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In this research, the metallurgical investigation of the welding of 17-7 PH steel using
the Nd: YAG pulsed laser welding process was conducted. The effect of parameters
such as welding speed, laser pulse width and power on welding geometry was
evaluated. The microstructure and fracture surface of weld samples were studied
using the optical microscope and scanning electron microscope (SEM). Also, in
order the tensile, microhardness and impact tests were used to study the mechanical
behavior of the joint. It was found that the microstructure of the weld metal of the
samples contained skeletal and lathy ferrite as well as austenite. The maximum
tensile strength was observed in the sample with power 300, welding speed 2 and
pulse width 3.5, and the minimum tensile strength was observed in the sample with
power 300, welding speed 2 and pulse width 3. The SEM images of the tensile cross
section showed that the failure occurred in all the soft samples. As a result, in this
study, the best mechanical and microstructural results were obtained in the welded
sample with optimal parameters including power 300, welding speed 2 and pulse
width 3.5.

1. Introduction

Semi-Austenite Precipitation Hardening Stainless
Steels are used in a variety of applications such as
aerospace, marine, nuclear and chemical process due
to their favorable combination of excellent mechanical
properties and good corrosion resistance [1]. The good

corrosion resistance of this steel is attributed to the
presence of chromium and the high strength is owing
to the presence of homogeneously distributed fine
precipitates of intermetallics or elemental phases of
alloying elements such as aluminum, titanium, niobium,
and copper [2]. 17-7 PH Semi-austenitic stainless-
steel sheets are widely used in the military, marine and
aerospace industries [3].
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Laser welding, as a new technology, has found wide
applications in various industries such as automotive,
military, aerospace, shipbuilding, electronics, etc. inrecent
years [4]. Laser beam welding (LBW) has been developed
as a process for joining and repairing high-temperature
alloys in industry due to its ability to produce welds with
high strength, low distortion, low residual stress, stress
corrosion cracking and fatigue properties [5-7]. The
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small weld width, high penetration depth, appropriate
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strength, and low warping of laser welds, given the
need for lightness and resistance to corrosion, aesthetic
appearance, climination of electrode consumption and
consequently elimination of machining steps, as well
as the possibility of welding inaccessible joints, have
led various industries to use this method more [8].
Pulsed Nd-YAG laser welding of 17-7 PH stainless
steel is considered one of the most widely used in
structural materials in industries such as military, marine,
oil and gas industries due to their excellent fatigue and
corrosion resistance, thermal and electrical conductivity
and acceptable strength [9]. Nowadays, researchers have
studied the laser welding of Stainless Steels [10-17].
Recently, Bahrami Balajaddeh and Naffakh-Moosavy
[18] studied the Microstructure, mechanical properties,
and weldability investigation of the Pulsed Nd: YAG
laser welding of 17-4 PH stainless steel. Their results
show that the weld metal microstructure was o-ferrite in
a martensite matrix. The presence of 6-ferrite in the weld
metal was due to its ferrite PSM and its interdendritic and
lath morphologies. Ventrellaa et . al. [19] investigated
the Pulsed Nd: YAG laser seam welding of AISI 316L
stainless steel thin foils. They reported that the shape
and dimensions of the thin foil weld bead depended not
only on the pulse energy, but also on the presence of gaps
between foils. Bead width, connection width and bead
depth increased as the pulse energy increased, and then
decreased at the end due to the burnthrough. Baghjari et.
al [20] investigated the effect of laser beam position on
weld characteristics of AISI 420 stainless steel to Kovar
alloy. They reported that the rapid cooling rate during
laser welding followed by shifting the laser beam toward
SS 420, affects the weight percent of the main chemical
elements (Cr, Ni, Fe) and the microstructure in the weld
zone. Also, the microhardness results show that the
shifting laser beam position from Kovar alloy to SS 420
not only led to the increase of hardness from about 200 to
400HV along the cross-section of the weld zone.
According to the previous studies, the semi-austenitic
precipitation hardening stainless steels have good
mechanical properties, including good formability and
high strength, as well as good corrosion resistance,
which has led to their widespread use in the power,
petrochemical, nuclear and other industries [21]. The
joining of semi-austenitic 17-7 PH stainless steel is
widely used in the military, marine and aerospace
industries. Many studies have been conducted on the

joining of stainless steels, which show that this joining
requires a suitable, accessible, easy and cost-effective
welding process [22]. Laser welding is one of the most
advanced types of fusion welding, which provides the
heat required to produce a molten pool and perform the
joining process by irradiating a high-energy laser beam
to the desired surface [23].

In laser welding, a thin and deep weld is obtained;
compared to conventional methods, the energy input to the
piece is very low [24]. This property allows laser welding
to be used in specific applications where high penetration
depth and weld width are required [25]. The laser power
can control the diffusion depth and weld width, changing
the spatial position of the beam focus relative to the
workpiece surface, welding speed, time distribution of
energy transfer to the metal (pulsed or continuous), and
parameters related to the shielding gas flow, etc [26]. The
tiny weld width, high depth, appropriate strength, and low
warping of laser welds, due to the need for lightness and
corrosion resistance, aesthetic appearance, elimination
of electrode consumption and consequently elimination
of machining steps, as well as the possibility of welding
inaccessible joints, have led various industries to use this
method more [27].

Pulsed Nd-YAG fusion welding is one of the available
and suitable methods that can be achieved by optimizing
the parameters of welding speed, pulse width, and power
to achieve appropriate mechanical and microstructural
properties. In general, this study aims to investigate the
microstructure and mechanical behavior of 17-7 PH steel
welds using the Nd: YAG pulsed laser welding process.
The same effect of power, welding speed, and width
on the joint of 17-7 PH steel has not been observed in
previous researchers.

2. Experimental Procedure

In this paper, 17-7 PH stainless steel plates with
1.2mm thickness were used as base metals. The chemical
composition and mechanical properties of base metals
are presented in Tables 1 and 2., respectively. Elemental
analysis of semi-austenitic precipitation of stainless-
steel base metal was measured using spark emission
spectrometry test by the Foundry Master UV device.
Mechanical properties were measured using a 30-ton
tensile tester, model INSTRON-4486, made in England,
according to ASTM standard-ES.

Table 1. The chemical composition of base metals was used in this paper (Wt. %).

Element Fe C Cr

Mn Si Ni Al

17-7 steel Base 0.55 17.3

0.76 0.37 7.36 1.05

Table 2. Mechanical properties of the base metals of 17-7 PH steel.

Mechanical Tensile strength Yield stress Elongation
characteristics (MPa) (MPa) (%)
17-7 PH steel 1157 953 6
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In this research, a 17-7 PH stainless steel plate was
selected as a sheet with a specific thickness of 1.2mm
and dimensions of 300 x 400mm. The samples were cut
using a wire cutter including a cooling system. Fig. 1.
shows the schematic of butt-welding joints prepared for
welding.

In this study, a pulsed laser welding process (Nd-
YAG) was used to produce a suitable joint with a
butt joint design. After preparing the semi-austenitic
17-7 PH precipitation hardening stainless steel sheets,
the samples were welded using the pulsed laser welding
method (Nd-YAG). In order to eliminate the problems
related to porosity, the sheets were joined in the presence
of an argon shielding gas with a purity of 99.999% with
15 liters per minute flow rate. The welding process (Nd-
YAG) was done using a pulsed laser welding machine
Nd: YAG model IQL 10 with a maximum power of
400W. The welding parameters are presented in Table 3.

Cross-sectional specimens cut from each joint
were prepared by grinding using 60-3000 grits silicon
carbide paper and polished with 0.1 pm alumina solution
(ALO;), then were attacked with etched solution
(10gr FeCl3+ 40ml H,O+ 6ml HCI +60ml C,Hs;OH) for
10-15 minutes. The IM 420 optical microscope (OM) and
SEM in a LE0440i model XL30 were used to examine
the microstructure and fracture surface. The mechanical
properties were tested with tensile and microhardness
tests. According to ASTM: ES, three cross-sectional
specimens were prepared [28]. The tensile test was
performed using the INSTRON-4486 machine. The
Vickers micro-hardness was carried out according to the

<

ASTM E-92 standard [29]. The microhardness test was
performed a load of 100g for 10s duration by using a
Shimadzu micro indention device. Also, a Charpy impact
test was performed according to ASTM E23 standard
using a Centam model SIT-300 impact test machine at
ambient temperature [30].

3. Results and Discussion

3.1. Macrostructure

3.1.1. Effect of Welding Speed and Laser
Power on the Constant Pulse Width

Fig. 2. shows the Weld Macrostructure (weld depth
and width) with different power and welding speed in
a constant pulse width of 3.5. Also, Fig. 3. shows the
ratio of input heat (5) to the depth and width of the weld
sample welded with 250W power with different speeds.
The macrostructure of the samples shows that the trend
of increasing weld pool depth with increasing power has
a steeper slope than the trend of increasing weld pool
width, so by increasing power from 200 to 250W, the
weld pool depth was increased significantly. This can
indicate the transition from conductive mode to keyhole
mode. In the conductive mode, the laser beam is largely
reflected so its energy is wasted. Increasing the beam
power increases the surface evaporation of the metal
and the beam penetrates the material. In this case, the
reflected beam collision to the inner surface and some
of it is absorbed, reducing energy loss and increasing the
process efficiency, causing a sudden increase in the depth
of the pool. Fig. 3. clearly illustrates the increase in weld

400 mm .
>

Fig. 1. Schematic of Butt-welding joints (mm).

Table 3. The laser welding parameters.

Sample No. Power Frequence Welding speed Pulse width Heat input
W) (Hz) (mm/s) (ms) (kJ/mm)
250-V2-3 250 20 2 3 0.75
300-V2-3.5 300 20 2 3.5 1.05
300-V3-3.5 300 20 3 3.5 0.70
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pool width for samples welded at a constant speed of
4mm/s and constant power. However, for samples welded
at lower speeds, the effect of increased pulse width is less
significant. This can be attributed to the higher heat input
at lower welding speeds, which is dominant over the
effect of pulse width.

It should be noted that the shape and geometry of the
weld pool are also affected by the percentage of overlap.
By observing the weld pool surface in samples with low
welding speed and samples with high welding speed, it is
inferred that in conditions where the percentage of overlap
is low, the shape and geometry of the upper section of the
molten pool, which is in fact the point of impact of the
pulses on the part, is in the form of a circle that can be
distinguished due to the degree of their overlap on each
other. In other words, in this case, the melting boundary

lines can be identified. These identifiable lines are in fact
the solidification boundaries between two consecutive
pulses that arise due to the pulsed nature of the power
source. As a result, a high cooling rate is created at high
welding speeds or low frequencies. In such conditions,
with a high cooling rate, the previous pulse can be
completely frozen before it hits it.

As the overlap increases, it changes from a circular
shape to an oval shape, and then at lower speeds it
becomes a straight line, in which case the pulse weld
becomes a continuous weld.

Welding depth and width with constant pulse width
are shown in the Tables 4 and 5. respectively. According
to Fig. 4. and Table 4. it can be seen that at a constant
welding speed and pulse width, the weld depth and
width increase with increasing welding power. Fabian [§]

Weld

speed 2 (mm/s)

Power

3 (mm/s) 4 (mm/s)

200 (W)

250 (W)

300 (W)
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Fig. 3. Graph of heat input ratio (5) against weld depth and width of a sample welded
with a 250W power at different weld speeds.
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studied that the ratio of power to welding speed (E)is
. . .- v
directly related to the input heat. The transition of the
weld pool from conduction to keyhole mode can be
observed visually based on the weld cross-section. As
shown in the transverse cross-sections of the samples,
the welds produced at a laser power of 200W remain
in conduction mode across all three welding speeds.
However, for the welds produced at 250W, keyhole mode
is initially observed at a welding speed of 2mm/s. As the
welding speed decreases, the weld pool transitions back
to conduction mode. Han et al. [7] investigated the effect
of welding speed and reported that decreasing the speed
increases the percentage of pulse overlap. Since a higher
overlap result in a greater number of pulses per unit
length and consequently an increase in energy input per
unit length, reducing the welding speed leads to greater
weld depth and width. This phenomenon is clearly
illustrated in Tables 4 and 5. In this case, a fraction of
each pulse area is affected by the heat generated from
the overlapping subsequent pulses, leading to an overall
increase in heat input. Furthermore, the increase in pulse

Table 4. Welding depth with constant pulse width.

overlap has a more significant effect on weld depth than
on weld width.

3.1.2. Effect of Welding Speed and Pulse
Width at Constant Power

Fig. 4. presents the macrostructure of the welds
produced at a constant laser power of 300W while
varying the pulse width and welding speed. As observed,
an increase in welding speed effectively reduces the
number of pores within the welds. At a welding speed
of 3mm/s, porosity is nearly eliminated. Additionally,
pore formation is more sensitive to welding speed than to
arc current. At lower welding speeds, porosity becomes
more pronounced, particularly under high arc current
conditions. As shown in Fig. 4., the porosity observed
in the upper region of the weld bead disappears under
higher arc current. In this scenario, the molten pool
undergoes increased pressure and expands accordingly
[31]. Consequently, gas bubbles in the upper region
of'the weld pool escape more easily, leading to a reduction
in porosity in the upper section of the weld bead.

Table 5. Weld width with constant pulse width.

Speed Speed
Power 2(mm/s) | 3(mm/s) | 4(mm/s) Power 2(mm/s) | 3(mm/s) | 4(mm/s)
200 W 0.23 0.21 0.2 200 W 0.9 0.7 0.7
250 W 1.2 0.48 0.38 250 W 2.1 1.9 1.7
300 W 1.2 1.2 1.2 300 W 2.25 22 2
eld Speed
2 (mm/s) 3 (mm/s) 4 (mm/s)
Pulse Widt
3(mm)
3.5(mm)
4(mm)

Fig. 4. Weld depth and width with constant power of 300W.
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In this series of experiments, the effect of increasing
pulse energy, accompanied by an increase in pulse width
and consequently heat input, was investigated while
maintaining constant power. As the heat input changes,
the dimensions of the weld pool change at a higher rate.
Fig. 5. shows the macrostructure of the welds (weld
depth and width) for varying power and pulse width
at a constant welding speed of 2mm/s. As observed
in Fig. 5., in this study changing the pulse width does
not significantly affect the weld depth or width when
compared to the effects of power and welding speed.

In laser welding, the pulse overlap effect refers to
the spatial and temporal overlap of laser pulses in the
welding process, which has a direct effect on the quality,
depth, and strength of the weld. This phenomenon is
especially important in welding with pulsed lasers (such
as Nd:YAG or fiber lasers), where laser pulses with
a specific frequency and energy are used to melt and
join materials. important factors in overlap welding are
spot size, speed scanning, pulse repetition Rate, pulse
duration, pulse energy and pulse energy. Table 6. shows
the percentage of pulse overlap. Fig. 6. shows the weld
surface (overlap) in 250-v2-3, 300-v2-3.5, and 300-
v3-3.5 samples. By observing the weld pool surface in
samples with low welding speed and samples with high
welding speed, it is inferred that in conditions where the
percentage of overlap is low, the shape and geometry of
the upper section of the molten pool, which is in fact the
point of impact of the pulses on the part, is in the form
of a circle that can be distinguished due to the degree
of their overlap on each other. In other words, in this
case, the melting boundary lines can be identified. These

identifiable lines are in fact the solidification boundaries
between two consecutive pulses that are created due to
the pulsed nature of the power source, which is a result
of the high cooling rate at high welding speeds or low
frequencies. In such conditions, with a high cooling
rate, the previous pulse can be completely frozen before
it hits it. The shape of the upper surface of the weld
pool changes from circular to elliptical with increasing
overlap, and then to a straight line at lower speeds, in
which case pulse welding becomes continuous welding.
The figure below shows an example of the overlap effect
with increasing pulse speed. According to the following
relationship, the overlap percentage is calculated.

Eq.(1)

welding speed ) % 100

- pulse frequency x spot diameter

Overlap = (1

3.2. Microstructure
3.2.1. Microstructure of Base Metal

Fig. 7. shows the microstructure of the 17-7 PH
semi-austenitic hardened steel base metal. 17-7 PH
semi-austenitic steel (UNS S17700) contains 17wt.%
chromium, 7wt.% nickel and 1.2wt.% aluminum.
According to Fig. 2., the microstructure of 17-7 PH
semi-austenitic hardened steel contains austenite grains
as matrix and some skeletal delta ferrite (6). Also, as
shown in the 17-7 PH semi-austenitic hardened steel
microstructure delta ferrite strands are elongated in the
rolling direction. Microstructural investigation of the
base metal is consistent with previous studies [3].

Pulse
idth 3 (mm)

Power

3.5 (mm) 4 (mm)

200 (W)

250 (W)

300 (W)

Fig. 5. Weld depth and width with a constant welding speed of 2mm/s.
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Table 6. percentage of pulse overlap (%).

overlap (%)

83

83

Welding
Sample No. speed
(mm/s)
250-V2-3 2
300-V2-3.5 2
300-V3-3.5 2

75

N f\\\\ 3
| }\;

Fig. 6. View of the weld surface (overlap) in samples (a) 250-v2-3, (b)
300-v2-3.5, and (c) 300-v3-3.5.

Fig. 7. Microstructure of 17-7 PH stainless steel base metal.

3.2.2. Microstructure of Base Metal-Weld
Metal Interface Region (HAZ)

Fig. 8. presents the microstructure of the base metal-
weld metal interface region of samples 250-v2-3, 300-
v2-3.5, and 300-v3-3.5 specimen. As shown in Fig. &.,
the delta ferrite increased in the HAZ zone from the base
metal into the weld metal. In this region, the morphology
of delta ferrite was observed coaxially. Also, due to the
low heat transfer coefficient in semi-austenitic stainless
steels the width of the heat-affected zone is very narrow.
The heat input of samples 250-v2-3, 300-v2-3.5 and 300-
v3-3.51s 0.75, 1.05 and 12.25, respectively.

69

By increasing the input heat, the amount of delta
ferrite in the interface was increased. This seems logical,
because the amount of delta ferrite formation is low due
to the slow transformation of austenite to ferrite and
the rapid thermal cycle of the heat affected zone. With
increasing input heat, the amount of heat applied to the
HAZ zone increases so the amount of ferrite increases.
Also, according to Fig. 8., larger ferrite regions located
at the boundaries of martensitic and austenitic grains,
such as inside the plate-shaped austenitic boundaries,
are observed in the overheated area in the heat- affected
zone. Also, the results showed that the microstructure of
this region is the same in all samples and no change in
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their microstructure occurred.
3.2.3. Microstructure of Weld Metal

Fig. 9. shows the microstructure of the weld
metal region of 250-v2-3, 300-v2-3.5 and 300-v3-3.5
specimen. As shown the Fig. 9., the skeletal and lathy
ferrite in the austenite matrix were formed in the weld
metal. This morphology of ferrite phase forms when
the cooling rate is medium, or the Cr,/Nig, ratio is in
the ferrite-austenite (FA) area. This was because of
developing ferrite-consuming austenite and continued
until sufficient enrichment of ferrite former elements
(Cr and Mo), depletion of austenite former elements
and stabilizing at lower temperatures where diffusion is
limited [29]. Previous studies have shown that porosity
was not a major issue in joining 17-4 PH steels by arc
welding processes (GTAW and SMAW), and argon was
typically chosen as the shielding gas. However, severe
porosity was observed in weld beads produced by arc
welding and laser arc welding. Different methods for
stabilizing keyholes and preventing porosity have been
investigated by a number of researchers [31].

Kawabhito et al. [31] found that high welding speed
can cause keyhole perforation and eliminate porosity
during laser welding of AISI 304 stainless steel.
Katayama et al. [10] studied the effect of a plasma plume
on the weld penetration are greatly different between
CO, laser welding and YAG, disk or fiber laser welding.
They reported that the spattering leading to the formation
of underfilled weld beads is controlled by inclining the

laser beam. Porosity is formed from bubbles generated
from the tip of the keyhole at low welding speed or
from the middle part of the keyhole at high laser power
density. Cracking easily occurs in pulsed spot welding of
aluminum alloys.

Fig. 10. presents the microstructure of the weld
metal for sample 300-v2-3.5 at high magnification. As
shown in Fig. 10., the microstructure of the sample is
characterized by a ferrite-austenite structure. The delta
ferrite is observed to form in a skeletal and columnar
arrangement within the austenitic matrix. The presence
of ferrite with a dendritic and network morphology can
be attributed to the Cr,,/Ni,, ratio and the high cooling
rate during pulsed laser welding. Furthermore, as shown
in Fig. 9., the microstructure of the weld metal exhibits
columnar grains. This is due to a reduction in the thermal
gradient (G) in certain areas, especially when the base
metal thickness is low. This decrease in the thermal
gradient leads to an increase in the growth rate (R),
resulting in a reduction of the G/R ratio. As the G/R ratio
decreases, the solidification mode transitions from planar
to cellular and eventually to dendritic [32]. Moulian et
al. [34] reported that the microstructure of the samples
exhibited a fine-grained, predominantly cellular-dendritic
structure in the molten zone. This type of microstructure
is a result of rapid cooling, which is typical in laser
welding processes. During solidification, the formation
of a specific solid structure is determined by the G/R ratio
(where G is the temperature gradient and R is the growth
rate). When the G/R ratio is high, cellular structures tend
to form, as opposed to dendritic structures.

Fig. 8. Microstructure of the interface of the base metal and the weld metal of (a) 250-v2-3,
(b) 300-v2-3.5 and (c) 300-v3-3.5 samples.
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300 um :

ST e 2R

00 um

Fig. 9. Microstructure of the weld metal region of (a) 250-v2-3, (b) 300-v2-3.5 and
(c) 300-v3-3.5 speciment.

Fig. 10. Microstructure of the weld metal area of sample 300-v2-3.5.

3.3. Tensile Test

Fig. 11. shows the Stress-strain diagram of samples
250-v2-3, 300-v2-3.5 and 300-v3-3.5. The effects of
welding parameters on the tensile strength of 17-7 PH
stainless steel welded by pulsed Nd-YAG laser beam
are shown in Table 7. As it can be seen in Table 7.,
the tensile strength of the 250-v2-3, 300-v2-3.5, and
300-v3-3.5 speciment was about 414, 989, and 702 MPa,
respectively. According to Table 6., it is observed that
the highest tensile strength of the weld was obtained in

71

the sample welded with a beam power of 300, a welding
speed of 2, and a pulse width of 3.5. Also, according
to Fig. 11., it can be seen that the elongation of the
250-v2-3, 300-v2-3.5 and 300-v3-3.5 samples is about
5%, 35.5% and 20% respectively, so the maximun
elongation was observed in the sample welded with a
beam power of 300, welding speed of 2 and pulse width
of 3.5. Fig. 12. shows the failure location of the the
samples. According to Fig.12., the failure in the 250-v2-
3, 300-v2-3.5 and 300-v3-3.5 occurred in the weld metal,
base metal and HAZ Zone, respectively.
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Quan et al. [32] reported that when the pulse power
is too low, the weld pool does not have enough time to
form and incomplete welding occurs. With an excessive
increase in the pulse power, the grains in the weld
metal and in the HAZ become coarser. The width of the
heat-affected zone also increases and the discontinuity
becomes more severe. Some precipitates can exist
intergranularly and even continuously along the grain
boundary. These microstructural changes cause the

formation of weld joints and reduce tensile properties.
According to Table 7., it is observed that the Ultimate
tensile strength increased with increasing power. In
samples 300-v2-3.5 and 300-v3-3.5, the Ultimate tensile
strength decreased while keeping the power constant and
increasing the welding speed. The results showed that
the highest Ultimate tensile strength was obtained in the
sample welded with a power of 300 and a welding speed
of 2.

300-v2-3.5  —

1000 300 -v3-3.5
250-v2-3 —
800
= 600
=
s
2 400
%]
=
2200
0 10 20, 30 40
Elongation (%)

Fig. 11. Stress-strain diagram of samples (a) 250-v2-3, (b) 300-v2-3.5 and (c) 300-v3-3.5.

Table 7. Tensile strength and elongation of welded samples.

sample Ultimate tensile strength Elongation
(MPa) (%)
250-v2-3 414 5
300-v2-3.5 989 335
300-v3-3.5 702 20

Sample No.: 300-v3-3.5
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Fig. 12. Tensile test samples after testing.
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3.4. Fracture Surface

SEM fracture images of 250-v2-3, 300-v2-3.5, and
300-v3-3.5 specimens are presented in Fig. 13. According
to Fig. 13., it is observed that the fracture surfaces of
all specimens contain small dimples and funnel-shaped
holes, which indicates that the fracture indicating brittle
fracture mode. The only difference is the size of the
dimples and holes. Thus, the smaller the holes, the more
brittle the fracture occurred, and the larger the holes, the
more ductile the fracture occurred. As can be seen in
the images, the number of holes in the image of sample
250-v2-3 is less and, as expected, the fracture of this
sample is more brittle than the other samples. Also,
considering that this sample has fractured in the weld
area.

The only difference observed between the samples lies
in the size of the dimples and voids. Specifically, smaller
voids correspond to a more brittle fracture behavior,
while larger voids result in a more ductile fracture. As
shown in the images, the sample 250-v2-3 has fewer
voids, and as expected, the fracture of this sample is more
ductile compared to the others. Additionally, it is worth
noting that this sample failed in the weld zone.

3.5. Microhardness Test

Fig. 14. illustrates the horizontal microhardness profile
of the 250-v2-3, 300-v2-3.5 and 300-v3-3.5 welded
specimens. As shown in Fig. 14., the microhardness of
the base metal of thel7-7 PH semi-austenitic precipitated
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stainless steel was found to be about 224HV. Ferrite is
a harder phase compare to the austenite phase, which
increases the hardness. According to Fig. 14., it can be
seen that the microhardness of the weld zone for samples
250-v2-3, 300-v3-3.5 and 300-v2-3.5 was about 227
Vickers, 219 Vickers and 240 Vickers, respectively.
Accordingto Fig. 11., itcan be seen that the microhardness
of the weld zone for 250-v2-3, 300-v3-3.5 and 300-v2-3.5
speciments are 227, 219 and 240 Vickers, respectively.

Since hardness is directly related to the phases
formed in the microstructure and the volume fraction
of these phases, changes in hardness can be attributed
to alterations in the phase percentage and the cooling
rate of the material during and after solidification. As
observed, hardness decreases from the center of the weld
towards the edges. This phenomenon can be explained
by the lower cooling rate and the maximum thermal
cycle temperature from the center to the edges, leading
to different phase transformations in various regions of
the weld pool and consequently, differing microhardness
values. Generally, hardness is higher in the center of the
weld pool compared to the edges of the weld pool and the
base metal. The higher hardness in the center is due to the
higher percentage of ferrite in this area. In contrast, the
reduced hardness near the weld pool boundary is attributed
to the higher percentage of austenite in that region. This
trend indicates that the higher the hardness, the greater
the proportion of the ferrite phase. Microhardness testing
was conducted on several cross-sections of weld samples
with different overlap factors. The results of the hardness
study are shown in Fig. 14. Mirakhouri and Ghaini [33]
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demonstrated that the higher hardness observed in the
weld center could be due to a greater volume of ferrite
phase in this region. The results indicate that the highest
microhardness value corresponds to sample 300-v2-3.5,
while the lowest microhardness is observed in sample
300-v3-3.5. The slight increase in hardness is associated
with a higher volume of skeletal ferrite phase in 17-7 PH
during cooling. The microhardness test results also show
that the microhardness in sample 300-v2-3.5 is higher
compared to the other two samples, which aligns with
the tensile test results.

3.6. Impact Test Results

Fig. 12. shows the average of the Charpy V-notch
impact test and the average absorbed energy results
of different weld metals. As shown in Fig. 12., the
impact energy of 250-v2-3, 300-v2-3.5, and 300-v3-3.5
speciments is 37, 65, and 48 joules, respectively. The
results show that the maximum impact energy is related
to the 300-v2-3.5 sample and the minimum impact energy
is related to the 250-v2-3 sample. The results obtained in

this section align with the findings from the tensile tests
and the microstructural evaluations.

4. Conclusions

In this paper, the metallurgical investigation of
17-7 PH steel welding using Nd-YAG laser method was
carried out, and the effect of parameters such as welding
speed, laser pulse width, and power on weld geometry
and mechanical properties including microhardness
and tensile strength and the microstructure was also
considered. The following results were obtained:

e The microstructural investigations showed an
increase in delta ferrite in the heat-affected zone
(HAZ) between the weld metal and base metal.
The microstructure of the weld metal consisted of
skeletal ferrite, columnar ferrite, and, in some areas,
networked ferrite alongside austenite. The skeletal or
creamy-shaped ferrite morphology forms when the
cooling rate is moderate or when the Cr.,/Ni,, ratio is
in the ferrite-austenite (FA) range.

e The tensile strength of the 250-v2-3, 300-v2-3.5 and
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350-v2-3.5 samples was found to be about 414MPa,
989MPa and 702MPa respectively. The highest
tensile strength was achieved in sample 300-v2-3.5.

* The SEM results of the fracture surfaces indicated the
presence of small dimples and funnel-shaped pores,
with ductile fracture occurring in all samples. The
only difference was the size of the dimples and pores.

¢ The microhardness test showed minimal variation,
which can be attributed to the uniform microstructure
of the weld metals. However, the best hardness results
were observed in the 300-v2-3.5 sample.

* The impact energy values for the samples were 37 J
for 250-v2-3, 65 J for 300-v2-3.5, and 48 J for 300-
v3-3.5. The maximum impact energy was found
in sample 300-v2-3.5, while the minimum was in
sample 250-v2-3.

e In this study, the weld sample with a laser power of
300W, welding speed of 2mm/s, and pulse width of
3.5ms exhibited the best mechanical properties. It
and was confirmed to be free of weld defects with an
acceptable appearance.
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