and water for about 15 s. The micro-
structure was analyzed by optical microscopy to study the
effect of nitrogen on the microstructures of 443 ferritic stain-
less steel welds. Vickers hardness was measured under a load
of 300 N. In order to investigate the effect of nitrogen on the
impact toughness of 443 ferritic stainless steel welds, speci-
mens selected from conditions 1, 2, and 4 which are welded by
the same welding conditions except for the contents of nitro-
gen in the shielded gas were tested for the Charpy impact
testing at 20 °C. Two samples, with the dimensions of
50× 10×3 mm, different in the position of v-notch which
one was at the center of weld bead and another was at HAZ
from conditions 1, 2, and 4 separately were impacted. The
feature of the specimen’s impact fracture was analyzed in
scanning electron microscope (SEM) and energy-dispersive
spectrometer (EDS).

3 Results

3.1 Macrostructure of the joints

The cross sections of the welds tested in conditions 1, 2, 3, and
4 are presented in Fig. 2a–d, respectively. The depth/width (D/
W) ratios and the width of HAZ of the welds in various con-
ditions are presented in Fig. 3. By comparing the conditions 1
and 2, the D/W ratio of weld protected by simple double-layer
gas was increased compared with that protected by pure

argon. D/W ratio decreased with the increase of heat input
by comparing the conditions 2 and 3. The minimal D/W ratio
appeared in condition 4 which is protected by mixed double-
layer gas. The width of HAZ in the weld joint in condition 2
was less than that in conditions 1 and 3 while more than that in
condition 4 which was the minimum. The width of HAZ in
condition 3 was the maximum, because its heat input was the
maximum.

3.2 Microstructure of the joints

The microstructures in the center of the welds in conditions 1,
2, 3, and 4 are presented in Fig. 4a–d, respectively. The mi-
crostructures in HAZ in conditions 1, 2, 3, and 4 are presented
in Fig. 5a–d, respectively. In conditions 2 and 3, the micro-
structures of the welds were made up of equiaxed grains,
which are located in the weld center, and columnar grains
around the weld center. The microstructure was composed
of columnar grains and some amounts of equiaxed grains lo-
cated between columnar grains in the weld of condition 4.
While in condition 1, equiaxed grains could not be observed
and all of the weld area was columnar grains. The average
sizes of the equiaxed grains in conditions 2 and 3 were 47.7
and 55.6 μm, respectively. Additionally, the equiaxed grains
were accounted for 23.11 and 19.56 % of the entire weld
beads in conditions 2 and 3, respectively.

Hence, the average sizes of columnar in conditions 2, 3,
and 4 were almost the same but smaller than that in conditions
1. The average size of equiaxed grains in condition 2 was
smaller than that in condition 3. It was due to that the heat
input in condition 3 was more than that in condition 2. The
molten pool cooled more slowly, and the cooling time was
prolonged. Therefore, the grains grew coarser in condition 3.
While the proportion of equiaxed grains in the weld in condi-
tion 3 was smaller than that in condition 2, it is because that
the heat input of the weld in condition 3 was greater. The
greater heat input reduced the undercooling degree of the weld
pool. Therefore, the quantity of the crystal nucleus had been
reduced in condition 3 compared with that under the condition
of 2.

Otherwise, there were some equiaxed crystals distributed
among the broken columnar crystals between the equiaxed
crystal zone and columnar crystal zone in conditions 2 and

Table 3 Properties of 443 ferritic stainless steel

RP0.2 (MPa) Rm (MPa) A (%) HV0.1

330 480 33 153

2mm

A
B

B C
C

D D
2mm

A

B C D

2mm2mm
D

B
C

b

dc

a
Fig. 2 Cross sections of the
welds: A equiaxed zone, B
columnar zone, C HAZ, and D
base metal. a Cross section in
condition 1. b Cross section in
condition 2. c Cross section in
condition 3. d Cross section in
condition 4
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3. It was because that when the columnar crystals were not
completely solidified, there were certain amounts of liquid
metal between columnar crystals. Some crystal nucleus ran
into the liquid metal between columnar crystals. With the ef-
fect of stirring and breaking by electric arc on columnar
grains, some broken columnar grains and some equiaxed
grains have been retained in front of the columnar crystal
zone, presented in Fig. 6.

The average sizes of the grains in the HAZ and the colum-
nar grains in the welds in conditions 1, 2, 3, and 4 are shown in

Fig. 7. It revealed that the average sizes of the grains in the
HAZ and the columnar grains in the welds in condition 2 were
smaller than those in conditions 1 and 3. In condition 4, the
average size of columnar grains was smallest and that of
grains in the HAZ was almost the same as condition 2.

3.3 Hardness

The Vickers hardness distribution across the weld joints was
measured at 0.5-mm intervals in the lateral direction. The
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results in different welding conditions are presented in Fig. 8.
It was significant to note that the central hardness of the welds
in conditions 2 and 3 was higher than that of in conditions 1
and 4. The largest values of hardness at the center of the welds
in conditions 2 and 3 were 211.9HVand 229HV, respectively.
While in conditions 1 and 4, the hardness values were
172.4HV and 165.5HV, respectively. Generally speaking, the
smaller the grain size, the greater the hardness. The obviously
higher hardness at the center of the welds protected by simple
double-layer gas could be explained by the appearance of fine
equiaxed crystals in this zone, while the hardness at the center
of welds in conditions 1 and 4 was lower because the crystals
in the zone were coarse columnar grains. The hardness of
HAZ in condition 4 was the largest.

3.4 The Charpy impact and fractograph

The results of Charpy impact testing are shown in
Table 4. It has shown that the impact toughness values
both of weld bead and HAZ in condition 2 were larger
than those in condition 1. Therefore, the impact tough-
ness of the weld bead and HAZ in condition 2 protected
by simple double-layer gas was better than that in con-
dition 1 which is protected by pure Ar. Because the
weld in condition 2 contained equiaxed zone and co-
lumnar grain zone, the average size of columnar grains
was the smallest of all. However, the all weld was
composed of columnar grains whose average size of
grains was the largest in condition 1. The impact energy
of the weld joint in condition 4 was between that in
conditions 2 and 1 no matter in weld bead or HAZ.
Because the weld bead in condition 4 was consisted
of columnar grains with equiaxed grains mixed, it had
a middle size of grains. Similarly, the grains of HAZ in
condition 2 were the finest, while that in condition 1
was the coarsest and that in condition 4 was in the
middle. Impact energy in condition 4 was larger than
that in condition 1 but smaller than that in condition 2.

The fractures of the impacted samples in conditions 1
and 2 were analyzed by SEM and EDS. It emerged equal-
axis ductile voids in the SEM fractographs in condition 2,
present in Fig. 9. As the v-notch chiseled at the center of
weld bead, some particles could be found in the ductile
voids, as shown in Fig. 9a. The results of EDS analysis of
particle 1 and particle 2 have shown that the contents of
nitrogen were 12.9 and 15.2 %, respectively, as shown in

100μm100μm

100μm100μm

a b

c d

Fig. 5 Microstructure of the
HAZ a in condition 1, b in
condition 2, c in condition 3, and
d in condition 4

Equiaxed crystal

Columnar crystal

Fig. 6 Equiaxed crystals between the columnar crystals
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Fig. 10, while there were almost no particles in the ductile
voids in HAZ. But, both of the two specimens were main-
ly brittle fracture in condition 2. There were cleavage
steps in the SEM fractographs in condition 1, no matter
the v-notch chiseled at the center of weld bead or HAZ,
presented in Fig. 11. In addition, there were tongue pat-
tern and secondary crack in condition 1 when the v-notch
chiseled at HAZ, as shown in Fig. 11b. It could get that
the specimens in conditions 1 and 2 were brittle fracture
from the results of Charpy impact experiment. It was be-
cause that the crystals in the joints were coarser compared
with base metal crystals.

4 Discussions

In this study, the effect of nitrogen on theD/W ratio of the weld
might be explained by that N2 had the ability to change the
surface tension temperature coefficient of the molten pool.
Similar phenomenon was reported by Shanping Lu et al.
[20] about the effect of oxygen on the Marangoni convection
in the molten pool. The welds with N2 in the shielding gas
cooled more rapidly than that without N2 because the thermal
conductivity of nitrogen is larger than argon. Thus, it in-
creased the cooling rate of the welds and reduced both the size
of grains and the width of HAZ. It resulted to a narrower HAZ
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and finer grains in HAZ when the N2 was added in the
shielded gas. However, heat input had a great influence on
them. The width and the average grain size of HAZ were the
maximal of all.

In general, the weld grains condensed on the edge of the
heat-affected zone of the base metal in the initial stage of the
molten pool solidification, and then, they gradually extended
to the weld pool center to form the columnar grains. The
solidification model in condition 1 in this study just was like
this. But, with the N2 dissolved in the molten pool, it might
increase the undercooling degree and reduce the temperature
gradient of the molten pool during welding process, as shown
in Fig. 12. Therefore, the growth rate of the columnar crystal
decreased with the decrease of temperature gradient.
Meanwhile, some nitrogen-titanium (TiN) particles, presented
in Figs. 9 and 11, were precipitated in the molten pool with the
molten pool cooled down. In the late stage of the molten pool
solidification, some of the TiN particles acted as crystal nu-
cleus and grew into equiaxed grains because the heat dissipa-
tion had lost directions and the grains growth rate was the
same along each direction. Finally, the columnar grains and
equiaxed grains grew up at the same time until meeting to
stop. It eventually formed equiaxed grains in the weld center.
The appearance of the equiaxed crystals was an obstacle to the
growth of columnar crystals. Hence, the weld microstructure
was composed of equiaxed crystal zone and columnar crystal
zone. However, the columnar crystals in the weld without N2

would stretch into the weld center with a faster rate. So, the

weld was made up of whole columnar crystals. The molten
pool became shallower and wider by the addition of excess
nitrogen, in condition 4, which may lead a negative surface
tension temperature coefficient. Hence, the molten pool
cooled faster and the columnar grains grew faster and filled
the entire weld soon. Therefore, there was lack of enough time
for the equiaxed crystal nucleus to precipitate or grow. As a
result, there was a small amount of equiaxed grains between
the columnar grains (Fig. 4d).

Generally speaking, the smaller the grain size, the greater
the hardness. The hardness in the welds could be increased by
the function of grain refinement of N2. In the HAZ, solid
dissolution of N atoms might produce a distorted lattice of
Fe matrix which results in an increase in the hardness of the
steel [18, 21]. Both in weld and in HAZ, with the finer grains,
the amounts of grain boundaries were more. Hence, the crack
propagation resistance was increased and it needed greater
energy for crack to propagate. Therefore, impact toughness
was improved.

5 Conclusions

In this study, a double-layer gas-shielded welding meth-
od was implemented for the welding of 443 ferrite
stainless steel, the inner gas was Ar or Ar-5 %N2 and
the outer was N2. The main conclusions of this study
may be summarized as follows:

1. In the center of the welds protected by N2 and Ar, it formed
equiaxed grains while there were all columnar grains in the
weld protected by pure Ar. In the welding, when the protected
gas was simple double-layer gas but the currents were 80 and
100 A, the areas of equiaxed grains accounted for 23.11 and
19.56 % of the entire weld metal, respectively.
2. The D/W ratio of the weld has been increased by the addi-
tion of N2 at the outer layer of the pure Ar as shielding gas.

Table 4 Result of Charpy impact testing in conditions 1, 2, and 4 at
20 °C

Impact energy of
weld bead (J)

Impact energy of
HAZ (J)

Condition 1 2 8

Condition 2 7.8 20

Condition 4 5 15

Particle1

Particle2

Equal-axis ductile voids

Equal-axis ductile voids

a bFig. 9 SEM fractographs of
condition 2: a v-notch chiseled at
the center of weld bead and b v-
notch chiseled at HAZ
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TheD/W ratio of the weld with N2 at the outer layer of the pure
Ar as shielding gas could be achieved 0.68 while it was 0.46
with pure Ar as shielding gas. It was increased by 47.8 %.

3. The impact energy of the weld bead with N2 added at the
outer layer of the pure Ar as shielding gas, compared with no
N2, was improved from 2.0 to 7.8 J. The impact energy of the

Fig. 10 The EDS results: a the results of particle 1 and b the results of particle 2

a b

Secondary crack

Tongue patternCleavage step
Cleavage step

Fig. 11 SEM fractographs of
condition 1: a v-notch chiseled at
the center of weld bead and b v-
notch chiseled at HAZ
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Fig. 12 Schematic diagram of
weld pool solidification mode in
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HAZ with N2 added at the outer layer of the pure Ar as
shielding gas, compared with no N2, was improved from
15.0 to 20.0 J.
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