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Abstract—Residual stresses in an X-shaped weld of 32-mm-thick steel plates have been studied using neutron
diffraction. The effect of pre-holding of weldments and their post-weld heat treatment on the distribution of
residual stresses has been studied. The stress distribution is close to symmetric with respect to the centerline
of the weld section and clearly asymmetric with respect to the middle of the weld thickness. The maximum
tensile (longitudinal) stresses occur in the weld half-thickness, which was welded first. The peak value of lon-
gitudinal stresses in a fixed plate is 800 MPa (98% of the yield strength of the weld metal), which is signifi-
cantly higher than that in a free plate (530 MPa). The zone of maximum compressive (transverse) stresses of
—400 MPa in a fixed plate is located in the first half-thickness of the weld, while its second half occurs in the
free plate. After heat treatment, the tensile and compressive stresses remained in general tensile and compres-
sive, respectively. The maximum tensile longitudinal stresses were reduced to 270 MPa in the fixed plate and
to 220 MPa in the free plate. The maximum compressive transverse stresses in both plates were reduced to

—170 MPa.
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INTRODUCTION

Molten weld metal after solidification in a welding
process is cooled from an extremely higher tempera-
ture than the base metal. A large difference in the
degree of compression of the weld metal and base one
during cooling results in the occurrence of high tensile
stresses in the weld [1, 2]. In the case of using ferritic
steel as the weld metal, another factor affecting the
distribution of residual stresses is the volumetric
expansion of the weld metal determined the y—«
phase transition, which results in the formation of
compressive stresses in the transition zone.

Residual stresses can considerably degrade the
fatigue strength and corrosion resistance of a welded
joint [3—8]. Therefore, quantitative information about
residual stresses, in particular, the magnitude and
location of maximum tensile stresses, is essential for
reliable estimating the strength and service life of a
welded joint. It is also necessary to verify various cal-
culation models. In the case of thick welds, informa-
tion about the stresses within the weld is required,
since a large number of passes and strong constraining
conditions lead to a complicated pattern of the stress
distribution over the joint thickness.

To reduce the deformations of structures, weld-
ments are often fixed in various ways; in addition,
many welds are located on parts already held together.
Stiffening ribs are the most common type of holding.
Heat treatment is commonly used to reduce residual
stresses. Therefore, it is necessary to have reliable
quantitative information on the effect of holding and
heat treatment on residual stresses.

Owing to the high penetration capability of neu-
trons in most metals, neutron diffraction (ND) is the
only nondestructive method that makes it possible to
measure all three components of the stress tensor in
massive bulky components (up to 50 mm thickness in
steel) [2, 9]. The X-ray method can be used to measure
stresses only on the surface or in the near-surface lay-
ers (of ~20 um in steel). Therefore, the ND method is
currently widely used to measure residual stresses in
massive welded joints.

The ND method has been recently widely used to
study stresses in welded joints of large-thickness plates
(=20 mm) with V-grooves [9—15]. These studies have
shown that in single-groove V-welds the maximum
longitudinal tensile stresses occur in the upper half of
the weld near the surface or at a depth that can reach
40% of the plate thickness. Depending on the techno-
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Table 1. The chemical composition of steel and electrodes (wt %)
Material C Si Mn Cr Ni Al \% Cu Mo S P
Steel 0.10 0.17 0.42 0.75 2.80 0.02 0.08 1.15 0.54 0.005 0.012
Electrode 0.07 0.25 0.70 0.89 2.50 0.92 0.51 0.015 0.012

Table 2. The mechanical characteristics of the base and weld metals

Zone of welded joint Yield strength, MPa

Ultimate strength, MPa Elongation, %

Base metal
‘Weld metal

1040
820

1140 17
910 16

logical parameters of welding (weld width, heat input,
bead application sequence, etc.), one maximum is
formed on the weld centerline near the upper surface
or two maxima are located symmetrically with respect
to the weld centerline. In the latter case, the maxima
may occur within the zone of the weld metal or beyond
it. The peak magnitudes of longitudinal tensile stresses
are close to the yield strength of the weld metal and in
some cases exceed it.

The stress distribution in welds with X-shaped
grooves was experimentally studied for the first time in
[16] using the block removal and layering (BRL)
method. The plates were fixed before welding with
welded stiffening ribs, which were retained during the
study. It was shown that in an X-shaped weld of
50-mm thick ferritic steel, longitudinal stresses are
tensile both in the weld and base metal; their peak
value is 740 MPa (~150% of the yield strength of the
weld metal) located on the centerline (CL) of the weld
section in the middle of the thickness (root) of the
weld. The transverse stresses were tensile in that half-
thickness of the weld, which was welded first, and
compressive in the second half. When moving from
the CL, a local maximum in the thickness distribution
of both longitudinal and transverse stresses was
retained in the middle of the thickness. After heat
treatment at 600°C for 2 h, as well as before heat treat-
ment, a maximum of longitudinal stresses was
observed in the weld root, the value of which
decreased from 740 to 140 MPa.

The stress distribution over the thickness along the
CL of a 50-mm steel weld with an X-shaped groove
was studied in [17] using the finite element method
(FEM). In contrast to [16], a free welded plate was
studied. The distributions of the longitudinal and
transverse components were very similar. The maxi-
mum stresses occurred at a depth of about 10 mm from
both surfaces. In contrast to the results obtained by the
BRL method [16], a minimum, but not a maximum of
longitudinal and transverse stresses occurred in the
weld root. Longitudinal stresses were tensile through-
out the thickness; however, transverse stresses
changed from tensile near the surfaces to compressive
near the middle of the thickness.
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One can assume that the discrepancy between the
results obtained in [16] and [17] is due to the fact that
in the first case fixed plates were studied, and in the
second case the plates were free. The aim of this work
was to study the residual stresses in an X-shaped steel
weld using the nondestructive ND method and to
study the effect of holding and heat treatment on the
distribution of residual stresses.

EXPERIMENTAL
Sample Preparation

As the base metal, we used a 32-mm thick rolled
sheet made of ferritic low-carbon alloy structural steel
of Russian production, manufactured by controlled
thermal-deformation rolling. The chemical composition
(Table 1) and mechanical characteristics of the used steel
are similar to that as Amstrong® Ultra 960, Optim 960
QC, XABO 960, and correspond to S960QL grade in
accordance with the EN ISO 10025-6 standard. Welding
was performed using the manual arc method with piece
covered consumable electrodes (MMA/111). Ferrite
electrodes of Russian production with a nominal
diameter of 4.0 mm with a basic type coating were
used as the welding material. The chemical composi-
tion of electrodes is presented in Table 1. According to
the mechanical characteristics of the deposited metal,
these electrodes are similar to ESAB OK 75.75 elec-
trodes and correspond to E85 grade (GOST 9467) and
to E 79 A—B grade (EN ISO 18275-A standard).

The mechanical properties of materials experimen-
tally determined using a method similar to the
EN 10002-1:2001 standard on samples of a circular
cross section 6 mm in diameter and with a working
part with a length equal to 5 diameters of the sample,
are presented in Table 2.

The edges for welding were grooved using a gas-
flame technique followed by mechanical abrasive
cleaning. Manual butt welding was performed toward
the rolling direction along a two-sided symmetric
X-shaped groove into the bead arrangement. The
number of layers was seven per side and the total num-
ber of passes was 20 per side. A massive reinforcement
~6.5-mm high above the plate surface was made on
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Fig. 1. The X-shaped weld joint: (a) layout of grooves, (b) cross-section of the weld (CL is the centerline of the weld), (c) location
of the studied zones of the structure. All dimensions are in millimeters.

Fig. 2. The microstructure of the weld metal and heat-affected zone (HAZ) shown in Fig. 1c. WL is the weld line.

both sides of the weld in such a way that the weld
thickness in the center was ~45 mm. The layout of
grooves and the metallographic image of the cross-
section of the weld are shown in Fig. 1.

Welding was performed with direct current of
reverse polarity according to the following regime:
current strength 180 A, arc voltage 25 V, welding rate
3.5 mm/s. The estimated input energy was 1.4 kJ/mm.
The sheets were preheated before welding to 100°C.
The interpass temperature was maintained in the
range of 100—200°C. At the end of welding, slow cool-
ing was provided using heat-insulating mats.

Figure 2 shows metallographic images of the weld
metal and heat-affected zone (HAZ) marked in
Fig. 1c. The weld metal exhibits a predominant bainite
structure with slightly pronounced ferritic domains.
The width of the ferritic bands is 21.5 um. The coarse-
grained HAZ exhibits a predominantly martensitic
structure. The fine-grained HAZ is identified as bain-
ite with a grain size of 40.7 um. There is no martensite
in this zone.

In the intercritical HAZ, increased carbide forma-
tion occurred along the boundaries of bainite grains
(bainite grain size 32.3 um). The fine-grained and
intercritical HAZ exhibits a band structure typical of
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the structure of a sheet subjected to thermomechani-
cal processing (namely, rolling). The dimension
(thickness) of the HAZ is 3.61 mm.

Four welded joints were prepared in the form of
plates with dimensions of 280 X 400 with a weld
located on side 400 (hereinafter, the dimensions are in
millimeters). Two samples were fixed before welding
with welded stiffening ribs (Fig. 3a); let us denote
them as SPs. Two samples were welded in a free state;
let us denote them as FPs. The plates were welded on
one side (Side I) then turned over and welded on the
other side (Side II). The SPs were first welded from
the side of stiffening ribs. After welding, the plates of
both types were subjected to heat treatment at a tem-
perature of 550°C for 3 h and then cooled in water. Let
us denote the plates of two types after heat treatment
as HSP and HFP, respectively. Then, parts 100-mm
long were cut off using water-jet cutting from the butt
end of each welded joint (Fig. 3a) to prepare make a
macrosection and d,-sample.

Thus, for the studies using the ND method, four
samples were prepared in the form of plates 280 X
300 x 32 in size with a weld in the middle (Fig. 3a):
two fixed (SP and HSP) and two free (FP and HFP).
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dy-sample z

Fig. 3. (a) The layout of the welded plate with stiffening ribs (SP), (b) layout of the points for measurements using the ND method
(top) and dj-sample (bottom). All dimensions are in millimeters. CL is the centerline of the weld.

Measurement of Stresses Using
Neutron Diffraction

The neutron diffraction method of the stress mea-
surements is based on the precise measurement of
interplanar space d in the crystal lattice of a material.
According to the Wolf—Bragg law 2dsin® = nA (n is
integer) and interplanar space d can be determined
using the neutron diffractometer with constant neu-
tron wavelength A by precise measuring the diffraction
peak with diffraction angle 20. The change Ad in the
interplanar space results in a A20 shift of the angle of
the diffraction peak. The lattice strain € is determined
using the shift of the diffraction peak as follows [2]:

8 — d - d() —
dy
where d, 6 and d,, 0, are the interplanar space and
Bragg diffraction angle in a stressed and stress-free
sample, respectively.
The strains along three mutually perpendicular
directions (x, y, z) are measured, and the generalized

Hook law is used to determine the stresses along these
directions [2]:

o, =E[(1-2v)e, +v(e, +&, +¢&,)]/(1+Vv)(1-2v),

where i = x, y, z; £ and v are the Young’s modulus and
Poisson’s ratio, respectively. The stress components in
the x, y, and z directions are defined as longitudinal
(L), transverse (T) and normal (N) components
(Fig. 3). In the experiment, diffraction from a small
gauge volume (GV) is measured. This volume is
selected in the sample using the cadmium slits placed
in the incident and reflected neutron beams. The
strain/stress averaged over the GV is measured at each
point in the sample.

(9 - 90 ) Coteo,
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The residual stresses were studied using a STRESS
neutron diffractometer installed at an IR-8 research
reactor (the maximum power 8§ MW) at the Kurchatov
Institute National Research Center using a reactor
power of 6 MW. The used original monochromatiza-
tion scheme makes the possibilities of the device in
measuring stresses over depth (50 in steel at GV of
80 mm? and measurement time of 1 h) comparable
with those of other modern facilities at more powerful
reactors [18, 19]. A PG(002)/Si(220) double-crystal
monochromator made of pyrolytic graphite and bent
perfect silicon single crystal produces monochromatic
neutrons at a fixed wavelength A = 0.156 nm, which is
optimum to measure in-depth stresses in ferritic steel
[20]. We used the (112) diffraction peak of the bcc lat-
tice of ferritic steel (20 = 82°), which is the least sensi-
tive to microstresses [2]. The GV was set using 3 mm-
wide cadmium slits placed in the incident and
reflected neutron beams. The slit height in the inci-
dent beam was 20 (GV was 3 X 3 X 20) when measur-
ing the normal (z) and transverse (y) components and
5 (CVwas 3 x 3 x 5) when measuring the longitudinal
(x) component. In both cases, the spatial resolution
along the weld thickness was equal to 4. The stress dis-
tribution over the depth was measured in the middle of
the plate and in the weld cross-section in the points
shown in Fig. 3b. We note that y = 0 corresponds to the
CL, and z = 0 corresponds to the plate surface (Side I)
at a depth of 6.5 from the weld surface at y = 0.

A stress-free sample for measuring d,, (d,-sample)
was prepared by electroerosive cutting with wire 0.25
in diameter (Fig. 3). A 5 mm-thick plate was cut from
each part 100 mm long cut off from welded joints, and
an common “comb” [2] with teeth (~40(z) X 5(x) X
5(y)) along the normal (z) direction was prepared.
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Then, in this comb, to reduce stresses in teeth ~40 long
[21], several notches (0.25 wide and 4 deep) were
made along the transverse (y) direction perpendicular
to the teeth. This two-dimensional comb was used as a
d,-sample.

To calculate the stresses, we used the Young’s
modulus £}, = 225 GPa and the Poisson’s ratio v, =
0.28, which correspond to the (112) reflection planes
of ferritic steel [2].

RESULTS
Residual Stresses in Samples with Stiffening Ribs

Figure 4 shows the distributions of longitudinal (L)
and transverse (T) stresses in SPs and HSPs at dis-
tances y = 0, 5, £10, £15 from the CL. Figure 5
shows the two-dimensional mappings of the stress dis-
tribution in these plates plotted using all measured
points.

The distribution of longitudinal and transverse
stresses in the SP is close to symmetric with respect to
the CL (Figs. 4a, 5a), although the considerable dif-
ference in stresses at some symmetric points is
observed. The maxima of tensile longitudinal and
transverse stresses are located in the weld metal at the
depth z = 2.5 and z = 27.5 (~10 from the weld surface)
on both sides of the CL (y = *5).

The stresses decrease closer to surfaces (z = —0.25;
z=29) and to the middle of the weld. The highest ten-
sile longitudinal stresses of 800 MPa were observed in
the first half-thickness of the weld at Side I (z = 2.5,
y= 5). A local minimum of longitudinal tensile
stresses of ~270 MPa is observed at a depth of 7.5 along
the CL. When moving away from the CL, the local
minimum shifts from the first half-thickness to the
second one from z="7.5aty=0to z =20 at y = +15.
In this case, the minimum decreases from 270 MPa at
y = 0 to zero at y = £10, and then the transformation
into the compressive stresses to —200 MPa at y = +15
occurs. The tensile transverse stresses with maxima of
400 MPa are noticeably lower than the longitudinal
ones. The compressive transverse stresses are consid-
erably higher than the longitudinal ones, with a maxi-
mum of —400 MPa in a wide zone (—10 <y <10) in the
first half-thickness of the weld (z = 7.5).

The stresses were considerably reduced after heat
treatment (Figs. 4b, 5b). In this case, in general, the
tensile and compressive stresses remained tensile and
compressive, respectively. The maximum tensile longi-
tudinal stresses were reduced to 270 MPa, and the max-
imum compressive transverse stresses to —170 MPa.

Residual Stresses in Free Samples

Figure 6 shows the two-dimensional mappings of
the stress distribution in FPs and HFPs plotted using
the results of the neutron diffraction measurements.
Similar to the stress distribution in the SP (Fig. 5a),
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the distribution of longitudinal and transverse stresses
in the FP (Fig. 6a) is nearly symmetric with respect to
the CL and is clearly asymmetric with respect to the
middle of the weld thickness.

In general, the distribution of longitudinal stresses
is similar to that in the SP; however, they are much
lower in magnitude. The peak value (530 MPa) is
observed near the surface in the first half-thickness of
the weld on Side I (z = 2.5, y = 5). Similar to the SPs,
the tensile transverse stresses are lower than the longi-
tudinal ones.

In contrast to the SP (Fig. 5a), a relatively large
zone of compressive transverse stresses with a peak
value of —400 MPa is located in the FP in the second
half-thickness of the weld, and not in the first one
(Fig. 6a).

The stresses were considerably reduced in the HFP
after its heat treatment (Fig. 6b). The maximum ten-
sile longitudinal stresses were reduced to 220 MPa,
and the maximum compressive transverse stresses
were reduced to —170 MPa.

DISCUSSION

An X-groove weld is geometrically symmetric with
respect to the center line of the weld section and to the
middle of the thickness and can be considered as two
V-shaped welds with a root in the middle of the thick-
ness. Therefore, we can expect some similarity and
difference in the stress distribution in the X- and
V-shaped welds. The distribution of longitudinal and
transverse stresses is close to symmetric with respect to
the CL (Figs. 5a, 6a), which is consistent with the
results of [16] and is typical of V-shaped welds [9—15].
The stress distribution is clearly asymmetric with
respect to the middle of the weld thickness, since the
first and second half-thickness are welded under dif-
ferent constraining conditions.

In the SP (Fig. 5a), the maximum tensile longitu-
dinal stresses are observed in the weld metal near the
surfaces of the plates on both sides of the CL. They
gradually decrease by approaching the middle of the
weld thickness. The longitudinal stresses are tensile in
the entire zone of the weld metal; they decrease with
distance from the CL and turn into compressive
stresses at a distance of £15 from the CL in the base
metal of the second half-thickness of the weld. The
peak value of longitudinal stresses (800 MPa) in the
first half-thickness is close to the yield strength of the
weld metal (820 MPa). However, the effective von
Mises stress (560 MPa) calculated using the measured
values of the longitudinal, transverse and normal
stress components, is about 68% of the yield strength.
The distributions of longitudinal stresses in the SPs
and FPs are similar as a whole (Figs. 5a, 6a). However,
the longitudinal stresses in the FP are lower (peak
value 530 MPa), and there are no clear maxima on
Side 1.
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Fig. 4. The distributions of longitudinal (L) and transverse (T) stresses throughout the thickness in (a) SP and (b) HSP at dis-
tances y =0, 5, £10, =15 from CL.

The distribution of transverse stresses is clearly
asymmetric with respect to the middle of the weld
thickness (Figs. 5a, 6a) and depends on the presence
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or absence of stiffening ribs. The zone of maximum
compressive stresses (—400 MPa) is located in the first
half-thickness of the weld in SPs and in the second
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Fig. 6. Two-dimensional mapping of the distribution of longitudinal (c,) and transverse (o) stresses in (a) FPs and (b) HFPs.

half-thickness in FPs. In general, in both plates, the
tensile longitudinal stresses are higher than the trans-
verse ones, which is consistent with the results of [ 16].
The higher longitudinal stresses compared to trans-
verse ones are typical of V-shaped welds [13, 22, 23].
The experiments performed in [22] have shown that
longitudinal stresses increase with an increase in a
weld length. The transverse and normal stresses are
much lower and weakly depend on the weld length.
This is probably due to the fact that the plate stiffness
in the longitudinal direction is higher than in the
transverse one.

In contrast to [16], which was performed using the
BRL method, in this work, no maxima of longitudinal
and transverse stresses were found in the middle of the
weld thickness. On the contrary, the stresses decrease
near the middle of the weld thickness. The annealing of
the previous beads could result in a decrease in stresses
in the weld root when depositing next beads [13].

PHYSICS OF METALS AND METALLOGRAPHY Vol 123

Unexpectedly low stresses (~10% of the yield
strength of the weld metal) were observed in the stiff-
ening near the weld surfaces (Figs. 4, 5a, 6a). In con-
trast to this, high stresses close to the yield strength
were observed on the surface and near the surface of
the weld metal [13, 16]. Relatively low stresses (~30%
of the yield strength of the base metal) under the junc-
tion points between the weld stiffening and base metal
are in poor agreement with the high stresses measured
at these points in an X-shaped weld using the BRL
method (~140% of the yield strength of the base
metal) [16] and in a V-shaped weld using the ND
method (~100% of the yield strength of the base
metal) [13]. The low stresses at these points are prob-
ably due to the relatively large sizes of stiffening ribs.

Figure 7 shows the distributions of residual stresses
throughout the weld thickness along the CL measured
in this work using the DN method and obtained in
[16] using the BRL method. To compare the stress dis-
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Fig. 7. The distributions of (a) longitudinal and (b) transverse stresses over the weld thickness along the CL in SPs and FPs mea-

sures using the ND and BRL [16] methods.

tribution in welds of different thicknesses and of dif-
ferent materials, the depths in plots were normalized
by the weld thickness and the stresses were normalized
by the yield strength of the corresponding weld metal.
There is a strong difference in the distribution of lon-
gitudinal stresses obtained using different methods
(Fig. 7a). The tensile longitudinal stresses along the
CL were revealed using both methods, but the stresses
obtained using the BRL method are much higher and
at some points exceed the yield strength by 50%. It
should be noted that, in addition to differences in the
thickness and material of the weld, there are other dif-
ferences between the samples studied in this work and
in [16], which may affect the differences in longitudi-
nal stresses. In samples studied in [16], the yield
strength of the base metal was lower than that of the
weld metal (360 and 500 MPa, respectively). In our
samples, it was the opposite: 1040 and 820 MPa,
respectively. The heat input during welding of our
samples and those in [16] was also different: ~1.4 and
~3 kJ mm™', respectively. Considering the large dis-
crepancy in the distribution of longitudinal stresses, it
was unexpected that there was a large similarity in the
distribution of transverse stresses (Fig. 7b); if we do
not take into account the local maximum at the weld
root obtained in [ 16]. The transverse stresses are prob-
ably less sensitive to welding parameters and more sen-
sitive to the presence or absence of stiffening ribs.

Comparison of the plates before and after heat
treatment shows that after heat treatment the stresses
are significantly reduced, but the tensile and compres-
sive stresses remain tensile and compressive, respec-
tively.

In contrast to [16], local stress maxima in the mid-
dle of the thickness of the weld were not detected in
heat-treated samples similar to unannealed samples.
The longitudinal stresses remained higher than the
transverse ones. In a plate with stiffening ribs, the
maximum tensile longitudinal stress (270 MPa, 33%
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of the yield strength of the weld metal) is higher than
that in a free plate (220 M Pa, 28% of the yield strength
of the weld metal), which is consistent with the results
obtained in [16].

CONCLUSIONS

A nondestructive neutron diffraction method was
used for the first time to study the effect of holdings
and heat treatment on the distribution of residual
stresses in a steel X-shaped weld. The results of the
performed studies make it possible to draw the follow-
ing conclusions:

(1) The stress distribution in the X-shaped weld is
close to symmetric with respect to the centerline of the
weld section and clearly asymmetric with respect to
the middle of the weld thickness.

(2) The distributions of longitudinal tensile stresses
in plates with stiffening ribs and in free plates are sim-
ilar. In both plates, there are two maxima near the sur-
face on Side I in the weld metal on both sides of the
centerline of the weld section. In a plate with stiffening
ribs, the peak value of longitudinal stresses of 800 M Pa
(98% of the yield strength of the weld metal) is higher
than in a free plate (530 MPa, 65% of the yield
strength of the weld metal).

(3) The distribution of transverse stresses strongly
depends on the presence or absence of holdings. In a
plate with stiffening ribs, the zone of maximum com-
pressive transverse stresses of —400 MPa is located in
the first half-thickness of the weld, and in a free plate,
it is located in the second half-thickness.

(4) Residual stresses in the stiffening (10% of the
yield strength of the weld metal) and under the junc-
tion points between the stiffening and base metal (30%
of the yield strength of the base metal) are consider-
ably lower than the yield strengths of the correspond-
ing metals.
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(5) After heat treatment, the maximum tensile lon-

gitudinal and compressive transverse stresses consid-
erably decreased, but remained tensile and compres-
sive, respectively. In a plate with stiffening ribs, the
maximum tensile longitudinal stress (270 MPa, 33%

of

the yield strength of the weld metal) is slightly

higher than that in a free plate (220 MPa, 28% of the
yield strength of the weld metal). The maximum com-

pre

ssive transverse stresses (—170 MPa) are the same

in both plates.
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