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Abstract

Thick-section austenitic stainless steels have widespread industrial applications, where stress-
corrosion cracking is often of major concern. Problems tend to arise in the vicinity of welds,
where substantial residual stresses often reside. This paper describes an investigation into the
residual stresses in autogenous high power laser welds and narrow gap laser welds (NGLW) in
10 mm thick AISI grade 316L steel plates, using both neutron diffraction and the contour
method. The influences of laser power, welding speed and the time interval between weld
passes on residual stress were analysed. For the NGLW process, finite element modelling was
employed to understand the influence of thermal history on residual stress. The results for the
NGLW technique show that the laser power has a significant effect on the peak value of
residual stress, while the welding speed has a more significant influence on the width of the

region sustaining tensile stresses.
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1 Introduction

The structural integrity of civil nuclear power plant components, and especially pressurised
vessels and piping, will be affected by the levels of residual stress in the vicinity of welded
joints [1]. Residual stresses can play a significant role in accelerating or decelerating many
failure processes [2, 3]. Residual stresses in welded joints are usually tensile in the fusion zone
and heat-affected zone [4], although compressive stresses can be generated under some
circumstances if solid-state phase transformations take place during the welding thermal cycles
[5]. Tensile residual stresses are of particular concern because they can contribute to fatigue
crack development in a structure even under compressive cyclic loading [6]. They are also
considered to be the main reason for the initiation and propagation of stress corrosion cracks
(SCC) in austenitic weldments [7]. In addition, the kinetics of defect growth can be affected by
residual stresses. Therefore, significant research effort has been directed to understanding the
development of residual stresses in power plant welds [5].

There are various techniques for measuring residual stresses. The most appropriate technique
for a given application will depend on the region of interest (i.e. one might be interested in
surface stresses only, or in through-thickness residual stresses). The required resolution for the
residual stress measurements and the complexity of the geometry of the component are also
significant factors when choosing the most appropriate measurement technique. Perhaps
unsurprisingly, residual stresses in welds can be difficult to measure. Consequently, the
validation of numerical methods for the prediction of residual stress distributions can be critical
for improving the reliability of structural integrity assessment procedures. The ability to predict
the residual stresses could also allow engineers to select welding parameters and procedures
and reduce the probability of in-service failure [8].

A recent study [9] showed that the narrow gap laser welding (NGLW) technique offers
potential benefits in terms of reduced levels of residual stresses for the welding of plates with
thicknesses exceeding 5 mm, when compared to other welding techniques such as gas-tungsten
arc welding (GTAW) and autogenous high power laser welding. The aim of the current
research is to compare the residual stresses for the NGLW technique with those for high-power
autogenous laser welding, using neutron diffraction, the contour method and the finite-element
modelling technique. In particular, the authors wish to establish the influence of parameters
such as the laser power, the welding speed and the number of filling passes on the residual

stress distributions for NGLW and autogenous laser welding.



2 Experimental methodology

2.1 NGLW preparation (Low power)
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Figure 1:. NGLW of 10 mm thick plates
A 1 kW fibre laser was used with a minimum spot diameter of 70 um, and the focal point was

located 2 mm above the top surface of the plates being joined. The spot diameter at the top
surface of the sample was =~ 220 um. AISI grade 316L stainless steel filler wire with a
diameter of 0.8 mm was used. Figure 1 shows the weld configuration and the shape of the
fusion zone for a 150 mm (weld length) x 200 mm (width of joined plates) x 10 mm thick weld
specimen. The sample was fully restrained during welding.

Pure argon was used as the shielding gas, and it was supplied co-axially through the laser
nozzle, which had a diameter of 6 mm. The welding parameters were selected based on the
results of an optimization process which was reported in a previous study by the authors [10].
The purpose of this process was to optimise weld quality by eliminating weld defects and, at
this stage, no account was given to the resulting levels of residual stress. A laser power of 950
W was used, with a welding traverse speed of 0.6 m/min, a wire feed rate of 1.1 m/min, and the
distance between the tip of the gas nozzle and the surface of the welded joint (i.e. the stand-off
distance) was 8 mm. Ten passes were required in order to complete the NGLW for the 10 mm

thick plate.

2.2 NGLW preparation (high power)

The joint preparation for high power NGLW of the 10 mm thick plates is shown in Figure 2a.
The joint had a 3 mm root depth, a 1.5 mm wide root landing and a side-wall slope angle of 3°.
The welding parameters included a laser power of 4 kW, a welding speed of 0.7 m/min, and a
nozzle stand-off distance of 108 mm with a spot diameter of approximately 750 um. The



diameter of the filler wire was 1.2 mm. The specimen needed 4 filling passes as is evident from

the fusion boundary profile that is shown in Figure 2b.
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Figure 2: High power NGLW

2.3 High power autogenous laser welding

The autogenous laser welding parameters included a laser power of 7.5 kW (using an 8 kW
IPG fibre laser), a welding speed of 0.5 m/min, a standoff distance of 145 mm, and a spot
diameter 1120 um, using a square-butt weld configuration, and argon as the shielding gas. The

weld cross section is shown in Figure 3.

Figure 3: Weld cross section for high power autogenous laser weld

2.4 Method and procedures for residual stress measurements

2.4.1 Neutron diffraction

The neutron diffraction experiments were carried out at the Strain Analyser for Large and Small
scale engineering Applications (SALSA), ILL, Grenoble, France. A monochromatic neutron beam
with a wavelength of approximately 1.7A was used to perform strain measurements. In the strain
scanning setup, a position sensitive detector (PSD) was fitted, which records a single diffraction

peak.



Elastic strains in the specimen cause changes in lattice spacing, and corresponding changes in the
scattering angle. By measuring these small changes in the scattering (Bragg) angle, it is possible to
obtain the elastic strain in the lattice by using Bragg’s law, and hence to obtain the bulk strain in
three orthogonal directions [11]. In polycrystalline austenitic stainless steels the {311} crystal plane
is considered to be suitable for residual stress measurements [12], because the reflections exhibit an
approximately linear response to lattice strain as plasticity starts to occur. This means that they give
a good representation of the macroscopic elastic strain, with minimal sensitivity to inter-granular

and inter-phase stresses.

The incident and diffracted neutron beams are defined by slits or collimators. The gauge volume is
defined by the intersection of the incident and diffracted beams, which defines the region used to
calculate the average stress. In this work a gauge volume of 1 mm x 1 mm x 1 mm was used
owing to the very narrow fusion zone and the expectation that the residual stress distribution would
exhibit steep gradients. In order to obtain a stress value, it is usually necessary to measure strains in

three orthogonal sample orientations (e.g. longitudinal-transverse-normal).

Elastic strains and stresses were determined at the mid-length position of the weld. The locations of
the measurements for each sample are shown in Figure 4. The distances between measurement
points were very small near the fusion zone, such that X; = 1 mm for the NGLW sample, over a

width of 20 mm (i.e. 20 measurements for each depth within the plate).
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Figure 4. Locations for neutron diffraction measurements

These measurements were repeated at three different levels, A, B and C; levels A and C were 2
mm away from the upper and lower surface of the plate, respectively, and level B was at the
mid-depth position. The horizontal distance between measurements at a given depth increased
toward the edges of the plates, due to an expected decrease in the stress gradients. The distance
Xz was 5 mm for the rest of the workpiece.

Once the lattice spacing of the welded samples was determined at each measurement location,

the strain in the same direction was calculated using the following equation.



ALeey) ~Aref (xy)
€ = 1
L(x,y) dref(x,y) ( )

where € vy IS the calculated longitudinal strain at point (x, y), diy y) IS the lattice spacing
measured in longitudinal orientation at point (X, y), and d,.f(x,y)is the stress-free lattice
spacing at point (X, y). Figure 4 shows the longitudinal (L), transverse (T) and normal (N)

directions with respect to the welded joint.

In order to obtain the stress-free lattice spacing, dref(xy) » COMb-shaped strain-free reference
(drer) specimens were prepared. These specimens were required so that position-dependent
values for the stress-free lattice parameter could be determined across the weld. The samples
were prepared by electric discharge machining (EDM), using skim cutting conditions to
minimize the probability of introducing any additional stresses due to the cutting operation.
The configuration of the comb-shaped specimens is shown in Figure 5. The slice thickness was
3.6 mm. It was extracted from the welded joint, and then the comb teeth were created with
further EDM cuts, so that each comb tooth had a cross-section measuring 3.6 mm x 3.6 mm.
Each comb tooth provides a (nominally) stress-free region that can be used to measure defcx,y)
[13], where Y; is the depth of each tooth, which was 8 mm in the 10 mm-thick samples. The
dimensions of each comb tooth had been calculated and cut precisely to ensure that the gauge

volume was completely immersed within an individual comb tooth [14].

4 mm 15 mm
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a - Details of distances between comb teeth b - Overview of the comb specimen
Figure 5: Schematic representation of the strain-free comb (def) Specimens

The strains in the normal ey and transverse et directions were calculated in a similar manner.
The stress acting in the longitudinal orientation, at point (X, y) in the measurement plane, can
then be calculated using a generalised version of Hooke’s law, according to the following

equation:

E311} V{311}

1—21/{311}

OL(xy) = [eLiey) + (erey) + 1oy +Enee)] ()

1+V{3 11}



where Ez113 and vqs1q} are the plane specific values of the elastic modulus and Poisson’s ratio
respectively, determined from in-situ tensile diffraction data. The values of Egs113 and vyziny
were taken to be 193 GPa and 0.28 respectively, and these steps were repeated to calculate the

normal and transverse components of stress.

2.4.2 Contour method

The contour method was developed by Prime [18] and it is based on a variant of Bueckner’s
superposition principles [15,16]. Many researchers, e.g. Kartal et al. [17], Withers et al. [18]
and Edwards et al. [8] have used this technique successfully for the evaluation of the residual
stresses in various welded joints. A detailed description of the technique is given elsewhere
[14].

3 Finite element modelling of NGLW process

Residual stress in welds has a complex dependence on many interacting variables, including
geometry, welding parameters, process constraints (boundary conditions), and material
properties. Many assumptions have to be made in the analysis, particularly in cases where both
the thermal and mechanical responses have to be simulated [19]. Many FE models have been
developed previously to understand and simulate the conventional GTA welding process
[20,21] and autogenous laser welding process [22]; however, there is little knowledge relating
to the evolution of residual stress in NGLW and also little understanding of the effects of

welding parameters on the final stress distribution.

This study uses the finite element (FE) modelling technique to study residual stress
development in narrow gap laser welding using the ABAQUS Welding Interface (AWI).

3.1 Finite element modelling of laser heat source

The ABAQUS Welding Interface (AWI) module is a newly developed module for modelling
multi-pass welding processes, based on an element birth and death technique, to simulate a
moving heat source and weld filler deposition as a function of time in each single pass. This
welding module provides the capability to improve two- and three-dimensional numerical
welding simulations by automating most of the tasks associated with building a welding finite

element model.

In the present investigation, the AWI module was used to simulate the development of the

residual stress distribution in NGLW joints. The influence of inter-pass time on the residual



stresses was investigated. The influence of welding parameters (speed, power) on the
development of stress was also investigated in order to optimise the welding procedures. The
heat source that was applied in the AWI was modified to simulate the actual thermal profile
across the weld bead for the laser welding techniques, as will be discussed in detail in next
sections. Modelling of the welded samples was based on the sample dimensions used in the
experiments, which included a weld length of 150 mm and a plate width of 200 mm, as is

shown in

Figure 6.

Figure 6. Model dimensions and definition according to the geometry used in experiments.

The material properties given in Table 1 were used for the FE simulation. External surfaces for
the welded joint (i.e. those surfaces in contact with the surrounding environment), and the
interfaces (i.e. the boundaries between individual weld beads and between the fusion zone and
the adjacent parent material) had to be defined, as is shown in Figure 7. The convective and
radiation boundary conditions (BCs) also needed to be defined for the top surface of the weld
beads, as well as for the surfaces exposed at each end of the beads, and at the sides, as well as

for the interfaces between the weld beads, and for the base material.

Meshing of the model was performed using different densities according to temperature
gradients and stress variation across the welded joint. A high-density mesh was used near to the
fusion zone. Figure 7 shows modelled and real weld bead cross sections for NGLW of 10 mm

thick plates.



Table 1 Material properties for 316L stainless steel at different temperatures [22]

. | Seedfic | hermal Young Yield strength Yield(1% plastic

Density | Conductivity heat ; : > .
Temperature o exfjle‘fsflon Modulus Po;i?: 5 | (0.2% proof) strain)
e s I e e e | o
20 7979 13.31 0.47 15.24 195 0.267 278 325
100 7937 14.68 0.487 158 191 0.273 233 272
500 7760 20.96 0.571 17.85 164 0.313 146 171
1000 7535 27.53 0.676 19.38 100 0.229 35 40
1200 7430 29.76 0.719 19.95 595 0.223 12 15
1400 7320 31.95 0.765 20.6 2° 0.223 3 33
1500 7320 320" 0.765 20.7 2- 0.223 3 33

The generalised differential equation, which represents heat conduction in a solid body in the
AWI is:

k) +5(b2) +5 () e=pc @
Where ki, ky, k, are the thermal conductivity coefficients in the X, y and z directions
respectively. T is the current temperature, Q is the rate of internal heat generation, p is the
density, C is the specific heat and t is the time. The general solution is obtained by applying

initial and boundary conditions as follows:

Boundary conditions are:

Initial condition T (XY, 20 =To(XY,2z) 4)
Convection Qc=h,A(T-T.,) %)
Radiation Qr=0eAT-T.Y (6)

Where h. is the convective heat-transfer coefficient, A is the surface area subjected to
convection, radiation, and ¢ is the body emissivity. T, is the ambient temperature.
Q=Qc+Qr=0ed (T"-T.))+h A(T-T.)
=geAd (7‘2+TD0 WT-To)(T+Ty) +he A(T—Ty)
=A(T-T,) [oe(TP+T2)(T+T,) +h] @)

The equation could be written in the following form:

Qi=htA(T-Ty) (8)
where Q; is the total heat transfer due to convection and radiation, h; is the total heat transfer
coefficient or film coefficient, such that

hi=0&( T2+ T2 )( T+ T.) + he. 9)



For the ten pass NGLW model of the weld in a 10 mm thick plate, the number of elements in
the x direction ny was 60, the number of elements in the y direction ny was 100, and the number
of elements in the z direction n, was 10. In the heat transfer analysis linear DC3D8 elements
were used, and for the stress analysis C3D8 elements were used. Both types of element are 8
node linear brick elements, as shown in Figure 7. The order of passes (real and modelled) for

the 10 mm thick sample was based on the sequence shown in Figure 7.

A weld pass is divided into basic units called chunks, which define the birth units. Then the
number of elements per chunk has to be defined. If the number is 1 that means the birth unit
(chunk) will consist of one element. One element will be deposited on the plate once the heat

source approaches.
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Figure 7. Modelled and real weld bead cross sections for NGLW of 10 mm thick plates

The traverse speed for the heat source can be controlled through specifying the time period (the
time required to apply the heat source to one element). The time for a step is specified by the
user according to real welding parameters. In this study, for the NGLW technique, the real
weld pass length was 150 mm, and the number of elements in the direction of welding was 100.
The element length was 1.5 mm, and the time period was 0.15 s per element. This corresponds
to a welding speed of 600 mm/min. The cool down time between successive passes was 30
min. The heat associated with welding was applied as a temperature profile in the AWI model.

The AWI assumes a prescribed temperature during weld bead generation in order to represent



the heat source. One of the limitations of the AWI is that the temperature is assumed to be
uniform across the weld bead. Figure 8 shows the thermal profiles for a laser heat source at

different welding speeds, for a peak temperature of 2500 °C.
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Figure 8. Thermal profiles for the heat source in NGLW at different welding speeds

Gaussian heat source profiles have been used for numerical simulation of autogenous laser
welding [23,24]. However, a parabolic profile is considered to offer the best fit for the
temperature distributions in laser welding [23]. In the present work, a parabolic function was
employed for the temperature profile across the laser weld bead, as the experimental work was
based on a single mode 1 kW fibre laser. A peak temperature of 3000°C was used to generate
the weld bead for a 1 kKW fibre laser, and the temperature at the edge of the weld bead, which
was on average 0.5 mm from the weld centreline, was 1500°C [24].

3.2 Experimental validation

Four K-type thermocouples were attached to the upper surface of the 10 mm thick welded joint
for the NGLW process. Thermocouples were located on the top surface of the sample at
distances of 0.5, 1, 1.5, and 2 mm from the edge of the groove at the mid-length position of the

weld. The measurements were carried out for the last pass, which was the nearest to the



thermocouples. A laser power of 950 W was used, with a welding traverse speed of 0.6 m/min,

a wire feed rate of 1.1 m/min, and a stand-off distance of 8 mm.

4 Results and discussion

4.1 Experimental validation

Figure 9 shows the measured thermal cycles for the NGLW process at different locations. The
results show that the measured peak temperature was 1450°C at a distance of 0.5 mm from the
edge of the weld groove. The measured peak temperature decreases to 1150°C at a distance of
1 mm, and to 800 °C at 1.55 mm, and finally to 250 °C at 2 mm. These values will be used for

validation of the thermal analysis.
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Figure 9. Measured temperature transients for the last pass in a NGLW specimen as a function
of distance from the edge of the weld groove.

The 2D parabolic temperature distribution for the deposition of the weld bead can be described

as follows;

x24y?

T(xr y) = [Tpeak - Tinterface][l - T] + Tinterface (10)

where Tpeax IS the peak temperature at the centre of the weld bead; Tinterface 1S the temperature at
the interface between the fusion zone and the base material; x and y are the Cartesian
coordinates of the measured point with respect to the centre of the weld bead and R is the

radius of the weld bead.



Figure 10 shows the results of FE simulations for two modified heat source (parabolic)

representations and compares them with values measured in experiments.

The results show there is close agreement between measured temperatures and those predicted
by the numerical models. The weld temperature profile is shown in Figure 10 as a sample
output from the thermal analysis. The influence of the interface temperature was also
investigated. The modelling was repeated with a different interface temperature (1700°C). The
results showed that the interface temperature has a more significant influence on the accuracy
of predicted temperature fields. Consequently a parabolic profile was used for the temperature

distribution in this work together with an assumed interface temperature of 1500 °C.
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Figure 10. NGLW thermal analysis validation of NGLW

4.2 Residual stress distributions for low power NGLW

Figure 11 shows the distribution of longitudinal residual stresses for the single-sided NGLW
sample, as measured by the contour method. It can be seen that the residual stresses for the

NGLW are approximately symmetrical about the weld centreline.

The stresses in the vicinity of the weld centreline are tensile, with the peak tensile stresses
being close to 350 MPa in magnitude, and they occur approximately 3 mm below the upper

surface of the specimen on the weld centreline. The tensile stresses decreased rapidly with



distance from the weld centreline, and compressive stresses were measured over significant
areas of the measurement plane. The width of the region sustaining tensile residual stresses was
approximately 15 mm.

Extent of tensile residual

Distortion angle

Figure 11: Longitudinal residual stresses in low power NGLW in 10 mm thick plate, as

measured by the contour method [MPa]

4.3 Residual stress distributions for high power NGLW

The residual stress distribution for the high power NGLW experiment is shown in Figure 12.
The plot shows that the distribution is approximately symmetric. The peak stress is close to 600
MPa in tension. With the higher power, a lower number of passes was required to fill the joint.

However, the value of the peak stress and the extent of the tensile region both appear to be

larger than for the low power NGLW. A detailed comparison between the two welding
conditions will be presented in the next section.
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Figure 12: Longitudinal residual stress profile for high power NGLW sample [MPa]- the laser

power was 4 KW and the welding speed was 0.72 m/min



4.4 Neutron diffraction measurements for low power NGLW

Figure 13 shows the longitudinal residual stresses for the low power NGLW plate, as measured
by neutron diffraction. The results show that a relatively narrow region of tensile stress exists
close to the weld centreline, and that this region extends to approximately 10 mm from the
centreline. The highest value of stress is close to 400 MPa and this was measured on the weld
centreline 2 mm below the top surface. A secondary peak also occurs on the weld centreline at
a depth of 7 mm. The stresses rapidly decrease with increasing distance from the weld
centreline towards the edge of the sample.

A notable exception to this trend occurs at a distance of 4 mm from the weld centreline, where
there is a local dip in the stress. This dip is likely to be an artefact caused by a discrepancy in the

value of d¢, the stress-free lattice parameter at that location.
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Figure 13: Longitudinal residual stresses for the low power NGLW sample at different depths
as measured by neutron diffraction.

Figure 14 compares the three components of residual stress in the low power NGLW sample at
a distance of 2 mm below the top surface. As might be expected, the highest stresses (~ 400
MPa) were measured in the longitudinal direction, followed by the transverse direction (~ 200
MPa), and finally the normal direction (~ 100 MPa).
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Figure 14: Longitudinal, transverse, and normal stresses for the low power NGLW sample as a
function of distance from the weld centreline. The measurements were made at a depth of 2
mm below the top surface using the neutron diffraction technique.

4.5 Comparison of residual stresses for high and low power welds

The longitudinal residual stress distributions for the high power (4 kW and 4 filling passes) and
the low power (1 kW and 10 filling passes) NGLW samples are compared in Figure 15. The
data were obtained using the contour method and they correspond to a depth of 3 mm below
the top surface of the plate. The results show that the peak stresses coincide with the weld
centreline, and that the stress distributions are approximately symmetric for both welding
conditions. The peak value of residual stress for the high power welding parameters is
approximately 600 MPa, but this decreased to ~ 350 MPa for the low power welding
conditions. The width of the tensile region can also be seen to be significantly higher in the

high power specimen (~ 25 mm) than in the low power specimen (~ 15 mm).

—4 kW- 4 passes
— — 1 kW - 10 passes

Figure 15: Longitudinal residual stress distributions for high-power and low-power NGLW as
measured by the contour method. The stresses were obtained at a depth of 2 mm below the top surface
of each plate. The horizontal axis shows distance from the weld centreline (mm) and the vertical axis

shows residual stress (MPa).



The results in Figure 15 suggest that the residual stress distributions for NGLW are quite
sensitive to laser power, with an increase in laser power leading to an increase in the peak
value of residual stress and also to the width of the tensile region. This would suggest that,
from a structural integrity standpoint, there may be benefits associated with using a lower
welding power and a higher number of weld passes when joining thick cross sections.
However, in making such a choice there would be a trade off with welding productivity, since a
reduction in laser power will lead to an increase in the number of passes required to complete
the weld.

4.6 Comparison of contour method and neutron diffraction measurements

on NGLW samples

In Figure 16 the residual stress measurements made with the contour method on the low power
NGLW sample are compared with those obtained by neutron diffraction. The stresses obtained
at a distance of 2 mm below the top surface are shown in Figure 16a, while those obtained at
the mid-thickness position are shown in Figure 16b. While there are slight differences between
the stress distributions obtained with each measurement technique, the agreement is excellent
overall at both through-thickness positions. The fact that good agreement was achieved
between measurements obtained with dissimilar techniques adds credibility to the trends that

have been observed.
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Figure 16: Comparison of longitudinal residual stresses in the low power NGLW sample as
measured by neutron diffraction and the contour method, at (a) a depth of 2 mm below the top
surface of the plate and (b) at the mid-depth position.

4.7 Residual stresses in high power autogenous laser welds

Figure 17 shows the longitudinal residual stress distribution for a single pass autogenous laser
weld in a 10 mm thick plate. The residual stresses were determined with the contour method.
The welding parameters included a laser power of 7.5 kW and a welding speed of 0.6 m/min.
The results show a peak tensile stress of around 650 MPa coinciding with the fusion zone. The
high laser power appears to have led to an increase in the magnitude of the residual stresses

when compared to the NGLW samples.
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Figure 17: Longitudinal residual stress distribution [MPa] for a high power, single pass
autogenous laser weld in a 10 mm thick plate

4.8 Comparison of contour method and neutron diffraction measurements

on single pass autogenous laser weld

The residual stress measurements made on the single pass autogenous laser weld using the
contour method are compared with those made by neutron diffraction in Figure 18. All
measurements were made at a depth of 2 mm below the top surface of the plates. The welding
parameters were similar to the parameters described in the previous section. The results
obtained with each technique are in good agreement, with both methods indicating that the
peak value of tensile stress is =~ 670 MPa and that the width of the tensile region is = 50 mm.
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Figure 18 Longitudinal residual stress distributions for the high power autogenous laser weld, 2
mm below the top surface of the plates, as measured by neutron diffraction and the contour
method.

The three orthogonal components of residual stress for the high power laser weld in 10 mm-

thick fully restrained plates, as determined by neutron diffraction, are shown in Figure 18. The



peak value of the longitudinal residual stress can be seen to be higher than yield stress for AlSI
316L stainless steel. However the deviatoric stress is =~ 320 MPa, which is much closer to the

yield stress for this material.
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Figure 19. Longitudinal, transverse, and normal components of residual stress, 2 mm below the
top surface of the 10 mm thick plate, for the HPLW as measured using neutron diffraction.

4.9 Finite element modelling of the NGLW process

4.9.1 Influence of welding parameters on the residual stress distribution for
autogenous high power laser welding
The influence of laser power and welding speed on the residual stress distribution for a high
power autogenous laser weld in a 10 mm thick plate was investigated. The welding parameters
were varied as follows; the power was decreased to 5 kW, and the welding speed was increased
to 960 mm/min. The results of experimental investigations suggested that these parameters
would be sufficient to produce a full penetration weld in 10 mm thick plates. The longitudinal
residual stress distribution across the weld was evaluated using the contour method. The
resulting measurements show that both the value of the peak tensile stress and width of the

tensile region decrease if these parameters are employed (Figure 20).
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Figure 20 Residual stress distribution [MPa] measured using the contour method for a single
pass autogenous laser weld in a 10 mm thick plate, using a reduced power (5 kW) and an
increased speed (960 mm/min)

Other welded samples were used in order to compare the residual stress distributions for the
two sets of welding parameters at a distance of 2 mm below the top surface of the plates
(Figure 21). For the high power (7.5 kW) and low speed (660 mm/min) case the peak tensile
stress was ~ 650 MPa, and the width of the tensile region was ~ 50 mm. When the power was
reduced and the welding speed was increased, the peak tensile stress decreased to =~ 420 MPa,
and the width of the tensile region decreased to 40 mm, as can be seen in Figure 21. The results
show that the welding power and welding speed have a pronounced influence on the peak value
of stress, which decreased by 33%. However, the effect on the width of the tensile region was
less significant, as it decreased only by 20%. Nevertheless, it would appear that employing a
reduced laser power and an increased welding speed offers significant benefits in terms of

reducing residual stresses in autogenous laser welds, and that this strategy should be adopted

provided that the welding parameters can reliably produce full penetration welds.
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Figure 21. Residual stress profiles measured using the contour method at a distance of 2 mm
below the top surface of the plates for autogenous high power laser welds made with different
welding parameters



4.9.2 Effects of welding parameters on thermal history of welded joints

The effects of welding parameters on residual stress distributions can be explained in terms of
the influence the welding parameters have on the temperature fields. Figure 22 shows
predictions for the peak temperatures that are experienced as a function of position for different
combinations of parameters (power and speed). The predictions suggest that with a laser power
of 1000 W, and with a welding speed of 9.5 mm/s, the peak temperature is ~ 3000 °C, and that
the temperature gradients are high due to a low heat input to the welded joint (Figure 22a). The
steep temperature gradients would lead to a narrow heat affected zone. With the same power,
and with a lower speed (5mm/s), the highest value of the peak temperature is approximately the
same, but the temperature gradients are lower, as is shown in Figure 22b. This would result in a
larger heat affected zone. With a high power and a high speed, the peak temperature increases

to =~ 4500 °C,, but the extent of the heat affected zone is restricted, as is shown in Figure 22c.
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Figure 22. Predicted spatial distribution of peak temperatures for different combinations of
welding parameters. The plates are 10 mm thick in each case.

Figure 23 compares temperature distributions for the three combinations of welding
parameters. The red curve corresponds to the predictions for a power of 1000 W and a welding
speed of 9.5 mm/s. The predicted peak temperature is 3000°C, and the width of the heated
region is = 3 mm. Increasing the power to 1800 W leads to an increase in the predicted peak
temperature (to 4500°C) with no significant influence on the width of the heated region. On the
other hand, decreasing the welding speed to 5 mm/s has a significant influence on the width of
the heated region, which is close to 6 mm wide.
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Figure 23. Comparison of temperature profiles predicted using the Abaqus Welding Interface
(AWI) for different combinations of welding parameters



4.9.3 Results of mechanical model

The input for the mechanical analysis is the temperature history (thermal loading) obtained
from the thermal analysis. The thermal strains and stresses can be calculated at each time
increment. The final state of residual stress is determined from the accumulation of thermal
strains and stresses for all previous passes. During each weld pass, stresses were calculated
from the temperature distributions determined by the thermal model. The von Mises vyield

criterion was used to model plastic deformation, and isotropic strain hardening was assumed.

Figure 24 compares the predicted residual stress distribution for the 10 mm-thick NGLW plate,
welded with optimum parameters (i.e. using 10 filling passes) [9], with the results obtained
using the contour method. The results show a narrow region sustaining tensile residual stresses,
with a peak value of stress in the order of 400 MPa. The stresses reduce to values near to zero
within 10 mm of either side of the weld centreline. With increasing distance from the weld
centreline, compressive stresses arise on both sides (with values up to ~ 150 MPa), and finally
the stresses decay towards the outer edges of the plate. The agreement between the predicted
and measured stress distributions is generally very good. Most details of the stress distribution
obtained with the contour method were captured in the predicted stress distribution. While the
lower peak in tensile stress observed in the contour method results was not captured clearly in
the modelling results, this peak is very shallow, and by increasing the scale it was found to be

captured to some degree, as can be seen in Figure 24.
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Figure 24 Comparison of predicted residual stress distribution (top) with the distribution
measured using the contour method (bottom) for the low power 10 mm thick NGLW



4.9.4 Validation of modelling results against contour and neutron diffraction

methods

Figure 25 compares the predicted residual stresses in the 10 mm thick NGLW plate with
measurements made using the contour method and neutron diffraction. To enable the
comparison, the longitudinal residual stresses were evaluated at a depth of 2 mm from the
upper surface. The measurement line was perpendicular to the welding direction, as is shown in
Figure 25. The comparison shows a very good correlation between the three evaluation
methods. The peak tensile stress at the centreline is ~ 400 MPa, and the stress rapidly reduces
to zero stress at a distance of 10 mm from the weld centreline.
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Figure 25 Comparison of predicted longitudinal residual stresses [MPa] in the low power
NGLW in a 10 mm thick plate with those measured using the contour method and neutron
diffraction. All values correspond to a distance of 2 mm below the top surface.

Figure 26 shows predictions for the longitudinal residual stress distributions in 3 mm thick
samples. Two different values for laser power were investigated in order to assess any potential
effects on the resulting stresses. The predictions in Figure 26a correspond to a laser power of
1000 W and a welding speed of 9.5 mm/s, while those in Figure 26b correspond to the lower
power of 750 W. The predicted residual stress distributions can be seen to have a similar

configuration, but the stresses reduce significantly when the laser power is reduced.

Figure 26¢c compares the residual stress distributions at a depth of 2 mm from the upper surface
for both sets of welding parameters. Again, the patterns in the residual stress distributions are

similar, but the lower laser power (750 W) leads to a lower value for the peak tensile residual



stress (200 MPa). While the width of the region sustaining tensile stresses is slightly narrower

with the lower power, the most significant influence of laser power is on the peak stress.

4.9.5 Influence of laser power on residual stresses
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Figure 26 Predicted residual stresses in 3 mm thick plates for laser powers of (a) 1000 W and
(b) 750 W. In (c) the predictions correspond to a distance of 2 mm below the top surface of the
plate. The horizontal axis in (c) gives the distance from the weld centreline (mm) and the
vertical axis shows the predicted stresses. All stresses are in MPa.

4.9.6 Influence of welding speed on residual stresses

The influence of the welding speed on the generation of residual stresses was investigated, and

the resulting predictions are shown in

Figure 27. The predictions show that a decrease in the welding speed leads to tensile stresses
existing over a wider region. The predicted width of the tensile region for a welding speed of 5
mm/s is 22 mm, while for a welding speed of 10 mm/s it is 15 mm. The welding speed does
not appear to have a significant influence on the peak value of residual stress.
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Figure 27 Predicted residual stresses for two different welding speeds. The horizontal axis
gives the distance from the weld centreline (mm) and the vertical axis shows the predicted
stresses in MPa.

5 Conclusions

The following conclusions can be drawn from this work:

The application of the NGLW technique can lead to significant reductions in both the
magnitude of the peak tensile residual stresses, and the extent of the region sustaining tensile
residual stresses, when compared to high power autogenous laser welds in AISI grade 316L
stainless steel.

The reductions in the extent of the regions sustaining tensile residual stresses appear to
correlate with the spatial distribution of the peak temperatures in the vicinity of the weld,
whereby steeper temperature gradients during welding lead to tensile residual stresses being

confined to smaller regions.

The laser power appears to have a strong effect on the magnitude of the peak tensile residual
stresses, with an increase in the laser power leading to an increase in the peak stress. In
contrast, the laser power does not appear to have a strong effect on the width of the region

sustaining tensile residual stresses.



The welding speed in NGLW has a more significant influence on the width of the region

sustaining tensile residual stresses than it does on the peak value of the stress.
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