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The stress field of a dual-beam laser weld on a Eurofer-97 model plate has been experimentally deter-
mined by neutron diffraction measurements. The measurements were carried out at the ILL-Grenoble,
in the three principal directions, at different distances from the weld and inside the weld itself. In the lon-
gitudinal direction, the most relevant for technical applications, there is good agreement between these
experimental results and results obtained by finite element numerical methods: tensile stresses as high
as 750 MPa are found inside the weld, rapidly decreasing with increasing distance from the weld centre.
In the two other directions the agreement between experimentally determined and calculated stresses is
still good far from the weld; inside the weld the experimental data are affected by the strong texture
detected by X-ray diffraction, possibly produced by the heating and subsequent cooling of the structure.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction and material characterization

Assembly of test blanket modules (TBM) manufactured from
EUROFER-97 needs several different welding and joining tech-
niques, where laser welding processes are among the most prom-
ising. Advantages of laser processes include that less distortion and
a narrower fusion zone are procured due to the higher cooling rate.
This process could be used for the stiffening grid assembly, which
requires a lot of welds in a very complex structure. The present
work has been carried out in the frame of the development of high
quality Eurofer welds for Helium Cooled Lithium–Lead test blanket
modules (TBM) relevant to develop the DEMO blanket. Neutron
diffraction measurements have been made on a prototype mock-
up to provide an experimental determination of the residual
stresses produced by the welding and compare them with the cal-
culated values. This will contribute in assessing the reliability of
such welded structures in view of their planned use in a tokamak.
Additional X-ray diffraction measurements have been made to
complement the neutron measurements of the weld. The assembly
evaluated is a laser welded EUROFER-97 plate with integral cooling
channels; it is 90 � 100 � 8 mm in size with the weld running
along the plate centre (Fig. 1). The welding was conducted by
two YAG laser of peak power 4 kW, at a velocity of 5.8 mm s�1.
The numerical simulation of the process, carried out by CEA using
ll rights reserved.

: +39 0630484747.
la).
Finite Element Analysis (FEA), included thermo-metallurgical mod-
eling and residual stress simulation [1,2]. The analyses take into
account that phase transformations, involving both austenitic
and ferritic–martensitic phases, occur in the EUROFER steel during
thermal treatments. The heat source was modelled by the Cylindri-
cal Involution Normal formula, widely used in a variety of welding
processes, and by two symmetrical peripheral conic heat sources,
which determined the shape of the molten pool. This lead to sim-
ulated thermo-metallurgical results in good agreement with the
experimental ones, namely concerning the characteristics of the
molten pool and the micro-hardness behaviour [2].
2. Experimental technique and data analysis

Reference is made to [3–5] for a general discussion of the use of
neutron diffraction for strain and stress determination. The mea-
surement of strains by neutron or X-ray diffraction is based on
the well known Bragg law 2dhkl sin h ¼ k relating the crystallo-
graphic lattice spacing characterized by Miller indices hkl, dhkl, with
the wavelength, k and the angle h where the reflection is observed.
Defining the strain e as

e ¼ ðd� d0Þ
d0

ð1Þ

where d and d0 are strained and reference lattice parameters
respectively. The strain e can be determined by the shift in the
maximum of the Bragg peaks; the broadening of these peaks is
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Fig. 1. Scheme of the investigated EUROFER welded plate and a cross-sectional picture of the weld (after [2]). The principal stress axes are the longitudinal direction (along
the weld, in the plane of the plate), the transverse direction (the direction across the weld line, in the plane of the plate) and the normal direction (normal to the surface of the
plate). The neutron diffraction measurements were carried out at mid-length of the plate, at different distances from the weld centre.
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characterized by their full width at half maximum (FWHM), related
to crystallographic grain size or local variations of strains. The three
principal components of the stress tensor r are obtained from the
equation

r ¼ Ee ð2Þ

where E is the Young modulus of the investigated material. The
main advantage of using neutron beams compared to X-rays is their
deeper penetration of the materials, reaching a few mm in certain
cases.

The neutron diffraction measurements were carried out, at
room temperature, at the ‘‘SALSA’’ strain diffractometer [6] in-
stalled at the High Flux Reactor of the Institute Max von Laue–Paul
Langevin (ILL), in Grenoble. The neutron wavelength was
0.169407 nm and the selected crystallographic reflection (2 1 1).
Three mutually perpendicular directions with respect to the sam-
ple were defined (Fig. 2): longitudinal (along the length of the weld
path, in the plane of the plate), transverse (across the weld line, in
the plane of the plate), normal (normal to the surface of the plate).
The slits defining the incident and the diffracted neutron beam
gave a diffracting volume of 1 � 1 � 2.5 mm3 (2.5 mm high) in
the transverse and normal directions and of 1 � 1 � 0.5 mm3

(0.9 mm high) in the longitudinal direction. The measurements
were taken at 0, 5, 10, 20 and 40 mm from the weld centreline
on one side of the weld at a depth of 1.25 mm from the top surface
Fig. 2. Sample and weld orientation with respect to the neutron beam in the three
investigated directions.
and at mid-length of the plate. Residual strains (e) were calculated
using the equation

e ¼ Dh
tan h

ð3Þ

where Dh is the difference between the measured angle and strain-
free Bragg angle (h0). The ‘strain-free’ diffraction angle (2h0), provid-
ing d0, was chosen as the average of the values measured at the po-
sition 40 mm from the weld centre (far-field average). Assuming X,
Y, Z as the principal directions of deformation, then the stresses ob-
tained are the principal stresses. The longitudinal (rX), transverse
(rY) and normal (rZ) direction residual stresses are given by

rX ¼
E

ð1þ mÞð1� 2mÞ ½ð1� mÞeX þ mðeY þ eZÞ�

rY ¼
E

ð1þ mÞð1� 2mÞ ½ð1� mÞeY þ mðeX þ eZÞ�

rZ ¼
E

ð1þ mÞð1� 2mÞ ½ð1� mÞeZ þ mðeX þ eYÞ�:

ð4Þ

Residual stresses were calculated [7] from the three perpendic-
ular strains using Eq. (4), where it was assumed E = 217 GPa and
the Poisson ratio m = 0.33, that is the same values used in the FEA
calculations [2].

3. Results

Fig. 3 shows the strain values obtained for the three compo-
nents, while Fig. 4 shows the corresponding FWHM values. The ob-
tained stresses in longitudinal, transverse and normal directions
are shown in Figs. 5–7 respectively; and for comparison, the corre-
sponding calculated stress values are included in each figure. In the
longitudinal direction (Fig. 5), the neutron diffraction data give
stress values raising up to approximately 750 MPa in the centre
of the weld, in good agreement with the calculated values; increas-
ing the distance from the weld the experimental stresses decrease
to �50 MPa, a value slightly higher on average than the calculated
value. In the transverse direction (Fig. 6) good agreement with the
calculated stresses is found far from the weld, while inside the
weld the neutron data consistently measure higher stresses than
the calculated values. Also in the normal direction there is good
agreement between experimental and calculated data far from
the weld, but inside the weld experimental values as high as
700 MPa are found.



Fig. 3. Longitudinal (squares), transverse (dots) and normal (triangles) strains as a
function of the distance, in mm, from the weld centre.

Fig. 4. Longitudinal (squares), transverse (dots) and normal (triangles) FWHM
values as a function of the distance, in mm, from the weld centre.

Fig. 5. Longitudinal stresses in MPa (dots) determined by neutron diffraction as a
function of the distance, in mm, from the weld centre (‘‘0’’). For comparison, the
longitudinal and calculated stresses are shown, indicated by squares [2].

Fig. 6. Transverse stresses in MPa (dots) determined by neutron diffraction as a
function of the distance, in mm, from the weld centre (‘‘0’’). For comparison, the
transverse calculated stresses are shown, indicated by squares [2].

Fig. 7. Normal stresses in MPa (dots) determined by neutron diffraction as a
function of the distance, in mm, from the weld centre (‘‘0’’). For comparison, the
normal calculated stresses are shown, indicated by squares [2].
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The microstructure inside the Heat Affected Zone (HAZ) has
been investigated by X-ray diffraction in order to assess the
‘strain-free’ lattice variation between the base material and the
weld. A strong crystallographic texture is detected in the weld
leading to difficult interpretation of the X-ray measurements. It
is also noted that for both techniques, neutron (Fig. 4) and X-ray,
the FWHM increases approaching the weld, which suggests a high
density of microstrains in the weld and in the HAZ in agreement
with the simulated micro-hardness results [1]; similar results were
found in similar welds of ferritic/martensitic steels for fusion appli-
cations [8]. In fact, complex metallurgical transformations, includ-
ing re-austenisation and M23C6 carbide precipitation, occur in the
weld and in the HAZ, which are expected to have inhomogeneous
distributions after the welding process. That is reflected in strong
gradients in the strain field in this region, with a large uncertainty
on the d0 value and, consequently, on the experimentally deter-
mined strains and stresses. Based on these experimental data,
the FEA calculations are shown to predict quite reliably the stress
field in the longitudinal direction, which is the most relevant for
technical applications. Further refinements will be necessary to
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fully understand the stress fields in the weld centre, both by exper-
imental data and by numerical simulations. Far from the HAZ the
agreement between experimental neutron data and numerical
simulation is quite satisfactory in all three directions.

4. Conclusions

The stress field has been experimentally determined by neutron
diffraction measurements in a dual-beam laser weld on an EURO-
FER-97 model plate with integrated cooling channels The measure-
ments were carried out in the three principal directions, at
different distances from the weld and inside the weld itself. In
the longitudinal direction, which is the most relevant for technical
applications, good agreement is found between the experimental
results and those obtained by FEA numerical methods: tensile
stresses as high as 750 MPa are found inside the weld, rapidly
decreasing with increasing the distance form the weld centre. In
the other two directions the agreement between experimentally
determined and calculated stresses is still good far from the weld,
but inside the weld the experimental data are probably affected by
the strong texture produced by the heating and subsequent cooling
during the high-temperature welding process. Further refinements
are therefore necessary, both in experimental data and in numeri-
cal simulations, to fully understand the stress distribution inside
this weld.
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