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Abstract Multi-pass fusionwelding by a filler material (wire)
is normally carried out to join thick steel sections used in most
engineering applications. Multiple thermal cycles from a
multi-pass weld resulted in a variable distribution of residual
stress field across the weld and through the thickness. Pres-
ence of tensile residual stresses can be detrimental to the in-
tegrity and the service behaviour of the welded joint. In addi-
tion to a complex distribution of residual stress state, multi-
pass welds also form dendritic grain structure, which are re-
peatedly heated, resulting in segregation of alloying elements.
In this research, microstructural refinement with modification
of residual stress state was attempted by applying post-weld
cold rolling followed by laser processing and then cold
rolling. The residual stress was determined non-destructively
by using neutron diffraction. Post-weld cold rolling followed
by laser processing was carried out to induce recrystallization
of the cold rolled grains. Microstructural characterisation in-
dicates a significant grain refinement near the capping pass.
However, post-weld cold rolling followed by laser processing
reinstates the lock-in stress. In this study, it was demonstrated
that a complete recrystallized microstructure with compres-
sive state of stress can be formed when a further cold rolling
is applied on the laser processed, recrystallizedmicrostructure.

Keywords Multi-pass welds .Microstructure . Residual
stress . Rolling . Laser processing

1 Introduction

AISI 304L stainless steels are extensively used in industries
due to their superior low-temperature toughness in addition to
high corrosion resistance. These materials exhibit an attractive
combination of good strength, ductility, toughness, excellent
corrosion resistance and good weldability [1, 2]. Due to these
attributes, austenitic stainless steels are used in a range of
industries such as thermal power generation, biomedical and
petrochemical, automotive and chemical engineering [3]. In
the structural joining applications, it is essential to form strong
joints that allow transfer of load between the different steel
components. Welding is generally the preferred joining meth-
od since it forms an integrated structure. Welding also allevi-
ates corrosion problems often associated with fasteners. This
process creates most robust joint to the application.

However, numerous factors make the areas around welded
joints common sites for initiation of failure (especially fatigue
failure). Welding often introduces defects into the material,
from which fatigue cracking can initiate.

This fatigue and stress corrosion cracking are surface-
sensitive phenomena [4], and often initiation of such crack
depends on surface residual stress state. In large thickness,
multi-pass welding process is normally employed which
causes a variable distribution of residual stress field. In order
to understand the fracture toughness of critical components, it
is vital to characterise the stress profile [5].

Thermal stresses generated in welds are undesirable but
inevitable during fusion welding. The distributions of residual
stress in the weld are generally tensile in the longitudinal
(along-weld) direction close to the weld line and, further away
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from the weld centre line, the tensile longitudinal stresses is
balanced by compressive longitudinal residual stresses [6].
This tensile residual stress can be additive to operational loads
and, as such, they can increase the driving force for fracture
[7] and accelerate the degradation of the material while in
service [8].

The presence of tensile residual stresses has been reported
to accelerate stress corrosion cracking and fatigue crack
growth rates [9] which are detrimental to the integrity and
the service behaviour of the welded joint. Mullins and Gun-
nars [10] reported the effect of stress on material using finite
element models of two multi-pass, stainless steel girth welds.
In addition, sensitization of the weldments is one of the po-
tential problems in the welding of austenitic stainless steels.
Sensitization leads to degradation of corrosion resistance as
well as the mechanical properties of the welded samples [11].
The sensitised microstructure along with presence of residual
stress will hasten damage of a component while in service.

Significant research has been carried out on how to miti-
gate the effects of residual stress in stainless steels. For exam-
ple, the use of low-temperature stress relief with slow cooling
and solution annealing to mitigate the effects of residual stress
was carried out by Panchal [12]. Others include vibratory
stress relief (VSR) which is a process to reduce and redistrib-
ute the internal residual stresses of welded stainless steel struc-
tures by means of post-weld mechanical vibration [13]. The
use of water-shower cooling during welding to reduce tensile
residual stress in austenitic stainless steel welding has also
been reported by Yanagida and Koide [14].

Although the application of rolling to reduce the residual
stress in welding has been reported, the used synchronous
rolling during welding (SRDW) along both sides of the weld
to prevent weld hot cracking in high-strength aluminium alloy
2024-T4 was reported by Liu et al. [15]. Altenkirch et al. [16]
investigated the efficacy of applying rolling pressure along the
weld line in thin butt welds produced using friction stir
welding (FSW) as a means of controlling the welding residual
stresses. Coules et al. [17] use a localised high-pressure rolling
of gas metal arc welds to relieve residual stresses in thin plate.
The application of post-weld cold rolling followed by laser
processing and then cold rolled on multi-pass welds of stain-
less steel is a novel approach.

In addition to a complex distribution of residual stress state,
multi-pass welds also form dendritic grain structure, which are
repeatedly heated, resulting in segregation of alloying ele-
ments. Dendritic grain structure is weaker and segregation of
alloying elements would result in formation of corrosion
microcells as well as reduction in overall corrosion prevention
due to depletion of alloying elements. Modification of the
material’s microstructure by heat treatment can have a dramat-
ic effect on hardness and fracture toughness in both the fusion
region and the heat-affected zone (HAZ), which consequently
affects fatigue properties greatly.

In our previous work [18, 19], the laser processing was in
transient heating mode and the result shows that very minimal
grains refinement were observed at the cap pass of multi-pass
welds when post-weld cold rolling sample was followed by
laser processing. However, the post-weld cold rolling follow-
ed by laser processing at the cap pass resulted in reinstated as-
welded residual stress state profile.

Following this observation, different laser processing route
was identified which is the main objective of this investiga-
tion. The new laser processing involves applying thermal en-
ergy for a prolonged period which would ensure full recrys-
tallization of the grain structure. This would be followed by
another cold rolling to redistribute and eliminate the tensile
residual stress state which would form in laser processing.

The aim of this research is to apply this novel technique of
high-pressure rolling followed by laser processing which will
be subsequently followed by another high-pressure rolling to
modify the mechanical properties, microstructure, and residu-
al stress of multi-pass welds of 304L austenitic stainless steel.

2 Experimental procedures

2.1 Material

In this study, the material used was AISI 304L grade of aus-
tenitic stainless steel plate (12 mm thick) and the filler ma-
terial used was Lincoln MIG 308L Si of 1.0 mm nominal
diameter. Table 1 shows the chemical compositions of the
AISI 304L grade, while Table 2 shows the chemical com-
positions of the filler material used. Ninety-eight percent Ar
and 2 % O2 shielding gas were used at a flow rate of
30 l min−1. The dimension of the test piece is
(300 × 150 × 12) mm. The bevel was filled with three
welding passes. The setup is shown in Fig. 1.

2.2 Experimental techniques

Figure 2 shows the experimental steps of this research. Firstly,
welding was carried out by using tandem GMAW DC pro-
cess; secondly, post-weld cold rolling was performed using an
in-house rolling device with rolling load of 100 kN; third stage
was the post-weld cold rolling followed by laser processing
using 8 kW (peak power) continuous wave (CW) fibre laser;
and finally, a cold rolled after the post-weld cold rolling
followed by laser processing as shown in the flow chart.

2.2.1 Welding

Tandem gas metal arc welding process was used. The welding
parameters are shown in Table 3.

2128 Int J Adv Manuf Technol (2016) 86:2127–2138



The heat input was also calculated using Eq. 1.

Heat input ¼ Power � efficiencyð Þ= Travel speedð Þ ð1Þ

And, power= current ×voltage
The efficiency used in this research is 80 % of the total heat

input according to Kou [20].

2.2.2 High-pressure rolling

Post-weld cold rolling was carried out using the in-house
rolling device which was capable of rolling with a constant
force. The principle of operation of this machine was ex-
plained elsewhere [18]. This in-house rolling device is only
capable of rolling with a constant force of 200 kN. Hence, the
rolling load of 100 kN with a constant travel speed of
11.7 mm s−1 was used. The roller used was made from hard-
ened BS 4659 BH13 tool steel, which has an effective width
of 30 mm and the diameter of 100 mm. The profile of the
roller was a flat roller as shown in Fig. 3 which was applied
on the top of the weld metal, and the roller did not touch the
plate surface on either side of the weld.

2.2.3 Laser processing

Laser processing was carried out in two phases. The laser
processing in the first phase was in transient heating mode,
while the second phase of the laser processing was based on
the observation made in the first phase of the experiment. The
second phase involves applying thermal energy for a
prolonged period which would ensure full recrystallization
of the grain structure.

In the first phase, the CW laser was used as explained in our
previous work [19]. The laser beam was transmitted to the
laser head through an optical fibre of 300 μm diameter. Laser
beam was then collimated by a lens of 125 mm focal length
and then focused using a 250 mm focussing lens. This would
produce a spot size of 0.61 mm at the focal point. However,
the laser beam in this specific experiment was used to gradu-
ally increase the temperature by controlled rate and a

defocussed beam of 20 mm spot size was used to reduce the
power density at the spot. The laser head was tilted at 10°
angle to avoid any back reflection which could damage the
lens (Fig. 4a).

In the second phase, the same CW laser was used as in the
first phase, but instead of transient heating mode, the post-
weld cold rolling samples were gradually heated by control-
ling the laser power with a large beam diameter of 110 mm.
The post-weld cold rolling samples were heated to 800 °C. It
worth mentioning that the purpose of laser processing is to
induce recrystallization after cold rolling of the weld metal.
Figure 4b shows the schematic diagram for the second phase
laser setup. The laser head was positioned at 25° angle to
avoid any back reflection which could damage the lens.

2.3 Experimental measurement

In this experimental measurement, determination of the Weld
thermal cycles, microstructure, residual stress measurement,
hardness, and tensile test was performed.

2.3.1 Determination of weld thermal cycles

Thermocouples were used to measure the thermal cycle
of the weld metal with the aid of a Scopecorder 750
instrument. Two K-type thermocouples were used. The
first thermocouple was place at 1 mm below the cap-
ping pass, while the second thermocouple was placed at
the root pass which is approximately 9 mm below the
capping pass through the hole drilled from backing bar
to the weld metal. Figure 5 shows the sketch how the
thermocouples were placed.

2.3.2 Microstructure and hardness test

The welded samples were cut, ground, and polished
according to standard metallographic procedures for mi-
crostructural observations and micro hardness tests. The
Zwick Roell micro hardness testing machine was used
in measuring the hardness of all the samples. For micro
hardness testing, 500-g load and 5-s dwell time were
applied. Across and along the multi-pass weld metal,
the hardness scanning was done with an interval of
0.5 mm between consecutive points.

Table 2 Chemical composition (wt%) of the MIG 308L Si (filler
material)

Element C Si Mn Cr P Mo Ni

Wt% 0.01 0.75 1.6 20 0.015 0.20 10

Table 1 Chemical composition (wt%) of 304L austenitic stainless steel plate

Element C Si Mn Cr P Mo Ni Al S Cu Nb Ti

Wt% 0.021 0.36 1.48 18.2 0.022 0.15 8.10 <0.01 <0.005 0.19 0.01 <0.01
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2.3.3 Measurement of residual stresses using neutron
diffraction

Owing to the neutron beam’s unique deep penetration and
three-dimensional mapping capabilities [21], these neutrons
penetrate even iron to a depth of several tens of millimetres;
hence, it allows for non-destructive measurement of the strain
in steel materials [22]. Majority of neutron strain-scanning
instruments use a nuclear reactor as the neutron source, which
produces a continuous flux of neutrons over a range of wave-
lengths. Current examples of constant flux instruments in-
clude Strain Analyser for Large and Small Scale Engineering
Applications (SALSA) [23]. Using this method, the measure-
ment area of a material is defined by incident slits and receiv-
ing slits as shown in Fig. 6, which make it possible to deter-
mine the lattice plane spacing in a specific area by precisely
measuring the Bragg diffraction from a particular crystalline
lattice plane.

SALSA neutron diffractometer at the Institut Laue
Langevin in France was used to measure the residual elastic
strain [23]. Residual stress state of the weld was analysed from
the measured elastic strain [24]. These measurements were
made on the mid cross-sectional plane of a 300-mm sample
(plane ABCD) shown in Fig. 7, with the assumption that the
stress state in the middle will be from steady-state welding
process. Longitudinal, transverse, and normal strains were
measured with assumption that these directions, by symmetry,
are the principal stress directions. As shown in Fig. 7, the coor-
dinate axes, LD represents the longitudinal direction, TD repre-
sent transverse direction, and ND represents normal direction.

The inter-planar spacing (d) of the {311} crystallographic
plane was chosen for measurements of all the principal strain
directions. The strain response of {311} family of crystallo-
graphic planes in the face-centred cubic (FCC) lattice structure
closely follows the macroscopic strain response over the mea-
sured gauge volume [23]. It was reported by Wang et al. [25]

that, in order to achieve accuracy better than the spatial reso-
lution, it is necessary to perform a wall scan. Hence, the
through-thickness scan was used for accurate positioning of
the gauge volume within the plate. The gauge volume dimen-
sion was determined by using slits in front of the incoming
beam and collimating the diffracted beam to maintain the
through-thickness resolution. An incoming beam of
2×2 mm2 was used for the longitudinal strain measurement,
while a 2 mm collimator was used for the diffracted beam to
achieve the desired spatial resolution. In these measurement
conditions, the gauge volume at the measuring position was
set to be approximately 2×2×2 mm3. In the transverse and
normal strain measurement, an incoming beam of 2×20 mm2

was used, with the assumption that the stress state and magni-
tude will remain constant in the welding direction. The increase
in gauge volume along the welding direction, in these two di-
rections, allows faster measurement with more grain sampling.

It is important to mention here that, in this research, mea-
surements were made in two different times and, as such, two
different measuring parameters were used:

1. The first phase (transient heating mode), where neutron
incident beam of wavelengths, 1.62 Å, which gives a dif-
fraction angle (2 ) of 95.99° was used. The measurements
were taken at 2 mm below the weld surface.

2. In the second phase where prolong heating was applied,
neutron incident beam of wavelengths 1.6 Å, which gives
a diffraction angle (2 ) of 93.2°, was used. The measure-
ments were taken at 3 mm below the weld surface.

2.3.4 Measurement of stress-free lattice parameter

In determining residual stress using neutron diffraction, it is
necessary to compare the crystal lattice spacing that is mea-
sured at the point of interest to lattice spacing of the material

Fig. 1 304L austenitic stainless steel plate showing welding preparation

Fig. 2 Experimental flow chart
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that is free of macroscopic stress. A comb-shaped sample of
dimension 6 mm×6 mm×5 mm was machined out from the
welded plate by electrical discharge machining as shown in
Fig. 7. These dimensions of the individual combwould ensure
relaxation of any macro residual stress field and will allow
positional correction of the measured strain for compositional
variation across the weld and also any changes in lattice pa-
rameter due to intergranular straining [26]. Therefore, it is
important to have reference coupons as a function of position
through the weld zone [27] when determining the residual
stress. The stress-free lattice spacing (d0) was measured in
all the three principal strain directions.

The lattice spacing d is related to scattering angle ∅ by
Bragg’s law as shown in Eq. 2.

λ ¼ 2dhklsin
∅
2

� �
ð2Þ

where λ is the wavelength.
Gaussian fitting routine was used to fit the intensity profile

and precise determination of the peak position. The stress-free
lattice spacing (d0) measurements combined with the lattice
spacing measurements were used to calculate strain (ε) sing
Eq. 3.

εhkl ¼ dhkl
d0hkl

−1
� �

ð3Þ

where ε is strain, hkl are the coordinate planes, d is the lattice
spacing, and d0 is strain-free spacing (measured in the same
plane).

The principal stress could be analysed once the strain is
determined, using the Hooke’s law for three-dimensional state
of stress as shown in Eq. 4, using the appropriate elastic con-
stants for the specific crystallographic plane.

Table 3 Welding parameters on narrow groove welds of 304L of austenitic steel plate

Lead Trail Lead Trail

Pass Travel speed
(mm s−1)

Wire feed speed
(m min−1)

Average.
current (A)

Average
volts (V)

Wire feed speed
(m min−1)

Average.
current (A)

Average
volts (v)

Heat input
(kJ mm−1)

Heat input
(kJ mm−1)

Root pass 15.0 11 216.5 21.6 11 212.9 21.1 0.25 0.24

Fill 1 15.0 12 228.7 21.8 12 225.3 22.4 0.27 0.27

Cap pass 11.7 10 222.5 22.5 10 214.8 22.7 0.34 0.33

Fig. 3 Rolling rig setup showing the roller assembly
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σii ¼ E

1þ υð Þ εii þ υ
1−2υð Þ ε11 þ ε22 þ ε33ð Þ

� �
ð4Þ

where Ε and υ are the Young’s modulus and Poisson ratio,
respectively, and i=1, 2, 3 indicates the component of stress
and strain relative to chosen to the principal strain directions.
Elastic constants values of E=200 GPa and υ =0.28 [28] are
used to calculate stress from measured strains.

3 Results and discussions

3.1 Temperature–time plot (laser application)

Figure 8 shows the weld thermal cycle for the two phases in
laser processing. The first phase (transient heating mode) used
a constant beam diameter of 20 mm. Laser power of 1.0 kW
and a travel speed of 0.3 m min−1 was used. At the cap pass,
this gives a peak temperature of approximately 649 °C
(922 K), while at root pass, the temperature was 330 °C
(603 K) (Fig. 8a).

In the second phase, the sample was gradually heated up to
800 °C using a controlling laser power at constant larger beam

diameter of 110 mm (Fig. 8b). This temperature was selected
based on the fact that recrystallization temperature of metal or
alloy is between one third and one half of the absolute melting
temperature [29].

3.2 Microstructure

Figure 9 shows the SEM images of the different processing
condition. However, for further understanding of the micro-
structures, the grain structure was analysed using electron
back-scatter diffraction (EBSD) and the data were collected
over an area of 316 μm×234 μm with step size 0.73 μm.
Figure 10a shows a dendritic and columnar grain structure.
This is attributed to the fact that during weld metal solidifica-
tion, grains tend to grow in the direction perpendicular to pool
boundary. This dendritic solidification of the weld metal re-
sults in segregation of alloying elements within the grain
structures which would lead to the formation of localised re-
gion with relatively low corrosion protection. Columnar grain
growth was reported to influence mechanical properties [30]
and microstructural features, such as microsegregation [31].
The effect of post-weld cold rolling did not show any major
transformation in the grain structure, but elongation of the
grain size was evident as shown in Fig. 10b. Post-weld cold
rolling followed by laser processing (in the first phase) shows
a minimal refinement of microstructure (Fig. 10c). This indi-
cated that the re-crystallisation is not complete because the
transient thermal cycle is not sufficient to supply enough en-
ergy to sustain the entire recrystallization kinetics. Post-weld
cold rolling followed by laser processing in the second phase
shows a significant grain refinement close to the cap pass as
shown in Fig. 10d. This grain refinement obtained would in-
crease the strength and toughness of the material which is
lower in as-welded state due to the formation of dendritic
grain structure.

Fig. 4 Schematic setup of laser processing. a Transient heating mode. b Heating for prolonged period

Fig. 5 Positions of the thermocouple in weld metal cross section
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In the grain size measurement, the average grain size of the
as-welded sample was 14.81 μm at cap pass. The average
grain size of the post-weld rolling sample taken at the same
position was found to be 19.78 μm. Similarly, average grain
size of 11.00 μm was found when post-weld cold rolling
followed by laser processing (in first phase) was applied on
the sample at the same position while average grain size of
5.10 μm was found when post-weld cold rolling sample was
followed by laser processing in second phase. Generation of
the recrystallized microstructure (5.10 μm) with large propor-
tion of high-angle grain boundaries would increase the
strength and toughness of the material which is lower in as-
welded dendritic grain structure state.

3.3 Hardness distribution

3.3.1 Effect of post-weld cold rolling on hardness

Figure 11a shows the hardness distribution at the cap pass of
the welded samples with different processing conditions.
Hardness values are lowest in the parent metal but sharply
increases in the heat-affected zone, and at the weld metal,
the hardness remains fairly uniform at the cap pass. Post-
weld cold rolling increases the hardness value from 219 to
299 HVat the weld metal. This effect of post-weld cold rolling
is predictable, since work hardening is an inevitable conse-
quence of the plastic deformation induced during rolling.
The HAZ in all the samples were harder than weld metal
and the parent metal. This could be attributed to the strain
hardening of the HAZ.

A hardness scan was performed from the cap pass to the root
pass as shown in Fig. 11b. The effect of cold working was ob-
served throughout the entire thickness of the material when the
post-weld cold rolling was performed. This is due to large num-
ber of slip systems in a FCC lattice. The closely packed planes
make it easier for planes of atoms to slide by each other on
application of load. However, up to about 4 mm below the cap,
the effect was very significant due to direct contact between roller
and cap pass, indicating more plastic deformation at that region.

3.3.2 Effect of post-weld cold rolling followed by laser
processing on hardness

Post-weld cold rolling followed by laser processing in
the first phase shows decrease in hardness values (299

Fig. 6 Sketch showing the gauge volume in strain-scanning method

Fig. 7 Schematic diagram of the multi-pass welded plate showing lines of measurement with reference comb
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to 280 HV) at the cap pass Fig. 11a. This diminished in
hardness values is attributed to change in microstruc-
ture. Although this thermal energy applied was not suf-
ficient to supply enough energy to sustain a complete
recrystallization kinetic. However, in the second phase,
the laser application shows a significant decrease in
hardness values (299 to 241 HV) at the cap pass and
the effect continues throughout the thickness (Fig. 11b).
This indicates that the thermal energy applied was suf-
ficient to supply enough energy to sustain a complete
recrystallization kinetic as it was evident in EBSD stud-
ied shown in Fig. 10d.

3.4 Residual stress

3.4.1 Residual stresses across the as-welded sample

Figure 12 shows the distribution of the stresses in principal
directions (longitudinal, transverse, and normal). As shown,
both the weld zone and HAZ show mainly tensile stress (as-
welded). In the longitudinal direction, the stress has a maxi-
mum value of 395 MPa at the weld metal centreline. With
increasing distance from the weld centreline as shown in the
figures, the temperature declines sharply which lead to uneven
heat input between the weld metal and base metal. These

Fig. 8 Thermal cycles of laser processing. a First phase. b Second phase

Fig. 9 SEM images. aAs-welded. b Post-weld cold rolled. c Post-weld cold rolling followed by laser in first phase. d Post-weld cold rolling followed by
laser in second phase
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thermal contractions of the material in the high-temperature
zone have been restricted by the materials around it, resulting
in the tensile stress. The variation in the stress profile of the
weld metal can be attributed to the fact that fusion zone is
within the arc centre and is predominately affected by the heat
input, traveling speed, and other welding parameters.

It was observed that the transverse residual stresses are
mainly tensile with a maximum value of 158 MPa at the weld
metal centreline. As shown, this magnitude is lower than that
of longitudinal stress direction. This could be attributed to the
fact that during the cooling stage, solidification shrinkage is
restrained by base metal in the transverse direction, which also
contributes to the formation of the tensile stress after welding.
Another possible reason of lower transverse stress could be

the propagation of heat in transverse direction. Heat transfer is
faster in transverse direction than in longitudinal direction;
hence, the heat quantity transferred in transverse direction is
more than in longitudinal direction which may also affect the
stress distribution in transverse direction.

Comparing the normal stress value to the longitudinal and
transverse residual stress, the stress in normal direction is
smaller. Maximum value obtained at weld centreline was
86 MPa. The weld zone shows tensile residual stress and the
HAZ and base metal shows compressive residual stress. With
increasing distance from weld centreline, the stress decreases
gradually and then declines to zero. The tensile residual stress
was observed around the weld centreline because of the solid-
ification of weld metal and constriction of around base metal.

Fig. 10 EBSD. a As-welded. b Post-weld cold rolling. c Post-weld cold rolling followed by laser in first phase. d Post-weld cold rolling followed by
laser in second phase

Fig. 11 a Hardness scan position along the weld metal and b hardness profile
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3.4.2 Effect of post-weld cold rolling

A flat roller of 30 mm width was used which determines the
extent to which localised plastic strain is induced and thereby
generation of compressive longitudinal stress (Fig. 13a).
However, the compressive zone width is narrower than the
width of roller because the contact area of the roller is smaller
compared to the width of roller. Hence, rolling causes plastic
deformation around that region of the weld which is approx-
imately 15 mm in width.

As shown in Fig. 13a, post-weld cold rolling (measurement
was taken at 2 mm below the weld surface) has changed the
longitudinal residual stress state causing it to become com-
pressive around the weld metal (from peak tensile stress of
395 MPa to compressive stress of 80 MPa). Application of
rolling to the welded joints causes yielding of material in the
weld region, thereby relieving the residual stresses that may
exist in the region. These rolling processes compress the ma-
terial in the direction normal to the weld’s surface, thereby
causing it to expand in the plane of the weld, relaxing any
tensile residual stresses in the plane.

3.4.3 Effect of post-weld cold rolling followed by laser
processing

In the first phase, laser processing after cold rolling has shown
an increase in the longitudinal residual stress from compressive
stress of 80 MPa to peak tensile stress of 479 MPa (Fig. 13a).
Similarly, in the second phase, laser processing after cold
rolling (measurement was taken at 3 mm below the weld sur-
face) has modified the longitudinal residual stress from peak
compressive stress of 80 MPa in Fig. 13a to peak tensile stress
of 536 MPa in Fig. 13b indicating a high-thermal input and
non-uniform cooling of the material, thus generating inhomo-
geneous plastic deformation and tensile residual stresses. This
necessitates another novel idea of cold rolling after laser pro-
cessing to redistribute and eliminate the tensile residual stress
which would have formed during laser processing.

3.4.4 Effect of cold rolling after post-weld cold rolling
followed by laser processing

Further cold rolling after post-weld cold rolling followed by
laser processing has changed the longitudinal residual stress
state once again to become compressive around the weld metal
(from peak tensile stress of 536 MPa to compressive stress of
162 MPa in Fig. 13b). The presence of this compressive stress
component would likely inhibit crack propagation across the
weld under longitudinal fatigue loading which is essential for
structural integrity of an engineering or structural component.

4 Conclusion

This paper investigates the possibilities of using high-pressure
rolling and laser processing to modify the residual stress dis-
tribution and microstructure in multi-pass welds of 304L aus-
tenitic stainless steel. It can therefore be deduced from the

Fig. 12 As-welded sample showing stresses in principal directions
(measured 2 mm below the weld surface)

Fig. 13 Residual stress profile across the weld sample with different processing conditions. a First phase of the measurement at measured 2 mm below
the weld surface. b Second phase of the measurement at measured 3 mm below the weld surface
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experiments that the modified laser processing followed by
cold rolling resulted in generation of complete recrystallized
microstructure with compressive residual stress state. Gener-
ation of this compressive stress state is beneficial in improving
the structural integrity of a component as most of the in-
service deterioration starts with a surface flaw. The generation
of the recrystallized microstructure with large proportion of
high-angle grain boundaries would increase the strength and
toughness of the material which is lower in as-welded dendrit-
ic grain structure state.

This recrystallized grain structure is also important in this
material since the change in dendritic structure to a kind of
equiaxed grains structure will limit the Cr segregation in the
welds which would have resulted in formation of corrosion
microcells.

In summary, this novel processing clearly demonstrates
the improvement of structural features that can be obtain-
ed in traditional welded structural alloys. However, opti-
misation of the post-weld cold rolling and laser process-
ing would be required for different alloy systems. It
would be advisable to consider the material’s work hard-
ening characteristics and the effects of deformation on
metallurgical and constitutive properties, if post-weld cold
rolling is to be applied.
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