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AISI Type 304L austenitic stainless steels are extensively used in industries, and welding is an indispens-
able tool used for joining these materials. In a multi-pass weld, the development of residual stress to a
large extent depends on the response of the weld metal, heat affected zone and parent material to com-
plex thermo-mechanical cycles during welding. Earlier researchers on this area used either mechanical
tensioning or heat treatment to modify the residual stress distribution in and around the weld. In this
research, microstructural refinement with modification of residual stress state was attempted by using
high pressure cold rolling followed by laser processing in 12 mm thick 304L austenitic stainless steels
which is a novel technique. The hardening of the weld metal was evaluated after welding, post weld cold
rolling, and post weld cold rolling followed by laser processing. The residual stress was determined non-
destructively by using neutron diffraction. Residual stress analysis show that post weld cold rolling was
effective in modifying the longitudinal residual stress distribution throughout the entire thickness. Post
weld cold rolling followed by laser processing performed in this research was to induce recrystallization
of the cold rolled grains. However, post weld cold rolling followed by laser processing showed minor
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grain refinement but was not effective as it reinstated the stress state.
© 2015 The Society of Manufacturing Engineers. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Austenitic stainless steel types are the most widely used stain-
less steels which contain nominally 18% chromium and 8% nickel.
These material exhibits an attractive combination of good strength,
ductility, toughness, excellent corrosion resistance and good weld-
ability [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 engi-
neering [3].

In 300 series austenitic stainless steel grades, AISI 304L stainless
steels are extensively used in industries due to their superior low
temperature toughness in addition to high corrosionresistance. The
carbon content in this alloy is restricted to 0.03%C maximum to
avoid chromium carbide formation which leads to lowering of cor-
rosion resistance in localised area. Example of application of these

* Corresponding author. Tel.: +447741931257.
E-mail addresses: Jibrinsule2005@yahoo.com (J. Sule), s.ganguly@cranfield.ac.uk
(S. Ganguly), harry.coules@bristol.ac.uk (H. Coules), pirling@ill.eu (T. Pirling).

http://dx.doi.org/10.1016/j.jmapro.2015.03.003

materials include storage and transportation of liquefied natural
gas [4]| which was reported that, an estimate of more than 20,000 t
of 304 and 304L austenitic stainless steels are used per year [5].

Among the various fabrication methods, fusion welding is one
of the most widely used joining processes to fabricate stainless
steel structures. The welded joints in any installation, is the area
of critical importance, since they are likely to contain a higher den-
sity of defects than the parent metal and their physical properties
can differ significantly from the parent metal. Differences in both
welding consumables and the welding process may affect the final
weld composition and due to competitive crystal growth which
occurs during solidification, preferred crystallographically orien-
tated structures are always observed.

During welding, the rapid solidification caused by the weld ther-
mal cycle induces residual stresses within the weld metal. The
magnitude (residual stress) of which must be known if the signifi-
cance of defects is to be assessed. Such stresses are often reduced
or possibly eliminated by a post-weld heat treatment [6] or by
other method before the component is put into service. In addition,
sensitization of the weldments is one of the potential problems
in the welding of austenitic stainless steels. Sensitization leads
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dx.doi.org/10.1016/j.jmapro.2015.03.003
http://www.sciencedirect.com/science/journal/15266125
http://www.elsevier.com/locate/manpro
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmapro.2015.03.003&domain=pdf
mailto:Jibrinsule2005@yahoo.com
mailto:s.ganguly@cranfield.ac.uk
mailto:harry.coules@bristol.ac.uk
mailto:pirling@ill.eu
dx.doi.org/10.1016/j.jmapro.2015.03.003

142 J. Sule et al. / Journal of Manufacturing Processes 18 (2015) 141-150

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

C Si Mn Cr P Mo

Ni Al S Cu Nb Ti

0.021 0.36 1.48 18.2 0.022 0.15

8.10 <0.01 <0.005 0.19 0.01 <0.01

to degradation of corrosion resistance as well as the mechanical
properties of the welded samples [7,8]. Although depending upon
the application; titanium, niobium or tantalum can be added to
resist sensitisation which results into loss of corrosion resistance
properties in localised area [2]. The sensitised microstructure along
with presence of residual stress will hasten crack propagation. For
example, austenitic stainless steels with residual stresses under a
corrosive service environment may fail by stress corrosion crack-
ing (SCC). This type of failure occurs under the combined action of
corrosion and externally applied stresses in susceptible materials.

Therefore, the knowledge and the method to eliminate the
residual stresses field in a welded joint is important in avoid-
ing distortion, and to prevent premature failure due to in-service
degradation mechanisms such as fatigue, stress corrosion cracking.

A number of methods have been used to mitigate the effects
of residual stress in stainless steels. These include; low temper-
ature stress relief with slow cooling, and solution annealing [9].
The use of filler metals was also developed to reduce the residual
stresses generated during welding [ 10]. Vibratory stress relief (VSR)
which is a process to reduce and redistribute the internal residual
stresses of welded stainless steel structures by means of post-weld
mechanical vibration was reported [11,12]. The water-shower cool-
ing during welding was also reported to reduce tensile residual
stress in austenitic stainless steel welding [13]. However, applica-
tion of local mechanical tension (rolling) on multi-pass welds of
stainless steel is a novel approach.

Post weld cold rolling followed by laser processing presented
in this paper was carried out to induce recrystallization of the cold
rolled grains. Generation of such microstructure would increase the
strength and toughness of the material which is lower in as-welded
state due to the formation of dendritic grain structure in multi-pass
welds.

The aim of this research is the modification of residual stress
(creation of compressive residual stress in and around the weld)
and creation of a re-crystallised microstructure by applying a
novel technique of local mechanical tensioning (post weld rolling
method) followed by laser processing to modify the stress field
and refine the microstructural constituents in a multi-pass of 304L
austenitic stainless steel.

2. Experimental procedures
2.1. Material

The material used for this research was AISI 304L grade of
austenitic stainless steel plate (12 mm thick) and the filler wire
used was Lincoln MIG 308L Si of 1.0 mm nominal diameter. Table 1
shows the chemical compositions of the AISI 304L grade. Table 2
shows the chemical compositions of the filler wire. The shielding
gas used was 98% Ar and 2% O, at flow rate of 30 1min—!. The dimen-
sion of the test piece used for welding was (300 x 150 x 12) mm?3
which was machined out from the 304L grade of austenitic stainless
steel plate. The setup is shown in Fig. 1.

Table 2

Chemical composition (wt %) of the filler wire.
C Si Mn Cr P Mo Ni
0.01 0.75 1.6 20 0.015 0.20 10

304L Stainless l

steel |
M Backing bar

Fig. 1. 304L grade of austenitic steel plate set-up with backing bar.

12 mm

2.2. Experimental method

2.2.1. Welding

The welding process used was the Tandem Gas Metal Arc Weld-
ing (GMAW) DC electrode positive. An optimised GMAW torch as
shown in Fig. 2 was used for welding. The contact tips were fed by
two independent power sources and two independent wire feeding
units. During welding the lead arc determines the depth of pene-
tration while the trail arc controls the final weld bead shape [14].
Significant research on this welding process has been reported and
can be found in [15,16]. The welding parameters used are shown in
Table 3

The heat input was also calculated using Eq. (1).

Heat input = (current x voltage x efficiency)/(Travel speed) (1)

The efficiency used in this research was 80% of the total heat
input according to Kou [8].

2.2.2. Rolling (local mechanical tensioning)

The rolling machine used was capable of rolling with a constant
load. The principle of operation of this machine is that, the hydraulic
cylinder applies a vertical force through a single roller supported
in a fork assembly. The roller was made from hardened BS 4659
BH13 tool steel. It has an effective width of 30 mm and its diameter
is 100 mm. The welded plate was firmly clamped on the base plate
of the rolling rig as shown in Fig. 3 while the crossbeam with the
roller, is translated by a linear drive system.

Gas Nozzle

Trail Lead
contact tip contact tip

Narrow
groove

Direction of welding

Fig. 2. Typical tandem GMAW torch.
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Table 3
Welding parameters on narrow groove welds.
Lead Trail Lead Trail
Pass Travel speed Wire feed speed Average. Average. Wfs Average. Average. Heat input Heat input
(mmin~1) (mmin-1) current (A) volts (v) (mmin-') current (A) volts (v) (kymm-~1) (kJmm-~1)
Root pass 0.9 11 218.9 211 11 216.1 21.0 0.26 0.25
Fill 1 0.9 12 232.3 219 12 230.3 223 0.28 0.28
Cap pass 0.7 10 2225 235 10 219.8 239 037 0.37

Post weld cold rolling was carried out on the capping pass of the
multi-pass weld using a rolling load of 100 kN with constant travel
speed of 0.7mmin~'. A flat roller was used and the rolling force
was applied on the top of the weld metal. The roller did not touch
the plate surface on either side of the weld. Hence the rolling load
was transferred through the capping pass.

2.2.3. Laser processing

An IPG YLR-8000 fibre laser was used for laser processing. The
laser beam was delivered to the laser head through an optical fibre
of 300 wm diameter. The Laser beam was collimated by a lens of
125 mm focal length and then focused using a 250 mm focussing
lens. This produced a spot size of 0.61 mm at the focal spot. How-
ever, the laser beam in this specific experiment was used to increase
the temperature at a very controlled rate and a defocussed beam
of 20mm spot size was used to reduce the power density at the
spot. The vertical distance for defocussing was determined using
a beam diagnostic system. The laser set-up is shown in Fig. 4. The
laser head was tilted at 10° angle to avoid any back reflection which
could damage the lens.

The purpose of laser processing is to induce recrystallization
after cold rolling of the weld metal. Localised cold rolling of the
weld metal resulted in local plastic deformation which did not only
introduces strain energy but also relaxes the tensile residual stress
state that formed from the thermal energy applied during welding.
Application of laser on the other hand was to induce recrystalliza-
tion; however, excessive application would result in reinstating the
residual stress state which was removed during cold rolling. There-
fore, application of laser needed to be precise to achieve a controlled
rise in temperature.

hydraulic
- cylinder

Roller
fork
assembly

Welded
Plate

Fig. 3. Overview of the rolling rig set-up showing roller and welded plate.

6-axis robot

Optical fibre

Single axis
translation
stage

Clamping system

Fig. 4. Laser processing set-up for the experiment.

2.3. Experimental measurement

2.3.1. Weld thermal cycles determination

Thermocouples were used to measure the transient thermal
cycle of the weld metal with the aid of a Scopecorder 750 instru-
ment. A hole was drilled through the plate thickness from the
root side through the backing bar as shown in Fig. 5, into which
K-type thermocouples was placed. The thermocouple was placed
at 0.5 mm below the top of the capping pass. Laser travel speed
of 0.3mmin~! and 0.4mmin~! were used with laser powers of
1.0kW and 0.5 kW respectively.

2.3.2. Microstructure and hardness test

The welded samples were cut, ground and polished according
to standard metallographic procedures for microstructural obser-
vations and micro hardness tests. For micro hardness testing, 500 g
load and 5s dwell time was applied. Across and along the multi-
pass weld metal, the hardness scanning was done with an interval
of 0.5 mm between consecutive points.

Note: iy
Dimensions I

not to scale
Backing 5 | I |
bar T

_(\hermocouple inserted
1

Fig. 5. Sketch showing thermocouple positions in weld metal cross-section.
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(a) Indicatingwhere the samples | ()
was taken for testing

Note: All dimensions
are in millimetres

Fig. 6. Tensile test (a) All weld metal in longitudinal direction (b) dimension of tested samples.

2.3.3. Tensile tests

The all weld metal tensile testing samples were machined from
the welded plates in accordance to ASTM E8/ES8M-08 standards.
The tensile tests were designed to ensure that, the samples to be
tested are taken as close as possible near the cap pass in longitudinal
direction (welding direction of the plate) as shown in Fig. 6(a). As
shown in the sketch (Fig. 6(a)), 2/3 of the cap pass and 1/3 of fill 1
form the tested samples.

2.3.4. Measurement of residual stresses

Strain Analyser for Large and Small scale engineering Applica-
tions (SALSA) neutron diffractometer at the Institut Laue Langevin
in France was used to measure the residual elastic strain [17]. The
residual stress state was analysed from the measured elastic strain
[18]. Measurements were made on the mid cross-sectional plane
of a 200 mm sample (plane PQRS) shown in Fig. 7. This was based
on the assumption that, the stress state in the middle will be from
steady state welding process. The measurements were taken at 2,
6 and 10 mm below the plate surface on which the capping pass
was laid. Longitudinal, transverse and normal strains were mea-
sured assuming these directions, by symmetry, to be the principal
stress directions. The coordinate axes shown in Fig. 7: L represents
the longitudinal direction, T represents transverse direction, and N
represents normal direction.

The inter-planar spacing (d) of the {311} family of crystallo-
graphic planes was chosen for measurements of all the principal
strain directions since this plane gives the macroscopic average
strain over the measured gauge volume [17]. The measurements
were made using a neutron incident beam of wavelength, 1.62 A,
which gives a diffraction angle (26) of 95.99°. Through-thickness

250

Lines of
measurement

\\ |

Note: All dimensions
are in millimetre and
e not to scale

INMANNONOOTY:

Fig. 7. Schematic diagram of the multi-pass welded plate and the reference comb
sample.

/

scan was used for accurate positioning of the gauge volume within
the plate. The gauge volume dimension was determined by using
slits in front of the in-coming beam and collimates the diffracted
beam to maintain the through thickness resolution. For this experi-
ment, an incoming beam of 2 x 2 mm? was used for the longitudinal
strain measurement while a 2 mm collimator was used for the
diffracted beam to achieve the desired spatial resolution. For
transverse and normal strain measurement an incoming beam of
2 x 20mm? was used, with the assumption that the stress state
and magnitude will remain constant in the welding direction. The
increase in gauge volume along the welding direction, in these two
directions, allows faster measurement with more grain sampling.

The stress-free inter-planar spacing was measured using a comb
sample of dimension 6 mm x 6 mm x 5 mm machined out from the
parent plate by electrical discharge machining (EDM). The dimen-
sion of the individual comb would ensure relaxation of any macro
residual stress field and will allow positional correction of the mea-
sured strain for compositional variation across the weld and also
any changes in lattice parameter due to intergranular straining
[19,20]. The stress-free lattice spacing (dg) was measured in all the
three principal strain directions.

The lattice spacing d is related to scattering angle ¢y, by Bragg’s
law [21] as shown in Eq. (2).

» = 2dyyy sin (@) (2)

Where, A, is the wavelength of the incident neutron beam; (dj;)
is the inter-planar spacing and ¢y, is the angle between incident
and diffracted beams.

Gaussian fitting routine was used to fit the intensity profile and
precise determination of the peak position. The stress-free lattice
spacing (dp) measurement combined with the lattice spacing mea-
surements were used to calculate strain (¢) for every position across
the weld using Eq. (3).

- (dhkld - dOhkl) 3)
Ohkl
Where ¢ is strain, hkl are the coordinate planes, d is the lattice
spacing and dy is strain-free spacing (measured in the same plane).
Once the strain is determined, the principal stress was analysed
using the Hooke’s law for three dimensional state of stress as shown
in Eq. (4), using the appropriate elastic constants for the specific
crystallographic plane.

%i=q fv) [91‘1‘ a —UZU) (11 + €22 +833)} (4)

Where E and v are the Young’s modulus and Poisson ratio
respectively, and i=1, 2, 3 indicate the component of stress and
strain relative to chosen to the principal strain directions. Elas-
tic constants values of E=200GPa and v =0.29 [22] are used to
calculate stress from measured strains.
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600 -
I’\
500 - PN TC 1.0 KW @ 0.3 m/mm
P ——TCO05kW@ 0.3 m/ mm
foo — —TC 0.5 kW @ 0.4 m/min

Temperature (°C)
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Fig. 8. Thermal cycles of laser powers of 1.0kW and 0.5 kW with travel speed of
0.3mmin~! and 0.4 mmin~! at 0.5 mm below the capping pass.

2.3.5. Full width at half maximum

Full width at half maximum of a diffraction peak indicates the
plastic strain history of the point in a metallic material [23,24].
Analysis of full width at half maximum reveals information with
respect to the inter-granular straining of the alloy [25].

3. Results and discussions
3.1. Time-temperature plot

Fig. 8 shows the weld thermal cycle for the two different laser
powers and two different laser travel speeds at constant beam
diameter of 20 mm. As shown in the figure, the peak temperature of
the 1.0 kW at 0.5 mm below the weld surface using a travel speed
of 0.3 mmin~! was approximately 537 °C (810K). With the same
travel speed and location but using laser power of 0.5 kW, the cor-
responding temperature reading was 330 °C (603 K). Similarly, with
laser power of 0.5 kW at travel speed of 0.4 m min~!, correspond to
temperature reading of 295°C (568 K). In this research, the laser
power of 1.0 kW with the travel speed of 0.3 mmin~! was chosen
for the experimental work described here. This combination was
chosen based on the metallographic results.

3.2. Microstructure observation

Fig. 9 shows the optical microstructures of the capping pass
of the three samples consist of austenite and ferrite structures.
These structures are as a result of both the solidification behaviour
and subsequent solid-state transformations which are controlled
by both composition and weld cooling rates. Under normal con-
dition, austenitic stainless steels will exhibit a single phase that is
maintained over a wide temperature range. However, austenitic
microstructure containing a small amount of ferrite is less crack
sensitive compared to a fully austenitic microstructure. Fig. 9(a),
shows a columnar dendritic structure. This is attributed to the fact
that, during weld metal solidification, grains tends to grow in the
direction perpendicular to pool boundary. This dendritic solidifi-
cation of the weld metal often leads to segregation of alloying
elements within the grain structures which would result in for-
mation of localised region with reduced corrosion protection. Post
weld cold rolling shown in Fig. 9(b) has modified the grain struc-
ture. It was observed that the deformation cause by cold rolling
does not initiate any measurable transformation. Post weld cold
rolling follower by laser processing resulted in refining the grains
as shown in Fig. 9(c). This refine grains would increase the strength
and toughness of the material which is lower in as-welded state
due to the formation of dendritic grain structure.

columnar

columnar Dendritic

Dendritic

100 microns

100 microns

100 microns

Fig. 9. Optical micrograph of 304L austenitic steel at the cap pass (a) As-welded (b)
Post weld cold rolled (c) Post weld cold rolled followed by laser.

For further analysis of grain structure, the crystallographic
textures of weld metals were obtained by electron back-scatter
diffraction (EBSD). The pole Fig. plots are shown in Fig. 10. The tex-
ture intensity of the samples decreases as the sample was rolled and
further decrease when post weld rolled followed by laser treatment
was applied. This shows that the texture of the austenitic phase can
be affected by grain reorientation induced by plastic deformation.

These textures were obtained from data collected over an area of
316 wm x 234 wm with step size 0.73 pm. It is important to empha-
size that the grid step size limits the size of the structure elements
that can be analysed using EBSD. However, based on the step size
used, the average grain size of the as-welded sample was 14.81 pum
at cap pass. When the rolling load was applied on the same position,
the average grain size was found to be 19.78 pm, similarly; average
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Pole Figure

[As-welded (cap pass).c
Iron fec (m3m)
Complete data set
951009 data points
Equal Area projection
Upper hemisphere

Half width:10°
Cluster size:5°

Exp. densities (mud):
Min=0.00, Max=6.87

Pole Figure

[Post weld rolled (Cap pa
Iron fec (m3m)
Complete data set
68115 data points
Equal Area projection
Upper hemisphere

Half width:10°
Cluster size:5°

Exp. densities (mud):
Min=0.01, Max=5.54

Pole Figure

[Laser treatment (Cap p4
Iron fce (M3m)
Complete data set
939081 data points
Equal Area projection
Upper hemisphere

Half width:10°
Cluster size:5°

Exp. densities (mud):
Min= 0.08, Max= 4.67

Fig. 10. Pole Fig.s of crystallographic planes obtained by electronic back-scatter
diffraction pattern measurement at the cap pass (a) As-welded (b) Post weld cold
rolled (c) Post weld cold rolled followed by laser.

grain size of 11.00 pm was found when post weld cold rolling fol-
lowed by laser processing was applied on the sample at the same
position. Among many other factors, grain boundary area poses as
one of the major obstacles for movement of dislocations. Although,
there is no significant changes in the grain sizes, the reduced grain
size (11.00 wm), in laser processed samples would, therefore, has
the potential of improving the strength and toughness of the weld
metal. It was also evident that, in as welded sample, the grain size
increase from root pass to cap pas. The root pass, fill 1 and the
cap pass have the grain sizes of 4.20 um, 10.37 wm and 14.81 pum
respectively. This could be attributed to the fact that, thermal cycles
from subsequent passes refine the grains from the previous pass.

3.3. Residual stress
The residual stress analysed from the measurements of elastic

strain shows a variation in residual stress across the weld at 2 mm
below the weld surface (Fig. 11). These are familiar distributions

of longitudinal residual stress (oxx) during welding: showing ten-
sile stresses close to the weld line and slightly compressive further
away from it.

The residual stress analysed also showed a reduction in magni-
tude from cap to root in the as-welded state. As expected, when
a cold rolling was applied the localised plastic deformation was
evident throughout the entire thickness. However, the effect was
more significant at the cap pass causing the tensile residual stress
state near the cap to change to compressive stress state (Fig. 12). At
the root pass, the tensile residual stress reduces from 208 MPa to
74 MPa as shown in Fig. 12. Generation of compressive stress state
at the cap pass is beneficial in improving the structural integrity of
a component as most of the in-service deterioration starts with a
surface flaw.

AsalsoshowninFig. 12, the peak tensile residual stress of the as-
welded sample diminishes in magnitude through the thickness of a
multi-pass weld. This is attributed to the fact that, multiple passes
result in thermal straining of previously laid pass from successive
passes. The thermal cycling would cause macroscopic plastic defor-
mation of previously laid passes. In other words, subsequent passes
have an annealing effect on the previous one, thereby relieving
residual stresses from the previous passes.

3.3.1. Effect of post weld cold rolling through the thickness

A flat roller of 30 mm width was used which determines the
extent to which localized plastic strain is induced and thereby,
generation of compressive longitudinal stress (Fig. 11). 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 approximately 20 mm in width.

As shown in Fig. 11, post weld cold rolling has changed the
longitudinal residual stress state causing it to become compres-
sive 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 weld metal to yield thereby relieving the residual
stress state that exists in the region. In other word, these rolling
processes, compresses the material 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.

It was evident that, at about 6 mm below the weld surface
(Fig. 12), the rolling load has significant influence on the resid-
ual stress state of the weld (changing the peak tensile stress from
319 MPa to 50 MPa). These suggest that, the closely packed atom
of the material (304L austenitic) make it easier to deform through
the thickness which enables the reduction in the residual stress to
extend through the thickness. Deformability of austenitic steel is
higher than the ferritic steel because of more active slip planes in
austenitic steel.

Similarly, at 10 mm below the weld surface; the rolling load
changes the residual stress state (peak tensile stress from 208 MPa
to 74 MPa) suggesting little impact of the rolling in this region. It
can therefore be deduced from this work that post weld cold rolling
was effective in modifying the residual stress.

3.3.2. Effect of post weld cold rolling followed by laser processing

Laser processing after cold rolling has been shown to increase
the longitudinal residual stress from compressive stress of 80 MPa
to peak tensile stress of 479 MPa (Fig. 11) indicates a high ther-
mal input and non-uniform cooling of the material, thus generating
inhomogeneous plastic deformation and tensile residual stresses.

With reduced heat input below the weld surface (6 mm), change
on the longitudinal residual stress state was observed, modifying
the peak tensile stress from 50 MPa to 220 MPa (Fig. 12). This could
be attributed to low thermal conductivity and high coefficient of
thermal expansion of the austenitic steel.
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Roller width size

Roller contact area

Longitudinal stress (Mpa)

-200

Distance (mm) from weld centre line

30 mm
< >

IFIat Roller

Initial weld profile

— - As welded
—e— Post weld cold rolled
Post weld cold rolled followed

by laser Treatment

20

Fig. 11. Residual stress profile across the weld in sample with different processing conditions (measured 2 mm below the top surface).

Similarly, at about 10 mm below the weld surface (Fig. 12), appli-
cation of laser processing to the cold rolled samples reinstated
residual stress distribution profile to as-welded state. Indicating
that, the heat conducted through the material at that region was
not sufficient to cause any changes in the residual stress state.

3.4. Full width at half maximum (FWHM)

FWHM values of the diffraction peaks were obtained from Large
Array Manipulation Program (LAMP) software. Fig. 13 shows the
effect of FWHM on (a) as-welded sample at different depth (b) Post
weld cold rolling at different depth and (c) the three samples at
2 mm below weld surface.

As shown in as-welded sample in Fig. 13(a), the FWHM at
10mm below the weld surface was higher than the FWHM at
2mm below the weld surface. Since the root regions experience
more thermal cycles than any other region, the root pass undergo
more thermal straining compare to cap pass. Fig. 13(b) shows a
significant increase in FWHM profile at the cap pass when the
cold rolled was applied to the weld metal. This shows that, the
FWHM increases with hardening (increasing plastic deformation).
Of course, because of the direct contact between the cap pass and
the roller, the cap pass of the weld experience more deformation
as compared to passes below the cap pass. In addition, as the effect
of the applied load by the roller diminishes through the thickness

600 —= - As welded
E —=— Post weld cold rolled
[« 500 X Post weld cold rolled followed
E by laser Treatment
< 400 F
a ~
@ 300 ~ .
- + ~
> 200 i ’
© =
=
5 100
2 0. =
o)
§ 100 ? 2 10
-

Distance (mm) from Cap pass
to Root pass

Fig. 12. Variation of peak residual stress magnitude through the thickness (mea-
sured at 2, 6, and 10 mm below the top surface).

as shown in Fig. 13(b), the peak FWHM decreases; indicating that
FWMH is influenced by the work hardening effect of the cold
rolling process. Therefore, the dominant factor affecting FWHM of
plastically deformed sample is lattice relaxation induced by misfit
dislocation. However, FWHM profiles are not only influenced by
plastic deformation but it is also sensitive to residual stress [26].
In this experiment, an increase in FWHM as shown Fig. 13(b),
modified the tensile residual stress to compressive residual stress
(cap pass) as it is evident in Fig. 11. Furthermore, as FWHM profile
reduces when cold rolling followed by laser processing was applied
in Fig. 13(c), the tensile residual stresses increase (Fig. 11). This
could be due to the high thermal input from laser.

3.5. Hardness

A hardness scan was performed from the cap pass to the root
pass as shown in Fig. 14. The effect of cold working was observed
throughout the entire thickness of the material when load of 100 kN
was applied. This may be attributed to closely packed plane of the
material since it is easier for dislocation to move. However, the cold
working was most significant at the cap pass because of direct roller
contact with cap pass when compared with other passes.

Application of laser after cold weld rolling shows decrease in
hardness values (300HV to 280HV) at the cap pass. This diminished
in hardness values, could be attributed to change in microstructure.
Although, the thermal energy applied was not sufficient to supply
enough energy to sustain a complete recrystallization kinetic as it
was evident in the change in grain sizes measured.

Fig. 15 shows the hardness distribution at the cap pass. Fig. 15(a)
shows the hardness scan line (measurement at 1 mm below the
plate surface) on the sample while Fig. 15(b) shows the hardness
profile. The heat-affected zones (HAZ) in all the three samples were
harder than the base metal. This could be attributed to the strain-
hardening of the HAZ.

Hardness in the weld metal can also be attributed to the for-
mation of strain-induced martensite as result of cold deformation.
Although a number of researches have been carry out on the forma-
tion of martensite in stainless steels upon cold work [27-29], but
it was not clear in literature about the amount of plastic deforma-
tion that could introduce martensite in stainless. However, in this
research, it can be deduce that the quantity of martensite formed
largely depends on the temperature and on the nature and rate of
deformation.
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Fig. 14. Showing (a) hardness scan position along the weld metal and (b) hardness profile.

However, post weld cold rolled followed by laser processing cooling after welding, the stresses generated may exceed the yield
softened the weld metal due to annealing of the strain hard- strength, causing plastic deformation and work hardening in the
ened which caused a fall in proof stress. This softening of the weld metal. Since the root regions experience more thermal cycles
grain structure indicates refining the grains which will therefore than any other region, they undergo more thermal straining. The

improve the mechanical properties of the weld metal. enhanced plastic deformation in the root regions is responsible for
As show in Fig. 16, during welding and subsequent cooling of the high hardness values observed in the root pass. The increase
material, residual stresses are generated in weldments due to dif- in hardness at the root pass (as-welded) could also be attributed

ferential heating and cooling rates [1,30]. When this material is to increase in chromium content in weld metal (which is about
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Fig. 15. Showing (a) hardness scan position (b) Hardness profile across the cap pass of three samples.
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Fig. 16. As- welded (a) hardness scan position (b) Hardness profile across the multi-pass welds.

20.43 wt%), since high chromium content combining with nio-
bium presence in the weld metal increases steel hardenability. The
scattering of the hardness values could be due to placement of
indentation within the weld metal since each pass has a different
microstructure as a result of the re-heating by subsequent passes.

3.6. Tensile strength

Fig. 17 shows the ultimate tensile strength (UTS), the 0.2% proof
strength (PS) and the percentage elongation (%EL). Post weld cold
rolling increases the ultimate tensile strength and proof strength,
and decrease the ductility. While, post weld cold rolled followed by
laser processing decreases the ultimate tensile strength and proof
strength, and show a slight increase in the ductility.

As shown in Fig. 17, post weld cold rolled brought about 31%
increase in ultimate tensile strength (526 MPa-690 MPa) and 36%
increase in proof strength (393 MPa-534 MPa) with correspond-
ing reduction in percentage elongation (50.5-37.5%) in the fusion
zone. Of course one of the main mechanism by which plastic defor-
mation takes place is the slip of dislocations. The post weld cold
rolling increases dislocation density which restricts the slipping of
dislocations. In other word, plasticity of the material reduces due to
cold working. This results in lowering of ductility and increase the
strength. Post weld cold rolled lead to increase in proof strength
as well as increase in hardness (Fig. 15) in the fusion zone (cap
pass) indicating that proof stress and Vickers hardness are roughly
related.

Post weld cold rolling followed by laser processing brought
about 9% decrease in UTS and 7% decrease in PS and slight
increase in percentage elongation (37.5-39.5%). This indicates
that, some of the stored internal strain energy was relieved as
a result of enhanced atomic diffusion at higher temperature.
An effective indication of recrystallization can be drop in proof
strength [31] due to releasing of internal energy; the greater the

—+—0.2%PS —m= UTS %EL
. 700 - _m - 60
© - -
& -~ 7 690 - -m
§600 1 56 _ - 627 - 55
D500 | o x 534 496 50 1
* e
& 400 45
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o3 300 1 375 395 40
(7]
B 200 ; 35

As welded Post weld cold  Post weld cold
rolled rolled followed by
laser
Samples

Fig. 17. Tensile test showing the effect of both post weld cold rolled and post weld
cold rolled followed by laser processing.

amount of prior deformation, the lower the temperature to initiate
recrystallization, as the activation energy gap needed to initiate
recrystallization would be less.

4. Conclusions

This paper investigates the possibilities of using local mechan-
ical tensioning (rolling) followed by laser treatment to create a
refined and recrystallized microstructure with modified residual
stress state, thus improving the fatigue life of welded structures. It
can therefore be deduced from the experiments that:

Very minimal grains refinement was observed at the cap pass
of multi-pass welds when post weld cold rolling followed by laser
processing was applied to the sample. This refine grain (average
grainsize of 11.00 wm)in laser processed samples would, therefore,
have the potential of improving the strength and toughness of the
weld metal.

The post weld cold rolling modifies the tensile residual stress
state, and a compressive residual stress was formed below the
weld metal. As the modification of stress state is achieved by plas-
tic deformation, 31% increase in ultimate tensile strength and 36%
increases in proof strength with corresponding reduction in per-
centage elongation (50.5-37.5%) in the fusion zone was observed.

Although, post weld cold rolling followed by laser processing
resulted in formation of minimal refined microstructure. The re-
crystallisation is not sufficient because of the transient thermal
cycle is not sufficient to supply enough energy to sustain the recrys-
tallization kinetics. However, laser processing reinstated as-welded
residual stress state profile with even higher magnitude of peak
stress.

Peak tensile residual stress of the as-welded sample diminishes
in magnitude through the thickness of a multi-pass welds. This is
attributed to the fact that, multiple passes result in thermal strain-
ing of previously laid pass from successive passes. The thermal
cycling would cause macroscopic plastic deformation of previously
laid passes.

FWHM in this experiment shows an increase with increase in
plastic deformation (post weld cold rolled). FWHM in terms of
residual stress state shows that, increase in FWHM modify the
tensile residual stress to compressive stress state. Post weld cold
rolling followed by laser processing reduces the peak of FWHM.
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