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Abstract: This work aims to optimize the main YAG fiber laser parameters to weld 304L stainless
steel plates of 3 mm thick. Different laser powers (2500, 2000, and 1500 W) and speeds (60, 40, and
20 mm/s) were used and merged in heat input, maintaining the defocusing distance at -2 mm to get
full penetration. The weld quality and the effect of the laser heat input on the microstructures of the
weld and heat-affected zones were investigated. Besides, the fracture strength of the welded joints
and hardness distribution through the cross-sections were evaluated. The weld width has a direct
relationship with heat input. The laser power of 2800 W produced full penetration joints without any
macro defects while reduction in laser power pronounced partial penetration defects. The size of
the heat-affected zone in all the processing parameters was very small. The microstructure of the
weld zone shows columnar dendrite austenite grains with small arm spacing in most of the welded
zone. The size of the dendrites became finer at lower heat input. At a higher heat input, a reasonable
amount of lathy equiaxed grains with some delta ferrite occurred. A small amount of delta ferrite
was detected in the heat-affected zone, which prevented the crack formation. The hardness of the
weld metal was much higher than that of the base metal in all processing parameters and it has a
reverse relationship with the heat input. The fracture strength of the welded joints was very close to
that of the base metal in the defect-free samples and it increased with decreasing the heat input.

Keywords: 304L stainless steel; laser welding; laser power; laser speed; microstructure;
mechanical properties

1. Introduction

Alloys 304 and 304L stainless steels are extensively used as austenitic stainless steel
alloys. Alloy 304L is a low-carbon version of the 304 stainless steel alloy with a carbon
content that reaches 0.03%. This low carbon content is attributed to the typical corrosion
resistance in 304L stainless steel. Chromium depletion from the grain boundaries is avoided
because of the unavailability of sufficient carbon for carbide formation in the process of
sensitization [1-3]. Alloy 304L exhibits deep drawing capacity with excellent resistance
to corrosion as well as relative ease in fabrication. Due to these properties, it finds a wide
spectrum of applications, especially in nuclear applications (Pumps, steam lines, spend
fuels reprocessing, and transport), food processing industry (breweries, milk, etc.), kitchen
features (sinks, platforms, equipment, appliances, etc.), architecture industry (trims, molds,
panels, etc.), marine applications, fasteners, heat exchangers, chemical containers, welded,
and woven water filtration screens, etc. [4-8].

Stainless steel alloys that are welded by normal arc welding methods, such as gas
metal arc welding (MAG and MIG), gas tungsten arc welding (TIG), and shielded metal
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arc welding [9,10], suffer from many difficulties in terms of sensitization. The interrelated
shortcomings include cracks in weld-metal, wide heat-affected zone (HAZ), develop-
ment of carbides, weld decay, and reduction in corrosion resistance. During welding,
the weld metal and its adjacent areas undergo heating/cooling with a temperature range
of 500-850 °C for a relatively long time. In this temperature range, chromium carbide
precipitates alongside the grain boundaries, causing depletion of chromium inside the
grains leading to intergranular corrosion, as well as intergranular stress cracking. Addi-
tionally, prolonged exposures to a lower temperature range such as 300-500 °C causes
the carbide nucleated that occurred at higher temperatures to be coarsened and causes
low-temperature sensitization. Extended exposure to these temperatures in fusion weld-
ing processes decreases the weld quality. If the exposure to these high temperatures is
short-lived, even after nucleation of the carbides, the propagation is limited and chromium
depletion can be restricted [11]. Moreover, the most prevalent fusion welding technique in
the case of austenitic steels, i.e., TIG welding, poses limitations of single-pass thickness,
low rate of cooling, low welding speeds, the requirement of edge preparation, and lack
of automation, etc. Moreover, due to the lower thermal conductivity of stainless steels,
high-temperature weld pools created by conventional fusion welding processes result in
wider HAZ. By increasing the thickness of the stainless steels being welded, the welding
speed decreases and the effects of high heat generated for longer periods become serious
problems [12-14]. Moreover, the composition of the constituents in the shielding gas greatly
affects the quality of the welding joints made by the TIG process. Argon is the most widely
used commercially shielding gas. Adding other gases such as helium, hydrogen, carbon
dioxide, nitrogen, and oxygen in different percentages have direct effects on weld shape,
microstructure, and mechanical properties [15,16]. Moreover, solidification occurs during
welding of the 300 series of stainless steels as a blend of main austenite and few ferrite
phases to avoid hot cracking. Primary ferritic solidification is required to provide a higher
solubility of impurities such as S and P, which is the main cause of hot cracking [15,16].
During cooling, the ferrite phase transforms mostly to austenite, but minor quantities of
d-ferrite may still be present in the weld metal. The presence of J-ferrite in this remaining
quantity is insignificant to affect the intergranular corrosion, but it improves the stress
corrosion resistance of the ferritic-austenitic welds [17,18]. Most of the previous limitations
can be avoided if a concentrated low heat input welding process is used. Moreover, the
distortion of stainless steels during welding, due to its high thermal expansion coefficient,
can be greatly minimized with low heat input welding processes [19,20]. Laser welding is
considered an optimum solution to overcome most of the above limitations [21].

Laser welding has a higher weld depth to width ratio with lower heat input compared
to other traditional fusion welding processes. This results in a low possibility of formation
of chromium carbides and sensitization, though the process parameters need to be selected
carefully [22-24]. The fibre YAG laser is considered to be one of the advanced laser technolo-
gies, which was developed recently for many industrial applications. Compared to other
laser techniques, it is more flexible as it has higher power, low maintenance requirements,
and high automation adaptability [19-21]. Welding speed and laser power are the key pro-
cess variables in the welding process which control the amount of energy generated to be
used in welding [25]. Gnanasekaran et al. [26] used pulsed YAG laser to weld 304 austenitic
stainless steel. They studied the effect of laser power on the microstructure and mechani-
cal properties of the welded joints. It was shown that with increasing laser power, joint
penetration was improved but the weld bead was widened [26]. Saravanan et. al. [27]
presented the influence of heat generated by using YAG laser different parameters on the
duplex stainless steel weld joints” microstructure, hardness, and tensile strength. Complete
penetrations were achieved at lower heat input. While grain growth was observed at higher
heat input. The maximum mechanical properties were obtained at lower heat input [27].
In another work presented by Abdo et al. [28], the effect of heat input parameters of pulsed
YAG laser on the corrosion resistance of 2205 duplex stainless steel welded joints were
reported. The welded joints obtained at a higher pulse energy showed higher corrosion
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resistance than that obtained at a low pulse energy [28]. Li et al. [29] explored the thermal
performance and solidification characteristics of 304 stainless steel during laser welding.
They suggested an upgraded understanding of the relationships of the temperature distri-
bution with metallurgical behavior and surface stresses. The surface tension was smaller at
higher temperature areas [29].

In this direction, this work aims to use a fibre YAG laser to weld 304L stainless steel
alloy, optimizing the laser power and the welding speed, as the main heat generation
variables. The macro and microstructures, mechanical properties, and hardness of the
welded joints will be investigated in detail.

2. Materials and Methods

Alloy 304L stainless steel plates of 3 mm thick were used as the base metal. The plates
were cut to samples of dimensions of 200 mm x 50 mm. Tables 1 and 2 give the chemical
compositions and mechanical properties of the 304L stainless steel plates. Welding will
be done as a butt joint, so the edges of the sample were grounded to fit together, and then
cleaned with a stainless steel wire brush. A YAG fiber laser machine of 3 kW (Shibuya
Corporation, Ishikawa, Japan) was employed to perform welding with a sharp vertical
head angle. To concentrate the heat inside the thickness of the plate and get full penetration,
the defocusing distance was kept fixed at —2 mm. The laser power of three different values,
i.e., 1500, 2000, and 2500 W, at a constant welding speed of 40 mm/s, were used. Three
variations in the traveling speed i.e., 60, 40, and 20 mm /s, were chosen at a constant power
of 2000 W. To protect the welding pool from oxidation, argon at a flow rate of 15 L/min was
used as a shielding gas. Table 3 summarized all the investigated welding parameters. Each
welding power was divided over the welding speed to get the net heat input (J/mm), which
appeared in the last column in Table 3. The macro and microstructural investigations were
done on the welded cross-sections cut perpendicular to the welding direction, using an
optical microscope (Olympus, Tokyo, Japan) after electrochemical etching with 10% Oxalic
acid. Phase identification was carried out by XRD using an X-ray diffractometer (XRD, D8
Discover with GADDS system, 35 kV, 80 mA, Bruker Corporation, Karlsruhe, Germany).
Micro hardness was measured at 9.81 N indentation load on a Vickers testing machine
(Matsuzawa, Akita, Japan) to evaluate the hardness distributions through the weld and
heat-affected zones. Mechanical properties (fracture stress) of the welded joints were
determined on a universal tensile testing machine (Instron, Norwood, MA, US) integrated
with computerized control and data acquisition system. The tensile test samples were
taken in a direction perpendicular to the welding, keeping the joints at the centre of the
gauge length.

Table 1. Composition of the 304L stainless steel base metal (wt. %).

C Cr Ni Mo Si Mn P S Fe
0.023 18.5 9.7 0.007 0.55 0.12 0.02 0.008 Bal.

Table 2. Mechanical properties of the 304L stainless steel base metal.

Hardness (HV)  Ultimate Tensile Strength (MPa)  Yield Strength (MPa)  Elongation (%)
192 710 532 39

Table 3. Welding conditions used for experimentation.

Specimen No. Power (W) Speed (mm/s) Net Heat Supplied (J/mm)
#1 2500 40 62.5
#2 2000 40 50
#3 1500 40 37.5
#4 2000 60 33.3

#5 2000 20 100
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3. Results and Discussion
3.1. Macro/Microstructure of the Welded Joints

Figure 1a with its enlarged Figure 1b showed the microstructure of the 304L stainless
steel base metal, exhibiting an equiaxed austenitic rolled grain structure, while Figure 2
showed the weld joint cross-section micrographs of the specimens made with different
laser powers of 2500, 2000, and 1500 W at different traveling speeds of 60, 40, and 20 mm/s.
The weld joints exhibited a distinctive “hourglass” shape, i.e., relatively wider zones at
the upper and lower surfaces and narrow at the middle, for all the investigated conditions
ascribed to the use of a negative defocusing distance of —2 mm. In the negative defocusing
situation, the focus point of laser power and the resulting heat concentration were under
the molten pool. So, more material was found molten at the bottom of the thickness in
all conditions. Table 4 summarized the weld width for all the welding parameters. The
measurements were taken at 0.5 mm from the top weld face, the center, and 0.5 mm from
the bottom weld root. Generally, the width of the welded joints at different thickness levels
is directly affected by the net heat input. Wide welding crowns, centers, and roots were
obtained at higher heat input (higher welding power and lower welding speed).

Figure 1. (a) Optical microstructure of 304L stainless steel base metal and (b) enlarged image of (a).

Welded joints with near-complete penetration, without any internal macro-defects like
cracks and pores, were obtained with the laser power of 2500 W (sample #1). The undercut
defect appeared with about 0.2 mm depth at the weld face for joints performed with lower
powers; 2000 W (weld joints #2) and 1500 W (weld joints #3). For lower heat input joints #3
(37.5]/mm) and #4 (33 ]/ mm); incomplete penetration defects appeared at the root of the
joints (See Figure 2c,d). The heat generated when using such low power and fast speed was
insufficient to melt through the sample thickness. By reducing the heat input, weld metal
volume at the thickness direction decreases, generating partial penetration. As the speed
of welding was lowered to 20 mm/s for weld joint #5, the heat input amplified to almost
100 J/mm, which resulted in a wider welding zone with some porosity near the root.
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Figure 2. Macrographs of the weld cross-sections with varying parameters, (a) 2500 W and 40 mm/s, (b) 2000 W and
40 mm/s, (c) 1500 W and 40 mm/s, (d) 2000 W and 60 mm/s, and (e) 2000 W and 20 mm/s.

Table 4. Weld joint width results.

Specimen No. Top (mm) Center (mm) Bottom (mm)
#1 1.73 1.03 2.7
#2 1.9 0.92 2.65
#3 1.35 0.75 1.73
#4 1.31 0.63 1.52
#5 1.76 2.03 2.89

Microstructures of the weld zone of samples welded with different laser powers (#1, 2,
and 3) are shown in different magnified optical micrographs in Figure 3. The weld joints
displayed a centreline grain boundary almost at the weld centre and the grains were aligned
in a parallel way towards the fusion interface with the base metal. The structure showed
columnar dendritic grains grown epitaxially from the fusion centreline towards the base
metal. The high thermal gradients of laser melting induce columnar grain growth instead
of equiaxed structure. The columnar dendrites grow and appear clearly in the direction
nearly perpendicular (with slight inclination) to the thickness. This growing direction
towards the base metal is due to the maximum temperature gradient direction and hence
maximum heat extraction owing to the presence of cold base metal. At weld joint of 2500 W
laser power, as can be seen in Figure 3d, the secondary arm spacing was relatively longer
and wider than that of 1500 W (as shown in Figure 3f) suggesting a relatively high cooling
rate achieved during solidification at lower laser power of 1500 W. When the heat input is
relatively low (in case of lower laser power of 1500 W) and hence the solidification velocity
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is relatively high, the solidification microstructure is susceptible for formation of finer
columnar dendrites with a minor volume fraction of equiaxed grains (see Figure 3f).

i | Soum || f | | Soum_|

Figure 3. Different magnified microstructures of the weld zone at a constant welding speed of 40 mm/s and different laser
powers of: (a,d) 2500 W, (b,e) 2000 W, and (c,f) 1500 W.

However, when heat input is relatively high (in the case of higher power of 2500 W)
and hence the solidification velocity is comparatively low, the volume fraction of equiaxed
grains becomes higher, as seen in Figure 3d. The same results were observed in the
micrographs of the different weld cross-sections welded at different travelling speeds
(60 mm/s, and 20 mm/s) at a fixed laser power of 2000 W, as shown in Figure 4. Finer
columnar dendritic grain microstructure was found at the sample welded with a faster
travelling speed of 60 mm/s (lower heat input of 33 J/mm), as displayed in Figure 4a,d.
On the other hand, wider columnar dendrites with reasonable amounts of lathy equiaxed
grains were observed when the heat input was increased to 100 J/mm at travelling speed
of 20 mm/s (Figure 4c,f). Such differences in the welded joints microstructure were related
to the variation in the generated heat input, solidification growth during welding, and
cooling rate. Consequently, the lower heat input leads to increase the rate of cooling after
the welding process, which generates the smaller dendrite arm spacing, while a higher
heat input (lower cooling rate) generates larger dendrite arm spacing. Moreover, complete
austenite microstructure was observed in most of the investigated conditions as shown in
the enlarged SEM image (Figure 5) of the sample welded with laser power and travelling
speed of 2000 W and 40 mm /s, consequently. This is, generally, due to the higher cooling
rate of laser technology during solidifications, which forces the ferrite to be transformed



Metals 2021, 11, 2022

7 of 13

completely to austenite, especially that the Creq/Nieq ratio of this type of stainless steel
(304L) is almost 1.9. The higher cooling rate conditions will lead to rapid solidification,
which results in changing the solidification mode from primary ferrite to austenite phase.
This is due to the lack of nucleation barriers of the ferrite to austenite transition through the
peritectic reaction. At the same time, the faster cooling give the impurities no chance to be
segregated and formed hot cracking [30]. When the cooling rate is lower in case of higher
heat input, a reasonable amount of vermicular and lathy delta ferrite was observed between
courser austenite grains at the end of massive transformation, as shown in Figure 4f.

Figure 4. Different magnified microstructures of the weld zone at a constant laser power of 2000 W and different laser
welding speeds of: (a,d) 60 mm/s, (b,e) 40 mm/s, and (c,f) 20 mm/s.

Very small heat-affected zone (HAZ) areas were discerned to a level that makes
them them difficult to distinguish from the fusion zone, as shown in Figures 6 and 7.
Considering the YAG laser welding’ high velocity, there was very limited time for the
development of large HAZ areas. In austenitic stainless steel, the grains in such area
(HAZ) will be coarsened and is composed of austenite matrix and interspersed ferrite
precipitates, which was formed due to the incomplete transformation of austenite to ferrite
during the solidification. For the YAG laser, there was no time for such grain coarsening
as there is fast localized heat input. Microscopically, HAZ areas contained some ferrite at
the grain boundaries of austenite, especially at higher heat input (See Figure 7f). This is
because when austenitic stainless steels heated to temperatures under solidus temperature,
formation of the ferrite was possible. This small grain boundary ferrite is important during
welding as it reduces the crack formation in this critical area. The amount of ferrite formed
in HAZ is sensitive to the heat input. By increasing the heat supply, a greater delta ferrite
forms because of a lower rate of cooling at this condition.
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Figure 5. Magnified SEM image of dendrites of weld zone produced at 2000 W laser power and
40 mm/s welding speed.

Figure 6. Different magnified microstructures of the HAZ at a constant welding speed of 40 mm/s and different laser
powers of: (a,d) 2500 W, (b,e) 2000 W, and (c,f) 1500 W.
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Figure 7. Different magnified microstructures of the HAZ at a constant laser power of 2000 W and different laser welding
speeds of: (a,d) 60 mm/s, (b,e) 40 mm/s, and (¢ f) 20 mm/s.

For results confirmation, XRD analysis (Figure 8) were performed at the weld metal of
the samples that had the two extreme heat inputs: at laser power of 2000 W and welding
speed of 60 mm/s (33.3 ]/mm) and at laser power of 2000 W and welding speed of 20 mm/s
(100 J/mm). For the low heat input sample, only fully austenite was detected. On the other
hand, the pattern showed austenite in addition to some ferrite in case of the higher heat
input, which matched with the microstructure findings. The amount of delta-ferrite in the
weld metals area depends mainly on the value of equivalent chromium, equivalent nickel,
dilution, and the solidification rate. In laser, there was no dilution as it is an autogenous
weld. Under equilibrium state in traditional welding condition, during solidification
of austenitic stainless steel, the liquid pool solidified in the ferritic-to-austenitic mode
(the ferrite is transformed to austenite) and then some ferrite-promoting elements migrate
to the grains’ boundary and form some ferrite at the grains” boundary of austenite when the
nugget is cooled to room temperature. In high cooling rate welding process such as laser,
the segregated elements cannot migrate, and thus most of the structure will be austenite
when the weld is cooled to room temperature.
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Figure 8. XRD pattern for the laser welded sample at: (a) power of 2000 W and welding speed of 60 mm/s, and (b) power

of 2000 W and welding speed of 20 mm/s (y: Austenite and &: Ferrite).

3.2. Mechanical Properties of the Welded Joints

Figure 9 shows a summary of the tensile test results of the welded joints. All welds
showed ductile behavior in the tensile test and fractured at the interface/fusion zone
regardless of the welding conditions. Generally, the mechanical properties of the welded
joint depend mainly on their microstructure and grain size, which, in consequence, depends
on generated YAG laser heat input. Compared to the ultimate tensile strength of the base
metal given in Table 1 (710 MPa), the fracture strength of samples #1 was nearly the same
(693 MPa), and the site of fracture was observed to be in the fusion region. This is due
to the full penetration of this sample and the absence of the macro defects in one hand
and the reasonable heat input (62 J/mm) used to perform this weld. For sample #2, the
power was reduced to 1500 W, which contributed to reducing the heat input to 50 ] /mm
resulting in finer columnar dendrites. This lower heat input and finer microstructure share
in increasing the fracture strength to 688 MPa despite the undercut defect that appeared in
the face of the weld joint. The same phenomena appeared for sample #3, where the heat
input was reduced to 37 J/mm. This resulted in the fine grain size share getting a high
fracture strength of 680 MPa, despite the existence of incomplete penetration defects in the
root. For sample #4, the fracture strength was much lower than the base metal, attributed to
the incomplete penetration defects caused by the lower heat input. As the welding speed
was lowered to 20 mm/s in sample #5, the heat input increased to 100 J/mm, resulting in
a larger fusion zone. The cooling rate after this condition was slow, giving the grains the
chance to become much bigger, leading to a dramatic decrease in the fracture strength at
this condition.

Figure 10 shows the hardness profiles along the horizontal direction cross-section,
perpendicular to the direction of welding of the five welded joints at different conditions.
The readings were taken 0.5 mm from the top weld face. It is observed that the hardness of
all the welds is greater than the 304L stainless steel base metal (192 HV). This significant
improvement in the hardness of the weld zone resulted from the formation of the columnar
dendrite microstructure and the grain refinement, ascribed to a greater rate of cooling
during the solidification after the laser processing. As laser power decreased, the hardness
values were increased in limited areas (Figure 10a). On the other hand, the hardness shows
significantly higher values at faster welding speeds (Figure 10b). Among the five weld
joint conditions, the peak hardness value has been detected in sample #4 where the lowest
heat input was introduced, and the lowermost hardness has been detected in sample #5
where the highest heat input was used. The reverse relationship between the hardness and
heat input may be attributed to its effect on the cooling rate, which is potentially related to
grain size. The higher heat input results in slow cooling and solidification rates result in
larger grain size results in lower hardness values. Another important issue was noticed in
most of the readings that the hardness values increased from weld centerline to achieve
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peak hardness at the weld /base metal boundary. This is due to the difference in the rate of
cooling, which increased from the centerline to the weld boundaries.

700

=] ()]
[=] [
o o

Fracture Strength (MPa)
(9]
U1
o

500

450

a0 2500 W,

40 mm/s

2000 W,
40 mm/s

1500 W,
40 mm/s

2000 W,
60 mm/s

2000 W,
20 mm/s

Figure 9. Tensile fracture strength of the welded samples at different laser power and welding speeds.
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Figure 10. Hardness measurements through the weld joints cross-sections for (a) different laser powers at a constant
welding speed of 40 mm/s, and (b) different welding speed at a constant laser power of 2000 W.

It is well known that there is a direct relation between the mechanical properties and
the grain size (arm spacing). This relationship is based on the Hall-Petch equation [31] as

follows [31]:

05 = o9 + kd 02,

)

where, 0 is yield strength, d is grain size, and oy and k are constants. From this simple
equation, yield strength value has opposite relation with grain size in austenitic stainless-
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steel weldments. This means the refined grains played the role of fine grain strengthening
and improved the mechanical properties including hardness, tensile strength, and yield
strength, which intensely increase as well. The grain refinement inhibited the migration of
dislocation [32].

4. Conclusions

In this investigation, YAG fiber laser machine was employed to weld a 304L stainless
steel plate of 3 mm thick at different laser powers (1500, 2000, and 2500 W) and different
welding speeds (60, 40, and 20 mm/s), at a fixed defocusing distance of —2 mm. Weld
area microstructures and the heat-affected zones were investigated. Besides, the weld joint
mechanical properties and hardness measurements were studied. The obtained results can
be summarized in the following points:

o  All the weld joints show a typical “hourglass” shape. Only a laser combination of
2500 W /40 mm/s gives a full penetration weld joint without observable defects. At a
laser power lower than 2500 W, partial penetration joints were obtained. The heat
input has a direct impact on the weld zone size;

e  Columnar dendrite austenite grains with small arm spacing resulted in most of the
welded fusion zones. The size of the dendrites became finer at lower heat input
(lower power and faster speed). At higher heat input, reasonable amounts of lathy
equiaxed grains with some delta ferrite occurred;

e  There was almost no HAZ in any of the weld joints. It consisted of an austenitic mi-
crostructure with some small amount of delta ferrite appearing at the grain boundaries,
which prevented the crack formation during the welding;

e Fusion zone hardness values for all the joints were significantly greater than that of
the base alloy. The highest hardness was obtained in the case of the lower heat input
sample (2000 W and 60 mm/s) and the lowest hardness was recorded corresponding
to the highest heat input (2000 W and 20 mm/s);

e  The fracture strength of the welded joints ranged from 97 to 72% of the base metal.
It depends mainly on the welding heat input. Values close to the base alloy were
attained at lower heat input without defects.
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