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Abstract. Nowadays technologies have huge assortment of welding processes are available and
used in joining metals. The characteristics of the microstructures through weld zones, Scanning
electron Microscope investigated the grain size before and after weld with the precipitates and
the size and the extent of heat-affected zones (HAZ) will primary depend on: (1) the type of
metals being joined, (2) the heat treatability of the material and welding velocity, (3) the classes
of welding or joining processes used. The microstructure changes arising from welding will
significantly affect the mechanical and the corrosion behaviour of the welded stainless steel.
Because of lack of information which welding processes are the best method and the
contradictory opinions regarding efficiency of different welding techniques. Accordingly, the
present study has been undertaken to evaluate the mechanical and corrosion behaviour using
different welding techniques, laser welding and conventional welding. Two welding techniques
for Standard Austenitic stainless steel 1.4301(304) are presenting in this study: Case (I) gas
tungsten arc welding (GTAW) or TIG; Case (II) High-speed remote scanner laser-welding.

Keywords. Welding parameters, 1.4301(304) microstructure, hardness, Ferrite %, corrosion
behaviour of laser and conventional welding, Open circuit potential (OCP), Potential cyclic
voltammetry (PCV), energy-dispersive X-ray (EDX), Scanning electron microscope (SEM).

1. Introduction
Due to high demand on stainless steel in industrial application and welding of complex shapes is
necessary. One of the challenges in conventional welding Tungsten inert gas(TIG) is the change in the
composition of the material due to high heat distortion welding that the Remote Scanner Laser welding
is used extensively due to its small and narrow welding zone. Due to narrow focusing zone of the laser
beam, a very low heat input is produced in the weld bead which in turn creates no HAZ or a very narrow
HAZ. Moreover, the less residual stress is produced in the weld metal and the less deformation is
produced in the weld bead [1]. The selection of filler metals, fixtures and equipments, along with suitable
preparation of samples and welding parameters can lead to creation of a sound joint.

1.4301 (304) the Austenitic stainless steel is one of the most common types of stainless steel on its
list. It has microstructures that include Nickel, Molybdenum and Chromium. The structure of austenitic

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1


mailto:mahmoud.abuelkhier@gmail.com

18th International Conference on Aerospace Sciences & Aviation Technology IOP Publishing
IOP Conf. Series: Materials Science and Engineering 610 (2019) 012008 doi:10.1088/1757-899X/610/1/012008

stainless steel is the same as what you would find in regular steel. But only in a much higher temperature
(up to 1200°C [2192°F)), giving it formability and weld ability. Furthermore, you can make austenitic
stainless steel corrosion resistant by adding Chromium, and Molybdenum. As it contains Ni,Cr at
conventional welding temperatures 200°C to300°C might form carbide precipitates at grain boundaries
thus intergranular corrosion will be produced. Austenitic stainless steel has the useful property of
retaining a helpful level of toughness and ductility when welded to have high strength. Typical austenitic
stainless steel is susceptible to stress corrosion cracking, but austenitic stainless steel with higher nickel
content has increased resistance to stress corrosion cracking. Nominally non-magnetic, austenitic
stainless steel shows some magnetic response depending on its composition. [2,3]

High speed remote scanner laser fig.1 welding on large thicknesses is a generally new topic; so it is
essential that high penetration is made inside these thick-nesses with least distortion to acquire optimum
results [4]. Laser beam welding gives Weldment least distortion and minimum heat-affected zones
compared to conventional tungsten inert gas (TIG) welding which offers a solution for welding critical
joints, and for situations where small or exceptionally precise welds are required it produces a high-
quality and high-purity weld compared with other joining processes, which is crucial in many
applications. Keyhole welding or deep penetration welding is a procedure in which the laser beam
penetrates partially or completely through a specimen forming a keyhole; so as the laser beam progresses
fig.2, molten metal fills in behind the hole to form the weld bead; which results in a homogenous weld.
At the point when high laser beam power densities are accomplished, deep- penetration fusion welding
is cultivated by a keyhole energy transfer mechanism. The price of TIG welding services is also usually
quite affordable; but the process has a low deposition rate and if performed improperly, inclusions,
contaminations, and unbalanced heating can cause products to become warped or defective [5][6]. In
the auto-motive industry the laser technology was implemented to increase the productivity, strength of
constructions and new designs [7,8]. First applications with long welds on the vehicle body are currently
trailed by replacement of resistive spot welds by short laser welded fastens with the benefit of shorter
preparing times.
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Figure 1 Working area of laser scanner system  Figure 2 Key hole penetration between
(Courtesy of trumpf laser technique) [11] Laser and TIG

In the present study the mechanical and corrosion properties of austenitic stainless steel (304L)
welded laser was characterized in comparing with Tig as conventional welding. The challenges in
welding stainless steel can be solved by using Remote scanner laser due to less heat distortion and effects
on HAZ as the speed of laser is significant effect on the characteristics of HAZ where in less precipitates
of carbide as ferrite are formed with high speed. In this study the mechanical test used in Micro hardness,
Ferrite content, Tension tests. followed by corrosion test by open circuit potential (OCP) and potential
cyclic voltammetry The mechanical properties and corrosion resistance of laser-welded stainless steels
and conventional tungsten inert gas welded stainless steel may be deteriorated due to micro-segregation
which attacked during the corrosion test due to the weld zone, presence of porosities, unfavorable phase
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content, micro-fissures, solidification cracking and loss of materials by vaporization. So, to see the effect
of these microstructure changes on the material.[9,10]

2. Experimental procedure
The chemical Composition of the Stainless Steel shown in the tablel 1.4301 (304) standard austenitic
stainless steel (A.S.S)[12]

Table 1. Chemical composition (wt. %) of the Stainless steel 1.4301 (304) used in the study.

Code
DIN AlSI C Si Mn P S Cr Mo Ni Cu N
21.0- 2.50- 4.50- 0.10-
< < < < <
1.4301 304 <0.07 <1.0 <2.0 | <0.035 | <0.015 230 3.50 650 ) 0.22

2.1. Material preparation

The materials received as 400 mm x 100 mm plates; so to create work-pieces of suitable dimensions,
they had to be cut carefully so as not to change the metallurgical structure of the materials. A suitable
cut-off wheel (50A25 cut-off wheels) was used during water-cooling to prevent changes in metallurgical
structure and the sheets were clamped mechanically to provide a straight edge suitable for welding.

For the tensile tests, 100 mm x 25 mm pieces were cut and the welding edges were prepared by
cutting off the rough edges to provide us with suitable edges which help in providing deep welding
penetration and minimum distortion. After preparing these pieces, welding was done to provide us pieces
with approximately 200 mm x 25 mm dimensions. For Stainless steel 1.4301 8mm thickness 4 welded
specimens (2 remote scanner laser welding and 2 Tungsten inert gas welding),2 un-welded specimens
were tested for comparison.

The welding of Stainless steel 1.4301 sheets of such large thicknesses 8mm was a dubious technique;
literature was not useful in giving us exact weld speed to perform an exceptionally solid weld. In this
way, we took the recommended weld speeds from references, and after a few preliminaries, we utilized
a weld speed that gave us a weld that looked sound upon visual inspection.

The welding equipment used a high-power about 3kW (Ytterbium Fiber Remote Scanner Laser), the
shielding gas used was Argon. The materials were clamped in place mechanically to reduce thermal
distortion of the material due to welding. No filler metals were used. Therefore, to guarantee that we
obtain high-quality welds in high thicknesses, the welding was done by keyhole welding technique.

For Tungsten inert gas welding (TIG) equipment with high power 3KW and a direct current (DC) of
80 ampere with a shielding gas of pure Argon at pressure of 5 Bar which is flowed also to remove
atmospheric contamination and protect the filler metal with the weld zone from impurities. There is only
one type of weld used for the 1.4301 stainless steel with process of counter welding and inside with
using a filler metal Microstructure: Austenite with 7-9% ferrite. Typical ferrite number is 6 Flux Color:
White-Grey; with a chemical analysis table 2[13]

Table 2. TIG filler metal chemical analysis
C Mn | Si S P Cr Ni Mo Cu | Fe
0.018 (09 |[0.75 [ 0.01 |0.02 |0.19 |0.12 |265 |0.1 |Balance

The welding speeds for Stainless Steel 1.4301 for thickness 8mm as follow:
1) Remote Scanner laser Parameters :2.5m/min
i1) Tungsten inert gas (TIG) parameters :8mm/min

2.2. Microstructure investigation

The laser-welded and Tig welded specimens were sectioned, polished and etched. The microstructure
and phases in the weld line were analysed by Zeiss Axiosxope 7 optical microscopy. The weld defects
inside the weld profile were also examined to determine if improvements can be made inside the weld
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in the future which will minimize weld defects, such as incomplete penetration, porosity and cracking.
Also the size of the grains changed from the base metal to the heat affected zone (HAZ) to the weld
zone which totally different for the types of weld (Laser-Tig). Using EVO-MA1S5 for Scanning electron
microscope (SEM) to give more detailed information about grain size and behaviour in weld zone,
energy-dispersive X-ray (EDX) to trace the important elements.,

2.3. Mechanical testing

I Micro hardness test

The Vickers micro hardness was used to attain the hardness of the specimens across line path according
to (ASTM E384-99),[14] standard done through the top and side surfaces of the specimen of the laser-
welded specimens and the Tig welded specimens as shown in fig.3 The load applied was 300 g and the
loading time was 15 s by equipment Buehler Micromet 5100 series. All the specimens were ground to
provide a smooth surface for the test.

Weld Zone

HAZ

] | |
/ """"""""""""""""""""""""""""" Top surface

Base metal

OO0 0O CI ISide surface

Figure 3 Schematic for specimen shown Base metal-HAZ-Weld zone

ii. Tensile test

Tensile tests on welded and unwelded specimens were performed to observe the mechanical
performance of the welded specimens by equipment zwick Roell Z100. The observed property in this
test was the Ultimate Tensile Strength [15]. To obtain the geometry that was according to ASTM E8
Standard [ 16] the material was machined using CNC machining. The tensile test was carried out at Strain
rate from 0% to failure = 5 mm/min.

iii. Ferrite content

Ferrite testing is accurate way to measure delta ferrite content in austenitic. When ferrite content is too
high, stainless steel can lose ductility, toughness, and corrosion resistance — especially at high
temperatures. If ferrite content is too low, stainless steel welds become susceptible to hot cracking or
solidification cracks.

For 1.4301 standard Austenitic stainless-steel specimen is well prepared surface after grinding and
smooth polishing passing with the indenter probing through all the specimen starting with the base metal
moving to the heat affected zone followed by the weld zone same on the other side of the weld zone to
complete the path pattern through the top and side surface of the specimen. By equipment Fischer MP30
Feritscope by moving speed 0.5mm according to ASTM A799 / A799M [17]
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2.4. Corrosion behaviour
Electrochemical test done several number of experiments done that is related to stainless steel
Weldment, to examine the effects of such high-speed welding and tungsten inert gas welding on the
corrosion behaviour of the Stainless steel 1.4301 [18]. The instrument used was a PGZ-100 Volta lab
potentiostat. The specimen is covered with an epoxy cold mounted and left to harden. After removing
from the mould, the specimen are ground using (180-1200) SiC wet grinding paper, then polished up to
1 um and finally dried and become ready for the test [19,20]. Electrochemical measurements of the
base metal and the welded materials (Laser welded-Tig welded) was carried out in 3.5% NaCl solution,
all potentials are measured relative to a saturated calomel electrode (SCE) at 25°C.

e Open-circuit potential (OCP) for every specimen, the OCP was performed for 90 minutes.

e Potential cyclic voltammetry (PCV) is performed (-300 to700) mV below the OCP of the

material until a suitable voltage with a scan rate of 2 mV/s for 1 Cycle.
e The corrosion rate is obtained using the Tafel method.

3. Results and discussion:

3.1. Optical microscope results:

Weld defects:

It is observed that there is different types of defects where detected happen from welding as shown in
fig.4 and fig.5 for laser welded and Tig welded specimens respectively. The most common defect
observed is complete penetration and under fill of the weld bead due to the reflection of the incoming
laser off the surface of the stainless steel same for the Tig happened due to the filler rod melting. A
solution to decrease the defects so decreasing the reflectivity of the laser off the surface of the material.
It can be coating of the surface to absorb and decrease the surface reflection. [21]

Figure 4. 1.4301 Laser weld under Figure 5. 1.4301 8mm Tig weld under fill
fill

Microstructure investigation:

Observed from optical microscope that the grain size in the base metal and HAZ its much bigger before
deformation than the weld zone that gives smaller grain size and hardened the stainless steel. Elongation
through grains is shown in the different zones in the weld towards the HAZ. The carbide precipitates
seen clearly due to the high temperature of welding which caused the sensitized stainless steel[22,23].
As shown in fig.6,7 for Tig weld compared to the laser weld fig.8,9.
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Figure 8. 1,4301 Laser weld Figure 9. 1.4301 TIG weld

3.2. Scanning electron microscope (SEM)
SEM is done to observe further information about grains behavior in the weld zone figs 10-12

1 mm EMT = 15.00 kv Signal A= SE1 Date 14 Feb 2010 ﬁ 10 pm EHT = 10.00 kV Signal A= SE1 Date 14 Feb 2019 W

WD = 24.5 mm Mag= 47X WD = 19.0 mm Mag= 301KX

Figure 10. 1,4301 A.S.S SEM weld zone TIG weld Figure 11. 1,4301 A.S.S SEM HAZ at TIG weld
line
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Figure 12. 1,4301 A.S.S SEM Weld zone at LASER weld

After Scanning electron microscope observed more investigation about the grains beahviour inside
the weld zone and HAZ.there is a diffrance The grain size of this material was very clear in figure 10,12
by the help of magnification we can see its very small and may be this explains why the hardness at this
region is higher.doubting that these black spots are carbides figurel1 but after making the EDX table3
and comparing between the HAZ and base metal or even though change in percentage of the iron or
chromium so this means that there is no precipitation and the heat generated from the remote scanner
welding just make recrystallization of the grains.also the heat affected zone has a lot of grain orientations

which will the properties of the material according to the direction of the grains.

3.3. Energy-dispersive X-ray(EDX)

Figure 13- EDX 1.4301 A.S.S at HAZ Laser weld

Table 3. As explained in fig.13, of Energy-dispersive
x-ray (EDX) that :

Element Wt% At% K- V4 A F

ratio
Ok 2.02 6.71 0.0082 1.1371 0.3534 1.0036
Crk 21.24 21.65 0.2379 0.9882 0.9807 1.1557
Mn k 1.25 1.21 0.0125 0.9721 0.9920 1.0352
Fek 50.23 47.66 0.4880 0.9925 0.9373 1.0441
Nik 25.25 22.78 0.2191 1.0127 0.8572 1.0000

Total 100.00  100.00
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3.4. Micro hardness test:

After performing hardness testing on the work pieces, it is a general pattern that the hardness increments
towards the weld line until it is at its maximum at the centre at the weld zone going from the base metal
to HAZ then to weld-zone, as found in figures (14 and 17) for top surfaces, figure (14 and 15) for side
surfaces. The phenomenon might be clarified by a purpose behind stainless steel 1.4301. The main
reason may be because of the grain refinement and the formation of smaller grains as in the small grain,
no dislocation can travel more than 1 Unit of distance. This type of strengthening is known as Hall-
Patch strengthening. which implies more grain boundaries. These grain boundaries give more strength
to the material which causes an increase of the hardness. For Austenitic stainless steel 1.4301 (304) the
hardness for the welded specimens were much higher than the unwelded. There is a great increase in the
TIG weld over the laser weld compared to the unwelded.

Since, a very large increase in the ferrite is observed, where the primary phase becomes the ferrite
phase, so a very large increase in the hardness is observed reaching as much as 54% more than the
original hardness as seen in Figure 17. comparing to literature result for the unwelded sample which is
200 HV close to the result in figure 18. Which is 197 HV compared to the welded samples higher than
the unwelded.

Hardness on top surface:

350
o 340 [~ Along thesafpple top surface] . Top Tighweld 1,4301
© 320 o
> 300 l S 300 |
2 4
T 280 - I A
(7]
£ 260 /-&____ £ 250
(T
T 220 I N z
200 . . 200 |
0 5 10 15 0 5 10 15
Distance from center (mm) Distance from the center (mm)
Figure 14- 1.4301 A.S.S top surface Laser weld Figure 15-1.4301 Top surface A.S.S Tig weld
hardness chart hardness chart
Hardness on side Surface :
350 350
| | 4 L
g 3% Side lase 1.4301 8339 _Sl‘d?I‘T'yM%ql.a.sm
A a LN\
> 290 2290 '
T 270 x270 \\
8 250 9250 i
g 230 s 8330 ! ~.L
S 210 5210 i
T 170 T
150
0 2 4 6 8 10 12 14 0 5 10 15
Distance from center (mm) distance from thhe center ( mm)
Figure 16 1.4301 A.S.S side surface laser weld Figure 17 1.4301 A.S.S Side surface TIG weld

hardness chart hardness chart
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Figure 18-Histogram illustration for stainless steel 1.4301

3.5. Tensile testing:

Tensile strength testing was carried out for laser and Tig welding for comparison unwelded metal was
used thickness 8mm.Observed that the weld done to the specimens done well compared to the original
unwelded specimen that the tensile strength almost close to literature results (750 N/mm 2) fig.19.After
several tests observed that the main reason about failing was some of the weld defects found in the weld
zone that contain pores and cracks would weaken the material and can be affected by corrosion resulted
in failure of the specimen below suspected breaking part. the incomplete penetration debilitates the
material totally as the welding zone turns out to be not exactly the original measure. Compared to micro
hardness measurement its assure that in the Tig weld its hardened which cause the failure at lower
strength than Laser weld and the base metal. Through visual investigation of the tested specimens, the
materials that performed best were the materials that had the least imperfections. In this manner, to
choose which materials had the more exact welding conditions, we observe which specimens had the
most elevated average ultimate strength.

1200

1100
1000
900 —
T s00]
g 800+ 734.68
Z 700
= 600 —-
=4 ] 529.74
£ 500
7 4
@ 400 -
> 300 —+
= J
200
100 —
(o] T T
unwelded Laser weld Tig weld

1.4301 (8mm)

Figure 19 1.4301 A.S.S Tensile strength
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3.6. Ferrite content

For the Stainless steel 1.4301 samples shown that during the probe passing across the specimen that the
Ferrite % increased along moving across heat affected zone followed by the maximum in the weld zone
which has lower corrosion resistant will be confirmed later in corrosion study happen due to the

precipitate in the HAZ as found in figures (18 and 19) for top surfaces, figure (20 and 23) for side
surfaces.

Ferrite distribution percent on the top surface:

Ferrite Content %
Ferrite Content %

N
[en]

==Y
[en]

(@]

5 4 -3 -2 -1 0 1 2 3 4 5

5 4 -3 -2 -1 0 1 2 3 4 5
Around the Wild Line mm

Around the Wild Line mm

Figure 20- 1.4301 A.S.S ferrite % for top surface

Figure 21 1.4301 A.S.S ferrite % Top Surface
for Laser weld

for TIG weld

Ferrite distribution percent on the side surface:

Ferrite content %
Ferrite content %
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Figure 22-1.4301 A.S.S ferrite % for side surface
for Laser weld

Figure 23-1.4301 A.S.S ferrite % Side Surface
for TIG weld
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Electrochemical testing:
Open circuit potential (OCP):

-50 [Laser weld]
-100 4 ;
_150__ ff'igiweldfr

-200 —

-
-250 + Base metal

-300 —

Potential vs. SCE (mV)

-350 —

-400

T T T T T
o 1000 2000 3000 4000 5000 6000
Time (sec)

Figure 24- 1.4301 A.S.S OCP

In the above fig.24 in A.S.S 1.4301 the laser welded has a higher OCP values than the Tig welded and
the Base metal (unwelded). Which illustrates that the welded material (Laser-Tig) has a higher passivity
than the unwelded material in environment of 3.5% NaCl. At 4500sec (75mins) the laser -134.12mV
compared to Tig which is -146.68mV the base metal(unwelded) is -205.68mV. As going from Laser
welded specimen followed by the Tig welded specimen which indicates that the less negative potential
direction is indication towards corrosion value happens due to the formation of carbides around the
grain. The increase of potential form laser welds to Tig weld then the base metal may conclude laser re-
passivation more corrosion resistant than Tig weld.

The open-circuit potential (OCP) give an indication about the dynamic behavior of the passive oxide
layer film, whereas the more positive value for the OCP, the more the material becomes noble and
corrosion resistant.

Stainless Steel 1.4301 Base Metal
Stainless Steel 1.4301 Tig weld
Stainless Steel 1.4301 Laser weld

A~

35 3 Laser Weld|

30 3 ' [Base Metal

-

Current Density (mA/em?’)

_— Tig Weld

L T T T
-600 -300 o 300 600 900
Potential (mV)

Figure 25 1.4301 A.S.S PCV
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Corrosion rate

After conducting the Potential cyclic voltammetry for scan rate 2mV/sec from -400mV to 700mV it was
seen form fig.25 for the laser weld is more pitting resistant comparing it to the corrosion rate of laser
9.436 mm/Y to the Tig welded 8.895 mm/Y from table4.

Table4 Corrosion rate

Condition Corrosion rate (mm/Y) Epitting(mV)
Unwelded 11.3 370
Laser weld 9.436 452.25
Tig weld 8.895 558.75

4. Conclusion
Optical microscopy reveals in showing that 1.4301 A.S.S undergoes type A solidification and also in
grain refinement as the size of the grain much bigger in the base metal going to the HAZ and then in the
weld zone which results in grain growth and elongated through the HAZ observing the increase in the
ferrite content becomes the primary phase. There is many Weld defects seen under the microscope which
decreased the strength and suspected region for the corrosion attack that need to overcome to result in
the good weld and avoid these defects: porosity, incomplete fusion and cracks. Scanning electron
microscopy reveled the precipitates at the grain boundaries of the weld line between the weld zone and
heat affected zone (HAZ) followed by EDX test to track the Ni,Cr elements composition in the weld
zone and out in HAZ and base metal. Micro hardness test processed on the top surface and the side
surface to compare the diffusion of weld inside the whole material reveals seen increasing gradually
from the base metal to the HAZ and then maximum at the weld zone in the center of weld. Found that
the Tig weld and laser weld in both the side and top surface is higher than the base metal. Ferrite content
represented the lower corrosion resistant at the weld zones which reached its maximum. Tensile test
revealed that the welded specimen for A.S.S 1.4301 which welded by remote Scanner laser is almost
the same as the base metal 734.68 N/mm2 and 750 N/mm?2 respectively followed by the Tig weld 529.74
N/mm?2 . Corrosion potential is higher in the welded materials (Laser-Tig) than the base metal in 1.4301
A.S.S. as Shown in OCP the welded materials (Laser-Tig). Pitting corrosion is observed.

It is recommended for the work to improve the welding procedure with different forms of weld joints
considering all the above-mentioned parameters that affect the laser weld quality.
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