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The paper presents the analysis of solidification mode at gas tungsten arc welding (GTAW) of AlSI 430 ferritic stainless
steel. Two solidification modes (epitaxial and equiaxial) were discovered, which have a major influence on a weld ten-
sile strength. The optimal welding parameters for ferritic stainless steels were found in a narrow range. They should be
selected according to mechanical strength of the welded joints and not only according to their visual appearance.
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Utjecaj parametara zavarivanja na skrucivanje zavara kod feritnog nehrdajuceg celika. U radu je prikazana
analiza skrucivanja zavara kod TIG zavarivanja AlSI 430 feritnog nehrdajuceg celika. Dva nacina skrucivanja bila su
zapazena (epitaxial i equiaxial). Optimalni parametri zavarivanja su utvrdeni u uskome podrucju. Odabir treba biti

prema cvrstoci spojeva, a ne samo prema izgledu.

Kljucne rijeci: feritni nerdajuci celik, rast kristala, epitaxial, equaxial, TIG zavarivanje

INTRODUCTION

Ferritic stainless steels (FSS) are used as material
for production of home appliances, furniture, laboratory
equipment, where the material does not come into the
contact with the aggressive media and where welded
joints are not dynamically loaded. The FSS have a fer-
ritic structure during solidification without any transfor-
mation in the entire temperature range. These steels are
considered as difficult-to-weld due to their grain growth.
The FSS are being replaced by expensive austenitic
stainless steel, due to their good weldability. There is no
need to replace FSS with the austenitic stainless steels if
the appropriate welding parameters are used.

Two weld pool solidification modes (WPSM) of FSS
are known i.e. (1) epitaxial and (2) equiaxial (Figure 1)
[1,2]. At both solidification modes weld pool solidifies
heterogeneously, by wetting the wall grains of the solid
base metal. It is inferred that this is the beginning of the
grain growth and that the size of the nucleus depends on
the structure of the solid base metal. At epitaxial weld
solidification mode, the grains grow from both sides of
the base metal in direction to the weld-metal centre
(Figure 1a). At equiaxial mode, a layer of independent
grains is additionally formed in the middle of the weld
pool, to which the grains from both sides of the base
metal grow and meet (Figure 1b) [1,2].

The solidification of metals without transformation
was at the beginning studied at gravity die casting of
ferritic steels, titanium and especially aluminium alloys
[3-5]. Hunt was the first to physically explain the equi-
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axial solidification using an assessment equation [6].
Easterling [7] discovered that intermediate grains in the
weld metal occur only at higher welding speed. Clarc et
al. [8] developed a model for prediction of formation of
independent grains in the intermediate layer in the weld
centre, based particularly on the chemical composition.
They conducted the experiments at welding an alloy of
aluminium and copper with the addition of titanium bo-
ride. An epitaxial and equiaxial weld-metal solidifica-
tions mode was theoretically and mathematically ex-
plained by Grong [9]. Hornbogen [10] studied the influ-
ence of alloying elements on the weld pool solidifica-
tion mode at aluminium alloys. Kou et al. [11] described
the weld pool solidification mode in aluminium alloy as
a function of the energy input and welding speed. They
presented three different weld metal solidification
modes. Huang et al. [12] described the phenomena of
the grain growth initiation in detail. The weld-pool so-
lidification in welding of FSS studied Villafuerte et al.
[13,14]. Witke [15-17] described the mode of solidifica-
tion, the grain growth in the weld-pool solidification,
and the solidification by equations and partial model-
ling of individual solidification processes. Eichorn [18]
and Markelj et al. [19] explained the two modes of the
weld-pool solidification in detail. They discovered that
the solidification mode depends on the welding param-
eters, the material, and the workpiece thickness. The
mode of solidification in relation to crack formation in a
weld was treated by Katayama [20].

The results show that the size, shape, number, orienta-
tion and location of growth initiation of the grains were
also influenced by the welding parameters and the chem-
ical composition of FSS as well as by the shielding me-
dium. The welding current and speed are the most influ-
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Figure 1 Weld pool solidification mode: a) epitaxial and b)
equaxial

ential welding parameters. The weld pool solidification

mode has a major influence on the weld strength.

EXPERIMENTAL WORK

Material

For GTAW experiments a 1.4016 (X 6 Cr 17) (AISI
430) FSS was used with the measured chemical composi-
tion: 0,055 % C; 16,5 % Cr; 0,75 % Si; 0,79 % Mn; 0,15
% Ni; 0,029 % P; 0,002 % S and the rest Fe. The work-
piece dimensions were 250x90x1 mm (Figure 2). From
the welded workpiece, a specimen for a micro and macro
analysis (Figure 2-1) and tensile tests (Figure 2-2) were
taken. Welds welded with the optimum welding parame-
ters were tested for strength and metallurgical analysed.

GTA welding

A GTA welding of a butt welded joint (BWIJ) was
done without the filler material. Argon with a 5% addi-
tion of hydrogen was used as a shielding gas. Classical
welding power source with a falling static characteristic
and a water-cooled torch, connected to the minus pole
of the power source was used. The torch was mounted
on a carriage for automatic displacement during weld-
ing. A thoriated tungsten electrode of 2 mm in diameter
was used. BWJ were welded on a 1 mm thick sheet
(Figure 2) without the edge preparation. The experi-
mental setup is shown in Figure 3.

The optimum welding parameters were determined at
practical welding of a BWJ without a gap in the flat posi-

Figure 2 A butt welded joint; (1) specimen for micro and
macro analysis, (2) tensile test specimen, (A) top view
and (B) side view in the transverse direction to
welding direction
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Figure 3 Experimental setup: 1 - arc, 2 — power source,
3 - W-electrode, 4 - shielding gas, 5 — workpiece,
6 - welding table

tion. Welding parameters were carefully chosen based on
experience and literature data [19]. The welding current,
arc voltage, welding speed, and arc length that exert the
strongest influence on the shape, size and visual appear-
ance of the weld, were carefully optimized. The shielding-
gas flow rate was optimized according to welding current
in a range between 4 and 7 I/min. The distance between
the tungsten electrode tip and the workpiece ranged be-
tween 1,75 and 2,68 mm. It was in an almost linear rela-
tionship to the arc voltage. The arc voltage was thus pre-
determined by the arc length and was not optimized.

RESULTS AND DISSCUSION

The welds obtained by changing the welding current
and speed were analysed according to weld appearance.
A smooth weld face appearance without undercuts and
with a good root penetration was found at welding pa-
rameters between minimum and maximum curve on Fig-
ure 4. Results of tensile test showed a much narrower
range of the optimum welding parameters (Figure 4).

An analysis of macrographs of the BWJ showed two
weld pool solidification modes (Figure SA and 5C). Fig-
ure 5A shows top and side view of weld macrograph wel-
ded with 40 A at 0,31 m/min i.e. at optimal welding para-
meters for 1 mm thick FSS. The weld is medium wide
with independent grains in the centre (equiaxial WPSM)
to which comparatively long oriented grains grow from
both sides. There is a heat-affected zone (HAZ) with non-
oriented grains. The longer oriented grains are approx.
1,3 mm long and have a cross section of 0,2x0,3 mm.

The results of tensile tests showed that at equiaxial
WPSM (Figure 5SA) joint brakes outside the weld or in a
HAZ and has a higher tensile strength compared to epi-
taxial WPMS (Figure 5C), at which joint usually breaks
in the centre of the weld and has a lower tensile strength.

The equiaxial WPSM is, according to the literature
data, produced by individual elements in the weld pool,
which act as nuclei for the grain growth. In our case this
cannot be true since we have used base FSS with the
same chemical composition. The formation of interme-
diate layer of independent grains can be attributed to the
weld-pool motion and weld pool temperature gradients
at the liquid/solid phase interface. It was first time ex-
perimentally found with which parameters the interme-
diate layer of grains in the weld centre is formed.
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Figure 4 Optimum values of welding speed and welding
current in welding of T mm thick FSS

Figures 5B and 5D shows four BWJ welded with 40
A (a), 50 A (b), 60 A (c) and 70 A (d) of welding current.

Figures 5B and 5D shows four BWJ welded with 40 A
(a), 50 A (b), 60 A (c) and 70 A (d) of welding current. A
figure schematically shows the widths of the weld (4) and
HAZ (3), the grain orientation and size, the locations of
fracture in tensile testing (5), the width of the intermediate
layer of independent grains and the locations of this layer
(1). The intermediate layer was only formed at lower
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welding currents (Figure 5SB), where smaller quantity of
molten metal was lagging behind the arc. At higher weld-
ing current, the weld pool in the weld centre was over-
heated i.e. the centre had a higher temperature; therefore,
the conditions for formation of the independent grains in
the centre were not present. Similar conditions were ob-
served at welding with higher welding speed of 0,39 m/
min (Figure 5D). The intermediate layer of grains only
appeared when welding with 60 A. The reason for appear-
ance and absence of intermediate layer of grains at weld-
ing with similar parameters could be explained with the
weld pool motion.

Figure 6 shows the weld-pool motion during weld-
ing in the top plane at low and high welding speeds. A
weld pool is surrounded by a solid base metal and is af-
fected by various mechanical forces, producing the
weld-pool motion. These forces are: surface tension,
electromagnetic forces, forces due to filler-material dro-
plet transfer through the arc, the welding-arc force, and
forces due to welding-burner motion. The Marangoni
effect describes the weld-pool motion between its sur-
face and its bottom [21]

At higher welding speeds the weld pool is lagging be-
hind the arc and stays overheated. The molten metal in the
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Figure 5 Top and side of view of weld macrograph (A = 40 A, 0,31 m/min, C = 50 A, 0,39 m/min) and B) and D) (4) BWJ showing
widths of weld and (3) HAZ, (5) location of fracture in tensile testing, grain size and shape in weld and (1) location of
intermediate layer of independent grains, at different welding currents (a-d)
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Figure 6 Schematic representation of weld-pool motion in
welding of 1 mm thick FSS sheet with a) high and b)
low welding speed. 1 — welding arc, 2 — weld pool, 3
- direction of weld-pool motion, 4 — intermediate layer
of grains, 5 - weld-pool length, 6 — weld-pool width

weld pool moves from the centre out to the pool edge, whe-
re it transmits a portion of its thermal energy. At the weld
centre the temperature is higher than at the edge, so grains
grow towards the weld centre i.e. epitaxial WPSM.

At lower welding speeds a larger volume of the weld
pool is obtained. Therefore it moves before the arc side-
ways and then downward along the edge, up to the pool
bottom and then again upward to the weld-metal centre
(anti clock wise). A high temperature maintained at
weld pool sides slows down the grain growth from the
base metal towards the centre and promotes the forma-
tion of the intermediate layer of independent grains at
the weld centre due to the lower melt temperature. The
weld pool starts solidifying in the weld centre before the
grains from the sides reaches the weld centre i.e. equi-
axial WPSM is obtained. Figure 7 shows a macrograph
of a butt welded joint containing the HAZ and the inter-
mediate layer of the independent grains. This layer of
grains in the weld centre will favour strength properties
of the entire welded joint.

CONCLUSIONS

Based on this study, the following conclusions may
be drawn:

e For an optimum strength of welded joints from a
FSS, the weld should have a layer of independent
grains in its centre.

e The decisive factor in the formation of the interme-
diate layer of grains is the mode of weld-pool mo-
tion during welding. The latter, in turn, depends on
the welding parameters.

e The optimum welding parameters for the 1 mm thick
FSS sheet welded in a mixture of Ar + 5 % H, are the
following: /=40 — 60 A at the welding speed of 0,31
m/min and 60 A at the welding speed of 0,39 m/min.
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