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This study aims to investigate the influence of welding process on the elastic lattice deformation and its
effects on fatigue and fracture behavior of S355 G10+M steel, which is widely used in fabrication of offshore
wind turbine monopile structures. In situ neutron diffraction measurements were taken on cross-weld test
samples at room temperature to monitor the evolution of intergranular strains under static and cyclic
loading conditions. Both static and cyclic test results have shown that the {200} orientation exhibits the least
load carrying capacity while {211} had the maximum stiffness. The hkl-specific response predicted using
Reuss and Kröner model were found to agree well with experimental values obtained for the heat-affected
zone for all the orientations; however, discrepancies between the experimental and model predictions have
been observed for the base metal and weld metal. Moreover, the microstructural differences between the
weld metal and heat-affected zone resulted in the maximum elastic–plastic strain mismatch at the interface
of the two regions. The results from this experiment would be useful to understand the role of crystal-
specific microstrains and lattice deformation on fatigue and fracture behavior of thick-walled monopile
weldments.
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1. Introduction

With the growing demand of energy consumption around
the globe, offshore wind energy has emerged as a sustainable
source of renewable energy and received a lot of attention in
recent years. Continued efforts are being made in all the
different technical areas toward making the wind turbine
technology more efficient and commercially as lucrative as the
oil and gas industry (Ref 1, 2). The published literature
indicates that the present standards (Ref 3) that are imple-
mented for the design of wind turbine support structures,
especially the monopile type foundation, are overly conserva-
tive (Ref 4-6). This leads to a substantial increase in the capital
cost and added difficulty in terms of manufacturing and
material handling. Moreover, a large number of weldments are
employed in fabrication of offshore wind turbine (OWT)
monopile foundations which require careful consideration in
structural integrity and life assessment processes.

It is known that welding operation gives rise to heteroge-
nous/graded structure in a welded component and introduces

residual stresses which would significantly affect fatigue and
fracture behavior (Ref 7). Inhomogeneous expansion under
compressive plastic straining and contraction of the weld and
associated heat-affected region leads to a variably distributed
residual stress field which is tensile in and around the weld
region, balanced by a compressive stress field further out in the
parent metal (Ref 7). Such residual stresses can be either
macroscopic in scale (type I), ranging up to several millime-
teres, or microscopic in scale, with dimensions comparable to
the grain size of the material. The residual stresses ranging in
the microscopic scale can be intergranular (type II) or
intragranular (type III) in nature (Ref 8). Welding of thick
sections accumulate complex residual stress distribution due to
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Abbreviations

v Poisson’s ratio

d Atomic spacing

hkl Miller Indices

bcc Body-centered cubic

bct Body-centered tetragonal

E Young’s Modulus

fcc Face-centered cubic

BM Base Metal

DIC Digital Image Correlation

DNV Det Norske Veritas

EBSD Electron Backscatter Diffraction

FCG Fatigue Crack Growth

HAZ Heat-Affected Zone

OWT Offshore Wind Turbine

SEM Scanning Electron Microscope

WM Weld Metal
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repeated thermal cycling from multiple passes. Additionally,
the effect of differential plastic deformation due to texture
variations result in the weldments to become preferred sites for
crack initiation during application of load (Ref 9-11). Also, the
mechanical response of a polycrystalline material is influenced
by the microstructural parameters such as grain size, shape and
orientation distribution, which are strongly affected by the
welding operation (Ref 4, 12-14). The relatively fast transient
thermal cycles applied during welding process lead to
microstructural variations between the fusion zone or weld
metal (WM), heat-affected zone (HAZ) and the base metal
(BM). The application of cyclic loading is of particular interest
since tensile residual stresses raise the mean stress and
accelerate fatigue damage [15]. Therefore, it is important to
develop a robust understanding on the effect of residual stress
distribution on the structural integrity of welded joints,
particularly for wind turbine applications where the weldments
involve thick sections ranging between 30 and 125 mm [5] and
are subjected to severe cyclic loading conditions due to
constant exertion of wind and wave loads (in case of offshore
wind turbines).

Residual stress measurement can be taken using a number of
techniques that can be nondestructive, semi-destructive or
destructive. Currently, diffraction-based methods are increas-
ingly implemented owing to the advances in neutron sources,
that use the atomic lattice planes as a gauge to monitor the
strain response of a material and subsequently determine the
three dimensional residual stress magnitude and distribution
(Ref 6, 7). However, the variation in packing fraction of atoms
along different crystallographic planes usually results in
distinctly different (elastic and plastic) deformation behavior
in microscopic length scale (Ref 16). In other words, the elastic
constant and yielding depends on the atomic spacing, which
changes with the crystallographic orientation of the grain with
respect to the direction of applied load (Ref 17). In a recent
work performed by Jacob et al. (Ref 6) the authors used
neutron diffraction technique and finite element modeling to
study the effects of residual stresses on the fatigue crack growth
(FCG) behavior of S355 circumferential weld joint. It was
observed that the FCG rate was increased almost by a factor of
two when the crack tip was oriented such that the FCG
direction and weld center line were at 0� angle as compared to
the orientation where the FCG direction and weld center line
were at 180�, with respect to the weld geometry (i.e., location
of the crack tip with respect to the inner surface of the OWT
monopile weldment). The reason for this behavior stems from
the variation in the (type I) residual stress field at the weld joint
that was reported to vary between 400 and � 400 MPa in the
transverse direction (Ref 6), i.e., along the thickness of the
weldment. In another study (Ref 14), a validated two-dimen-
sional finite element model was used to conduct a parametric
investigation on S355 weld joints (H-sections). It was revealed
that the (type I) residual stresses at the junction were close to
the yield strength of the material, thereby making such weld
geometries prone to fatigue crack initiation.

Neutron diffraction is an advanced nondestructive technique
that can be used to monitor spatially resolved stress distribution
pattern (Ref 8), phase specific stresses(Ref 18, 19) and inter-
granular stresses (Ref 20) in the material volume. Furthermore,
in situ neutron diffraction reveals the microplasticity associated
with lattice orientation of constituting grain families (i.e.,
families of crystallographic planes) and phases as the material
undergoes deformation. Mamun et al. (Ref 21) analyzed the

effect of cyclic loading on grain length-scale deformations of
316 H austenitic steel using in situ neutron diffraction tech-
nique and reported the creep performance of the material with
respect to prior loading history. The in situ neutron measure-
ments were conducted over {200}, {220} and {311} grain
families and the macroscopic stress and the lattice strain
exhibited different values of elastic constants, hence indicating
material anisotropy. Similar studies on in situ neutron diffrac-
tion with mechanical loading have been reported on stainless
steel alloys such as 316 H (Ref 7, 22), duplex steel (Ref 8, 23),
bearing steel (Ref 16) and pearlitic steel (Ref 24, 25). In
(Ref 7), 316 H austenitic steel was found to exhibit higher local
strain in {200} grain family and concluded that the failure was
controlled by the accumulated equivalent plastic strain. Fur-
thermore, according to (Ref 22), the onset of yielding in 316 H
was reported to vary significantly between {200} and {220}
grain families. Another study on duplex stainless steel reported
mismatch between the elastic stresses induced in the ferritic and
austenitic phases, such that higher stresses accumulated in the
austenitic phase and the mismatch increased with an increase in
the number of weld passes (Ref 8). Woo et al. (Ref 23) studied
the uniaxial tensile failure of a duplex steel and concluded that
necking is likely to initiate at sites with higher volume fraction
of body-centered cubic (bcc) ferrite and body-centered tetrag-
onal (bct) martensite phases. These studies provide evidence for
the scope of enhancement of fatigue and fracture performance
through texture alteration.

The fatigue response of structural steel has been studied by a
number of researchers; however, there is limited research on
cross-weld specimens, and the existing literature (Ref 6, 10-12)
predominantly reports the FCG behavior in air and seawater
conditions. While the studies on FCG behavior help in
designing for a damage tolerant design approach, it is also
important to understand how lattice orientation impacts the
straining pattern in front of a crack tip and thereby the fatigue
crack growth rate. In other words, for identical loading, how the
response of BM, HAZ and WM would vary due to the crystal
orientation distribution. To the best of the authors� knowledge,
there is no research published on the effect of static and cyclic
load on lattice deformation behavior of a smooth cross-weld
specimen. Therefore, the present study aims to investigate the
elastic and plastic straining pattern between: (a) the BM, HAZ
and fusion zone, and (b) the difference in strain accumulation
between different grain families in S355 G10+M steel grade
which is frequently used for structural applications in OWT.
Such finding could be useful in supplementing the material
design data and improving the structural integrity of the
component by interpreting the texture toward reducing the
differential straining patterns. This data are also useful for
developing prediction models that capture the microstructural
interactions for structural steels and improve the reliability of
the existing models used for optimizing the OWT designs.

2. Experimental Details

2.1 Material Selection

The experimental investigation was focused on structural
steel grade S355 G10+M, which is predominantly used in
fabrication of OWT foundations (Ref 11). Details of the
chemical composition of the base metal and the filler wire
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can be found in Table 1 (Ref 12). It should be mentioned that
the monopile structure consists of two types of welds
depending on the alignment of the weld with respect to the
axis of the monopile, namely, longitudinal and circumferential
weld (Fig. 1a). This study focuses on the circumferential weld
only, where the weld axis is aligned parallel to the rolling
direction of the plate. In the real application, thick sections are
in the form of cylindrical segments and are joined using the
submerged arc welding (SAW) process. Therefore, in this
study, two 90-mm-thick hot-rolled S355 plates of 1300 mm
width and 800 mm length each as shown in Fig. 1(b) were used
for the SAW process to replicate the thick welded joints in wind
turbine applications.

The initial bevel design of the joint is represented by the
solid lines in Fig. 1(c), where one side of the joint shows the
groove machined at an angle of 44�± 5�, while the remaining
section of the joint has a separation of less than 5 mm. The first
step in the joining operation involved tack welding of the plates
at locations marked in Fig. 1(c), followed by multi-pass
welding of the grooved section involving 18 weld passes. In
the next step, a second groove (similar to the first groove) was
machined on the opposite face of the plates, as shown by the
dotted lines in Fig. 1(c). Finally, the second groove was joined
using multi-pass welding, with 25 weld passes to obtain a
through thickness weld joint resembling the thick monopile
weldments. EN ISO 14171A (EN 756): S3Si and EN ISO
14174: SA FB 1 55 AC H were used as solid wire electrode and
flux, respectively, for the welding. Figure 1(d) shows the
overall weldment with the weld passes outlined and numbered
according to the order of deposition. The face marked as ‘‘inner
wall’’ corresponds to the inner surface of the monopile cylinder
and the ‘‘outer wall’’ corresponds to the outer surface of the
monopile that is in direct contact with the seawater.

2.2 Specimens Design and Test Methods

A dog-bone specimen (with rectangular cross-sectional area)
and a round bar specimen (with circular cross-sectional area)
were machined for the in situ static and cyclic tests according to
ASTM E8 (Ref 26) and ASTM E606 (Ref 27) standard as
shown in Fig. 2(a) and (b), respectively. The specimens were
extracted at the weld region such that the gauge section
contained part of the WM, HAZ and the BM microstructure, as
shown in Fig. 1(d). Both tests were performed at a strain rate of
10�4 s�1 using a 50 kN mechanical testing rig installed at the
time-of-flight neutron diffractometer, ENGIN-X at ISIS Neu-

tron and Muon Source, Rutherford Appleton Laboratory, UK.
A schematic of the in situ neutron diffraction measurement
setup is shown in Fig. 2(c), which shows the specimen loading
axis oriented at 45� to the incident beam and the diffracted
neutron detectors placed at ± 90� to the incident beam. The
two detectors record the complete diffraction spectrum with
different crystallographic planes contributing to the spectrum in
the longitudinal (along the loading axis) and transverse
directions (perpendicular to the loading axis). An extensometer
with a gauge length of 12.5 mm was used for performing the
cyclic test under the strain-controlled mode. Additionally,
digital image correlation (DIC) technique was used in both
static and cyclic tests to record the dissimilar material response
at the WM, HAZ and BM regions of the weldment.

A stepped loading profile was applied in both tests with a
10 min hold time at each load step to perform the neutron
diffraction measurements in the three regions, i.e., WM, HAZ
and BM. At each point, using the Bragg’s law (Eq 1) the d-
spacing was measured by applying individual peak refinement
from the whole diffraction spectrum (Fig. 2d) obtained from
each region of the graded weldment. In order to calculate
intergranular lattice strains for different crystallographic orien-
tations, d0 reference values were measured for the BM, HAZ
and WM at a stress level of value close to zero (i.e., 5 MPa) and
the lattice strains at different macro stress levels were calculated
using Eq 2. The DIC strain maps were also captured in the
overall gauge section during the hold time. The in situ
(uniaxial) static load test was conducted at room temperature
and maximum strain level of 6%. In this test, the sample was
pulled in tension using the load-controlled mode for the first 5
measurement points at 5, 100, 200, 300 and 430 MPa, which
fall within the elastic regime. For higher loads, the test was
continued under strain-controlled mode to measure another 10
points in the plastic regime.

Similarly, the cyclic test was performed with the same
methodology with a fully reversed strain amplitude of ± 3%.
The loading steps for the cyclic load test is shown in Table 2. It
is worth mentioning that the cyclic test was performed in load-
controlled mode during the first 3 load steps where the applied
stress is below the yield strength. The reason for selecting
430 MPa as the limit for the load-controlled step in the cyclic
and static tests was based on the 0.2% proof stress value of
S355G10+M reported for BM, HAZ and WM to be 455 MPa,
469 MPa and 477 MPa, respectively (Ref 12). The loading
mode was switched to strain-controlled mode post yielding. A
gauge volume of 2 9 2 9 2 mm (Ref 3) was used in both

Table 1 Chemical composition (weight %) of the plate base metal and filler wire (ISO 14171-A) (Ref 12)

Element Base metal Wire Element Base metal Wire

C 0.061 0.07-0.15 V 0.001 …
Si 0.28 0.15-0.4 Nb 0.022 …
Mn 1.58 1.3-1.85 As 0.003 …
Mo 0.006 0.15 Sn 0.001 …
Ni 0.342 0.15 Ti 0.003 …
Cr 0.034 0.15 B 0.0003 …
P 0.013 0.025 Sb 0.001 …
S 0.0007 0.025 Ca 0.0028 …
Cu 0.254 0.3 Bi 0.0001 …
N 0.0041 … Al total 0.032 …
Single values represent the maximum permissible weight % for the element
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Fig. 1 (a) Schematic of weld configurations used in OWT monopile structure. Note: dashed arrows in red indicate welding direction and
dashed arrow in black indicates the rolling direction, (b) hot-rolled S355 G10+M plate in as-welded condition, (c) weld joint configuration and
welding order adopted to attain through thickness joint, (d) detailed view of the multi-pass weld joint highlighted in (b), with the overlapping
weld regions marked by blue outlines and the remaining passes marked by grey lines. Specimen extraction location with respect to weld region
is marked in black sketch

Fig. 2 Specimen geometry used for in situ: (a) tensile, (b) cyclic tests; (c) schematic of neutron diffraction measurement setup. Specimen was
axially loaded along x-axis, therefore X and Y directions are referred as axial and lateral orientations, respectively, (d) neutron diffraction pattern
obtained from the instrument
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experiments, to ensure that enough number of grains are
captured for each measurement.

nk ¼ 2dhklsinh ðEq 1Þ

ehkl ¼
dhkl � d0;hkl

d0;hkl
ðEq 2Þ

3. Hardness and Microstructural Analysis

3.1 Hardness Test Results

The OWTweldments often involve joining of thick sections
which can be achieved by multi-pass welding. Deposition of
the successive layers result in elastic, plastic, creep and viscous
deformations of the previously deposited layer to undergo heat
treatments above the tempering temperature of the material.
Micro hardness value gives an indication of the phase
distribution (ferrite or pearlite) in S355 at the measured
location. Therefore, Vickers hardness measurement was taken
on a cross-weld sample, without prior deformation, to study the
distribution of hardness over the entire weld and the associated
heat-affected region. Hardness measurements were made using
Vickers micro hardness with a load of 100 g applied for 15 s to
observe the hardness variations across different regions of the
weld. The measurements were taken every 0.5 mm distance as
shown in Fig. 3(a). The average value of micro hardness was
found to be higher in the BM, i.e., 239.7 HV, as compared to
197 HV and 199 HV measured at the WM and HAZ,
respectively.

3.2 Microstructural Analysis

A cross-weld sample was prepared for metallurgical analysis
according to ASTM E3-11 (Ref 28). The sample was polished
and etched using 2% Nital solution (2% HNO3 and 98%
ethanol vol/vol) for 10 s to study the material microstructure.
Following this, the grain size and distribution characteristics in
the cross-weld metallography specimen were studied under
optical and scanning electron microscope (SEM). The cross-
weld sample was studied to understand the primary weld

microstructure because the OWT structures are designed to be
used in as-welded condition. Though the direction of heat flow
is three dimensional due to the large thickness of the plate as
compared to the weld size (Fig. 1d), the prior austenitic grain
boundaries were observed to grow epitaxially from the fusion
zone opposite to the direction of heat extraction as shown in
Fig. 3(b). This is because the heat flow from the center of the
weld to the periphery is more dominating as compared to the
other directions.

The ferrite grain size variation in the three regions (WM,
HAZ and BM) was measured using ImageJ software. The grain
size was estimated by fitting each grain with an elliptical
geometry and using the length of major diameter of the ellipse
to represent the grain size distribution. Predictably, the average
grain size in the WM was the smallest and those of HAZ and
BM were comparable, with average grain size values of
2.9 ± 1.3 lm, 4.5 ± 0.8 lm and 4 ± 1.5 lm, respectively.
Furthermore, optical image of WM in Fig. 4(a) reveals that it is
predominantly composed of allotriomorphic ferrite and Wid-
manstätten ferrite phases. Multi-pass welding process causes
remelting, solidification and heating cycles above the Ac1 and
Ac3 in various degrees. This causes the deposited layers (or
initial weld microstructure) to undergo further diffusion of
interstitial and substitutional atoms above the austenisation
temperature and change from columnar grain morphology to
relatively equiaxed grains. These regions can be found adjacent
to the weld pass boundaries. Therefore, parts of the WM
microstructure adjacent to the weld pass boundaries were found
to consist of equiaxed ferrite grains similar to the HAZ
microstructure in Fig. 4(b). On the other hand, the BM
microstructure was found to consist of significant amount of
pro-eutectoid ferrite nucleated on grain boundaries (grain
boundary ferrite) and protruded through grain body (Wid-
manstatten ferrite) (Fig. 4c) developed from the thermal cycle
during manufacturing of the steel plates.

The etched sample was also examined using SEM to study
the varying morphologies of ferrite phase in the WM, HAZ and
BM. Parts of the WM exhibited acicular ferrite morphologies as
shown in Fig. 5(a). Similarly, the SEM images of HAZ
(Fig. 5b) and BM (Fig. 5c) showed detailed morphology of
the ferrite grains, with clear indication of a normalized
microstructure in the HAZ.

Table 2 Test plan used for the loading and unloading of in situ neutron diffraction measurement under fully reversed
cyclic load application

Load step Applied stress, MPa Applied strain, % Load step Applied stress, MPa Applied strain, %

1a 5 … 11 … �2
2a 350 … 12 … �3
3a 430 … 13 … �2.5
4 … 2 14 … �2
5 … 3 15 … �1
6 … 2.5 16 … 0
7 … 2 17 … 1
8 … 1 18 … 2
9 … 0 19 … 3
10 … �1
aLoad step 1–3 are load-controlled mode while the remaining steps are strain-controlled mode.
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4. Measurement of Lattice Strain Resulting
from Tensile and Cyclic Loads

Cross-weld specimens manufactured using submerged arc
welding may exhibit inferior tensile behavior compared to the
BM due to the heterogeneous microstructure and weld defects
(Ref 29). The use of in situ tensile loading approach revealed
the differential material response (indicated by the unique
diffraction peaks of individual hkl reflections) at the three
distinct microstructural zones, namely WM, HAZ and BM.
From the complete diffraction spectrum, individual peak
analysis of {110}, {200} and {211} crystallographic planes
was conducted. Additionally, the overall strain response
(measured using an extensometer and DIC technique) was

used to compare the crystallographic lattice strain response to
the macro response of the cross-weld specimen. Lattice strain
corresponds to the averaged strain response of a selected family
of grains over a scanned volume of 8 mm (Ref 3), which is the
gauge volume for this measurement. The lattice deformation
behavior for the {110}, {200} and {211} families of crystal-
lographic planes has been measured using in situ tensile and
cyclic tests and the results are presented in the following
sections.

4.1 In situ Tensile Test

The material response in the individual crystallographic
planes were obtained from the in situ tensile test on the cross-
weld specimen and presented in Fig. 6. The Young’s modulus,

Fig. 3 (a) Average micro hardness values for the BM, HAZ and WM, with the HAZ considered as the �0� point. Please note that the width of
HAZ was about 3mm, (b) Primary weld microstructure showing epitaxial grain growth in the fusion zone

Fig. 4 Microstructural observations using optical microscopy for: (a) WM, (b) HAZ and (c) BM
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E, and Poisson’s ratio, v, from these tests have been summa-
rized in Table 3. Figure 6 and Table 3 shows the results
obtained for three families of crystallographic planes (i.e.,
{110}, {200} and {211}) from the BM, HAZ and WM material
microstructures. As seen in Fig. 6, within the elastic regime a
linear relationship between the macroscopic stress and lattice
strain was obtained for both axial (i.e., along X-axis in Fig. 2a)
and lateral (i.e., along Y-axis in Fig. 2a) directions. The
crystallographic response observed within a specific
microstructure was anisotropic and dependent upon the exam-
ined crystallographic plane as shown in Table 3. It is worth
mentioning that the chosen crystallographic planes represent
the most commonly studied planes for ferritic steels (Ref 20)
and therefore can be considered to represent the important
aspects of the bulk mechanical response of the material. The
dependence of elastic deformation on the crystallographic
orientation will lead to intergranular stress accumulation during
loading. Furthermore, the plastic anisotropy assists the accu-
mulation of intergranular stresses due to the differential
straining of the neighboring grains.

The stiffness of the crystallographic orientations {110},
{200} and {211} in the axial direction was close to the macro
Young’s modulus of S355 and had a value of 207 GPa for the
cross-weld specimen. DIC measurements showed the three
regions of the cross-weld specimen, namely the BM, HAZ and
WM exhibited varying stiffness values in respective orienta-
tions. However, the response of BM and HAZ was comparable
for all three orientations in the axial loading direction while the
WM resulted in the lowest stiffness and the highest deviation
from the overall stiffness. Higher degree of anisotropy observed
in the WM can be attributed to the dendritic grain morphology
and different chemical composition as a result of use of filler
wire. On the application of tensile load, the anisotropic material
behavior leads to the development of intergranular stresses at
interfaces of different crystallographic orientations which
causes the variation in the lattice strengths depending on the
weld region (Ref 20). Particularly, the {110} and {200}
orientations result in 40 to 50% lower stiffness which indicates
that the interface at the WM and HAZ would be prone to crack

initiation, more so in case of strong {110} or {200} texture.
The stiffness of {211} orientation was closest to the gross
material response, irrespective of the type of the material
microstructure. On the contrary, the lateral stiffness values did
not show consistent trends in the three lattice orientations as
well as in the different weld microstructures (BM, WM and
HAZ) except that the value was negative in all the cases due to
the Poisson’s contraction. This behavior is due to the hetero-
geneous elastic contraction resulting in significantly lower
lattice strain values in the {211} crystallographic orientation.

Differential strain accumulation results in development of
the complex stresses to maintain isochoric plastic deformation
as shown in the lattice strain response at HAZ region in
Fig. 6(d). Similar observations have been made for the {200}
reflection in austenitic and ferritic steels as reported in (Ref 20,
21). Figure 6(d) also shows that the lattice response of the
{110} and {211} planes remain fairly linear even in the plastic
regime for the lateral direction, thereby indicating that the
planes undergo late yielding. The {200} orientation on the
other hand becomes approximately vertical due to the devel-
opment of tensile internal stress.

Studies related to conversion of strain to stress are inherently
complex due to the 36 independent components of the elastic
stiffness tensor. Moreover, the errors involved with strain
measurement makes it challenging to calculate the true stresses
on the parts. On the application of load, the anisotropic
deformation of individual lattice planes gives rise to intergran-
ular stresses. In bcc steels such as S355, the families {110} and
{211} are the planes which are weakly affected by the
intergranular strains, while {200} shows the maximum impact
(Ref 21). However, most engineering applications can be
computed using an isotropic assumption, which leaves the
elastic stiffness tensor with two independent variables, namely
the Young’s modulus and Poisson’s ratio. Reuss (Eq 3-4) and
Kröner models (Ref 30) are widely used for the prediction of
elastic response of fcc and bcc materials based on the hkl-
specific response (lattice deformations) measured by neutron
diffraction technique. Calculation of the hkl-specific elastic
modulus and Poisson’s ratio according to Kröner’s model is

Fig. 5 Microstructure of S355 observed via electron microscopy at, (a) WM showing acicular ferrite, (b) HAZ, showing equiaxed ferrite and
(c) BM
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relatively complex and the detailed procedure can be found
elsewhere (Ref 31).

ER
hkl ¼

1

S11 � 2S0Ahkl
ðEq 3Þ

vRhkl ¼
S12 þ S0Ahkl

S11 � 2S0Ahkl
ðEq 4Þ

where ER
hkl is the elastic Young’s modulus specific for the hkl

orientation, vRhkl the Poisson’s ratio which gives the ratio of the
lattice strains perpendicular and parallel to the loading direc-
tion. S11 and S12 are elastic compliance constants and the
respective values for bcc ferrite (base metal) are given as
0.8 9 10�2 GPa�1 and � 0.28 9 10�2 GPa�1 (Ref 30). S0
expresses the degree of anisotropy and is equal to 2.51 and Ahkl

gives the orientation (hkl) dependency of elastic Young’s
modulus and is computed for each lattice using Eq 5.

Fig. 6 Comparison of lattice strain response for BM, HAZ and WM under static loading for: (a) {110}, (b) {200} and (c) {211}
crystallographic orientations; comparison of strain response for {110}, {200} and {211} crystallographic orientations at (d) HAZ, (e) WM and
(f) BM
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Ahkl ¼
h2k2 þ k2l2 þ l2h2

h2 þ k2 þ l2
ðEq 5Þ

Figure 7 (a) compares the Ehkl values predicted using Reuss
and Kröner models to the experimental results obtained in this
study for S355 in the axial direction. For BM, the error in
prediction was the greatest for {200} orientation, with Kröner
model being less conservative and resulting in 12.4% lower
prediction as compared to Reuss model, where the prediction
was 36.8% lower. Comparison of the lattice specific Poisson’s
ratio of the BM with the predictions of the aforementioned
models rendered reasonably accurate results for {110} and
{200} orientations as shown in Fig. 7(b), while the {211}
orientation showed significant overprediction. Also included in
Fig. 7 is the results obtained for the HAZ and WM material
microstructures. As seen in this figure, both models could
successfully predict the Young’s modulus and Poisson’s ratio
for HAZ microstructure, with Kröner model giving better
prediction such that the maximum error was limited to 7%
(corresponding to {110} orientation). On the contrary, Reuss
model predictions were more accurate (error for E was 4% and
v was 17%) for the WM microstructure, except in the {110}
orientation for the Young’s modulus and the {200} orientation
for the Poisson’s ratio. Besides, Kröner model also failed to
predict the Young’s modulus and Poisson’s ratio values for the
{110} and {200} orientations, respectively, for the WM.

4.2 In situ Cyclic Test

The material response of the three crystallographic planes
(i.e., {110}, {200} and {211}) was studied under in situ cyclic
loading conditions as described earlier in section 2.2, and the
experimental measurements in the loading direction are pre-

sented in Fig. 8. The applied load level was controlled by the
macroscopic strain in the specimen gauge section, except for
the first three load steps, which were applied in load-controlled
method (refer to Table 2). Figure 8(a) shows the lattice strain
response of the {110} crystallographic orientation for the
specific microstructural zones, i.e., WM, HAZ and BM, with
respect to the applied macroscopic strain of ± 3%. Similar
results for the {200} and {211} orientations are shown in
Fig. 8(b) and (c), respectively. Significant differences were
observed between the lattice strain loops of the three statisti-
cally well-defined hkl reflections. The {200} crystallographic
orientation displayed higher plastic strains thereby generating
greater intergranular strain misfits as shown in Fig. 8(b). As
discussed in section 4.1, the variation in the intergranular strain
of individual hkl reflections originates from the fact that while
some grain families (such as {200} in this study, Fig. 8b)
undergo yielding, the others continue to exhibit elastic behavior
for the same applied macroscopic strain.

Another factor affecting the lattice strain loops is the
material microstructure. Figure 8 (d-f) shows the microstructure
specific anisotropic response of the individual crystallographic
orientations. It can be observed that the {200} orientation
(Fig. 8b) and WM microstructure (Fig. 8e) exhibited the least
load carrying capacity as compared to the other crystallographic
orientations and material microstructures studied. Another
interesting result observed from the lattice deformation is the
reduction in material stiffness in the second cycle. This
behavior was noticed in all studied crystallographic orienta-
tions. This phenomenon indicates that S355 undergoes cyclic
softening, i.e., the dislocation substructure rearranges to give
reduced resistance to subsequent load cycles.

Table 3 Mechanical properties for dominant lattice planes in S355 measured using neutron diffraction technique

BM HAZ WM

Lattice plane {110} {200} {211} {110} {200} {211} {110} {200} {211}

Exx (GPa) 235.4 ± 7.8 197.9 ± 5.3 233.1 ± 7.1 242.8 ± 6.2 177.1 ± 6.7 240.9 ± 7.5 113.3 ± 3.9 129.8 ± 5.2 201.4 ± 6.5
v 0.278 0.299 0.121 0.252 0.337 0.262 0.304 0.137 0.219
Exx denotes the axial elastic Young’s modulus and v the Poisson’s ratio

Fig. 7 Variation in (a) Young’s modulus and (b) Poisson’s ratio with lattice orientations
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4.3 Electron Backscatter Diffraction (EBSD) Analysis

The specimens subjected to 6% uniaxial tensile load and
± 3% uniaxial cyclic load, were studied using EBSD technique
to understand the grain orientation distribution on a plane
parallel to the loading axis. An additional EBSD sample was
extracted from the welded plate which was used for the tensile
and cyclic load specimen extraction. Therefore, the third
sample has no known prior loading history and should ideally

represent the initial material microstructure. Figure 9 represents
a typical EBSD map of the material after subjecting to the three
specified loading conditions (i.e., no load, tensile load 6% and
cyclic load ± 3%). Figure 9(a) gives the intrinsic material
microstructure at the junction between the WM and HAZ.
Grain sizes ranging approximately between 2 and 10 lm were
found on either side of the WM/HAZ interface. The grain
orientation distribution was near random in nature.

Fig. 8 Lattice strain response at the BM, HAZ and WM under cyclic loading: (a) {110}, (b) {200} and (c) {211} orientations; comparison of
the strain response of the lattice planes {110}, {200} and {211} at: (d) HAZ, (e) WM and (f) BM
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Figure 9(b) and (c) exhibited noticeable similarity in the
morphology of the grains, which were pulled along the loading
direction (loading direction was perpendicular to the WM/HAZ
interface). Nevertheless, the changes in the grain morphology
were far more eminent in the specimen with cyclic loading
history. This is because, under cyclic loading condition, the
crystallographic orientation of the individual grains will control
the lattice strain and lead to dislocation pileups at the high-
angle grain boundaries. Further, it is known that {110}<111>
slip system is a preferred slip system in the bcc crystal lattice,
thereby explaining the marked rise in the grains orientated
toward {101} direction in the specimens with tensile and cyclic
loading history.

5. Conclusion

In situ neutron diffraction measurements were conducted on
S355 G10+M steel cross-weld specimens under static and
cyclic loading conditions to study and compare the evolution of
internal stresses in the {110}, {200} and {211} crystallographic
planes in the three distinct regions of the weld. Following this,
hardness measurement, microstructural analysis and texture
strength analysis were performed to correlate the mechanical
response to the material microstructure at the weld metal (WM),
heat-affected zone (HAZ) and base metal (BM) for the cross-
weld specimen. The main findings of this study are summarized
below:

1. Lattice strains were found to be dependent on crystallo-
graphic orientation and material microstructure for the
cross-weld specimens. While the {200} crystallographic
orientation was found to be more compliant (more so in
case of WM microstructure), and the {211} crystallo-
graphic orientation exhibited the maximum stiffness (par-
ticularly in HAZ microstructure) under both static and
cyclic loading conditions.

2. The hkl-specific response predicted using Reuss and
Kröner model were found to agree well with experimen-
tal values obtained for the HAZ material microstructure
for all the orientations, however, discrepancies in the
Poisson�s ratio for {211} crystallographic orientation in
the BM microstructure has been observed between the
values obtained from these models and the experiments.

The test results showed that the heterogeneous elastic
deformation in the respective crystallographic planes re-
sulted in the observed mismatch.

3. The tensile test results showed that the {110} and {200}
orientations result in 40% to 50% lower stiffness which
indicates that the interface at the WM and HAZ would
be prone to crack initiation, more so in case of strong
{110} or {200} texture.

4. The cyclic test results revealed that maximum mismatch
between the elastic–plastic strain energy accumulations
occur at the interface between the WM and HAZ. This
raises concerns from fatigue crack initiation perspective.

6. Materials and methods

In situ neutron diffraction measurements were taken on
cross-weld S355 test samples at room temperature to monitor
the evolution of intergranular strains under static and cyclic
loading conditions.
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