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ABSTRACT

Thermal stress in the weld joints of high-strength steels after welding receives a great influence of dilatation stress
during phase transformation, especially martensitic transformation of the low temperature region in weld metal. In
order to quantify the amount of residual stress linked with thermal stress, neutron diffraction analyses were carried
out in the welded joints having weld metals with very reduced Ms temperatures. In the butt joint of weld metal
with an Ms temperature of about 60 °C, compressive residual stresses of about -400 MPa at the weld centre and
of about -75 MPa at the toe were observed. The residual stress distributions were quite different from those of
conventional weld metals, which have a tensile residual stress of about 400-500 MPa. The formation mechanism of
compressive residual stress and the effect of restraint stress and stress-induced transformation on it are discussed,
including previous data. It can be concluded that the reduction amount of residual stress induced by low Ms weld
metal is about 11-15 MPa per unit length within about 70 mm weld length.

IIW-Thesaurus keywords: Austenite; Cold cracking; Cracking; Defects; Diffraction; Fatigue strength; High strength
steels; Martensite; Neutron radiation; Radiation; Reference lists; Residual stresses; Steels; Transformation; Weld

metal; Welded joints.

1 INTRODUCTION

Strengthening of steel has the great advantage of
making light-weight steel structures, but it also creates
many kinds of welding problems, such as weld crack-
ing, stress corrosion cracking and fatigue strength
degradation. If these problems are not solved, the
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application of high-strength steels to steel structures
is limited. The relationship of welding problems and
their metallurgical factors is shown in Table 1, which
summarizes the problems caused by tensile residual
stress [1]. This study examines the reduction of resi-
dual stress by taking advantage of the dilatation effect
of martensitic transformation in weld metal using low
transformation temperature welding wire (LTTW) [1-4].
The dual phase microstructure of martensite and auste-
nite in the weld metals obtained by extremely low Ms
temperature has been found to be most suitable for
improving weld properties, such as fatigue strength
[5-7] and cold cracking [8-12], because of the tensile
stress reduction effect of phase transformation and
the hydrogen trapping effect of retained austenite. But
since the dual phase microstructure of martensite and
austenite in the weld metals has poor impact-absorbed
energy, the oxygen content in weld metals needs to be
reduced to below 100 ppm for high impact -absorb-
ed energy [13, 14]. To reduce the oxygen content, we
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Table 1 - Problems of welded joints and metallurgical analysis

Problems of welded joints

Item of problem

Metallurgical analysis of problem

1 Weld cracking
1-1) HAZ cracking

1-2) Weld metal cracking

* Increase in HAZ hardness due to small heat input

* Decrease in H, trap sites in HAZ

» High amount of hydrogen in weld metal
* Tensile residual stress

* Restraint stress

2 Stress corrosion cracking

* Increase in HAZ hardness
« Tensile residual stress

3 HAZ softening

« Ineffective heat inputting
* (High heat inputting)
« Decrease in Ceq of base steel

4 Toughness degradation

« Coarse grain growth in HAZ
* M-A constituents

» Tensile residual stress

» Restraint stress

5 Fatigue strength reduction

« Stress concentration due to wrong bead dimension
« Tensile residual stress

6 Fault existence

* Lack of fusion
* Slug fault. Weld crack

have developed high efficiency MIG arc welding, using
a coaxial-multilayer hybrid solid wire [15-18].

Although we have developed low Ms weld metal from
a practical application aspect (such as cold cracking,
fatigue and impact energy), we have not yet made an
analytical study of the residual stress in newly deve-
loped welded joints, which should have the compres-
sive stress due to the dilatation effect of martensitic
phase transformation. In order to achieve the formation
mechanism of residual stress reduction, which makes
it possible to control the residual stress, it is necessary
to observe the residual stress in three directions quanti-
tatively at a depth of about 2-5 mm in large-sized wel-
ded joints; these are required for high restraint because
residual stress may result only from welded structu-
res with high restraint. To meet these requirements on
residual stress measurements, a neutron diffraction
measurement is more suitable than conventional X-ray
measurements.

The first objective of this study is to clarify the resi-
dual stress distribution of welded joints with low Ms
weld metals using a neutron diffraction measurement.
The second objective is to construct the formation
mechanism of residual stress reduction resulting from
lowering Ms temperature by comparing the residual
stresses between weld metals of low and conventional
Ms temperatures.

2 METHODOLOGY

To prepare the two kinds of weld metals with low
and extremely low Ms, solid PS and PT weld wires of
1.2 mm diameter were used. The PT wire was prepa-
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red for the weld metal with full martensite and the PS
wire for weld metal with dual-phase martensite and
austenite. The welded plates were high-strength steel
of 980 MPa in tensile strength and 20 mm in thick-
ness. The MIG butt welding was carried out under
the conditions of each side one pass in X-groove.
Heat input was in the range of 30-40 kJ/cm. The
chemical compositions of both weld metals were
examined. The Ni and Cr equivalents (Nieq and Creq)
of the PS weld metal were 9.2 % and 12.8 % respec-
tively, while those in the PT weld metal were 7.0 %
and 12.0 % respectively. The oxygen content was
about 20-30 ppm in the PS weld metal and about
50-60 ppm in the PT weld metal. The PS and PT weld
metals are characterised by low Ms temperature and
low oxygen content in comparison with conventional
weld metal. Since some experiments regarding dila-
tation measurements and neutron diffraction analy-
sis of conventional weld metals have been finished
in the same way as this experiment, only the low
Ms weld metals of PS and PT were prepared in this
experiment. The dilatation measurements and neutron
diffraction measurements were carefully conducted to
obtain a good comparison with previous results for
conventional weld metals.

Figures 1 a) and 1 b) show a general picture of the
test piece during neutron diffraction measurement and
the schematic drawing shows the piece dimension
with weld length of 200 mm. One piece was used for
making standard stress-free samples and for measu-
ring dilatation on cooling. The other piece was used
for measuring the residual stress distribution by means
of neutron diffraction. The cuboidal standard sample
of 6 x 6 x 6 mm? for neutron diffraction was made by
bonding 8 cubes, with each edge measuring 3 mm in
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Figure 1

length, which were cut from the six positions in the
weld joint indicated by the blue mark in Figure 1 b).
The measurement method constructed by H. Suzuki
(one of the present authors) was used to measure the
elastic constants and lattice parameter of each cuboi-
dal standard sample and the residual stress of welded
joints [19, 20].

The neutron diffraction measurements were carried
out at a depth of 2 mm from the surface, varying the
beam position in the transverse direction [as illustrated
by the 14 ‘T’ positions marked in red in Figure 1 b)],
using the diffractometer for residual stress analysis
(RESA) at the Japan Atomic Energy Agency (JAEA)
in Tokai, Japan. At each position, the residual stress
components in the longitudinal (L), transverse (T) and
normal (N) directions of the welds were measured.
The measured residual stress in the welded joints
was calibrated by the data obtained from the standard
samples.

3 EXPERIMENTAL RESULTS

The temperature dependence curves of dilatation of
PS and PT weld metals are shown in Figures 2 a) and
2 b), where the blue points represent the experimental
values and the red lines are the estimation line. From
the estimation equation using the measured values, the
Ms and Mf temperatures of weld metals were calcula-
ted [21]. The Ms and Mf temperatures of the PS weld
metal are 60 °C and -170 °C respectively. The Ms and
Mf temperatures of the PT weld metal are 244 °C and
30 °C respectively.

The neutron diffraction peaks of the stress-free stan-
dard samples cut from PS and PT weld metals are
shown in Figures 3 a) and 3 b). An austenite peak was
observed in the PS weld metal [Figure 3 a)], but not in
the PT metal [Figure 3 b)]. The volume fraction of the
austenite phase is about 20 %, which was estimated
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Figure 2 - Temperature dependence of thermal dilatation of welds
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Figure 3 - Neutron diffraction profiles of retained austenite and martensite

from the peak intensities corresponding to austenite
and martensite.

From the above results, it can be concluded that the
PS weld metal has a dual phase microstructure with
about 20 % austenite and an Ms temperature of 60 °C,
while the PT weld metal has full martensite microstruc-
ture and an Ms temperature of 244 °C.

A comparison of residual stress distribution between
the PS and PT weld joints is shown in Figures 4, 5
and 6, which correspond to the residual stress in the
L, T and N directions respectively. It can be seen that
the weld metal region is in the range of £ 13 mm from
the centre of the joints, while the HAZ region is from
+ 13 mm to about + 70 mm, and the weld toe is at the
position of about £ 13 mm on both sides. The amount
of residual stress resulting from welding increases in
the following order: L, T and N directions. In both weld
metals, the residual stress inside the weld metal is
compressive in the L and T directions, i.e. a stress of
-400-500 MPa exists around the centre in the L direc-
tion and a stress of about -100 MPa in the T direction.
The largest tensile residual stress is observed in the
HAZ region close to the weld metal, but not at the
toe position. The difference in residual stress between

the PS and PT weld metals is small; however, strictly
speaking, the compressive residual stress in the PS
weld metal is somewhat larger than that in the PT weld
metal. In other words, the compressive residual stress
of weld metal with an Ms of 60 °C and containing about
20 % retained austenite is somewhat larger than that
found in weld metal with an Ms of 244 °C and with a
full martensite.
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Figure 5 - Comparison of residual stress
distribution between PS and PT welds in case
of residual stress in T direction (cT)
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Figure 4 - Comparison of residual stress
distribution between PS and PT welds in case
of residual stress in L direction (cL)
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4 DISCUSSION

4.1 Comparison of residual stress between
low Ms and conventional weld metals

Figures 7 and 8 show a comparison of residual stress
distributions between low Ms weld metals of 60 °C and
244°C, as demonstrated in this study, and convention-
al Ms (about 460 °C) weld metal of Terasaki’s results,
which were observed in weld metal of conventional wire
of 800 MPa grade using the stress relaxation method
[22-24]. The former corresponds to residual stress of
longitudinal direction, while the latter refers to transver-
sal direction. The difference of residual stress distribu-
tion between low Ms weld metals and conventional Ms
weld metal is remarkable in longitudinal direction — i.e.
the low Ms weld metals (60 °C and 244 °C) have a
compressive residual stress of about 400 MPa inside
weld metals, while the conventional weld metal has
a tensile residual stress of 450 MPa. One of the pre-
sent authors, H. Suzuki, also observed a tensile resi-
dual stress of about 400 MPa in conventional Ms weld
metal of about 900 MPa grade with neutron diffraction
measurement [24]. The residual stress reduction effect
due to low Ms weld metal is observed not only in butt
weld joints, but also in box weld joints. In the box weld
joints as shown in Figure 9 [6, 7], we also observed a
reduction of about 170 MPa in tensile residual stress
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Figure 7 - Comparison of residual stress
distribution between conventional weld metal
and low weld metal (PT, PS) in case of residual
stress in L direction (cL)
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Figure 8 — Comparison of residual stress
distribution between conventional weld metal
and low Ms weld metal (PT, PS) in case of residual
stress in T direction (cT)

Figure 9 - Effect of Ms temperature on residual
stress in T (X) direction observed in box filler weld

in weld metal with an Ms of about 200 °C in compa-
rison with that of conventional weld metal with an Ms
of about 440 °C.

Recently, Marinez Diez [25] and Kromm [26] observed
the compressive residual stress of about -400 MPa in
surface level at weld toe and inside weld metal of LTTA
using X-ray measurement. It is difficult to observe the
residual compressive stress in L, T and N stress direc-
tions in the same time, but the creation of compres-
sive residual stress due to LTTA weld metal has been
confirmed.

As shown in Figures 7and 8, the residual stress analysis
by means of neutron diffraction measurement shows
clearly that lowering Ms is sufficiently effective for resi-
dual stress reduction in spite of a decrease in volume
fraction of martensite from 100 % to 80 % under the
conditions of low oxygen content of 20-60 ppm. By the
detailed measurement of residual stress distribution, it
is also demonstrated that the dilatation effect induced
by martensitic transformation is sufficiently extended
up to weld toe, where residual stress is very low or
compressive.

As seen in Figure 3, the volume fraction of martensite
in the PS weld metal is about 80 % and that in the PT
weld metal is 100 %. In addition, Figure 2 shows that
the amount of thermal dilatation of the PS weld metal is
almost the same with that of the PT weld metal. In spite
of these experimental results, the compressive residual
stress of the PS weld metal is a little larger than that of
the PT weld metal inside the weld metal region. It may
be interpreted that the dilatation strain resulting from
martensitic transformation in the lower temperature
region creates a larger compressive stress because
Young’s modulus of martensite increases as tempera-
ture decreases. Accordingly, concurrent transformation
of martensite in the lower temperature region is effec-
tive for the creation of a large compressive stress.

Ordinary weld metals have an oxygen content of over
100 ppm. But these weld metals with low Ms need
to be reduced below 100 ppm for impact absorbed
energy. Before commencing this experiment, we had
some fears about the adverse effect of low oxygen
content (the reason being that a reduction of oxygen
inclusions breaks random orientation of laths and pack-
ets, so much that large compressive stress may not be
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formed because of the decrease in nucleation sites of
martensites). However, our fears were unfounded - a
high compressive residual stress was observed.

It is known that fractures of welded steel structures
have mostly occurred in welded joints because of fati-
gue crack in the weld toe position, besides other faults
such as weld cracking. Compressive residual stress or
reduction of tensile residual stress is valuable in pre-
venting fractures of welded joints. The reason is that
the dual phase microstructure of the PS weld metal is
much more suitable to suppress cold cracking because
of both the compressive stress effect of transformation
and the hydrogen trapping effect of retained austenite.
Generally speaking, fatigue fracture of welded joints
occurs mostly at the toe, which has two areas of weak-
ness — high stress intensity due to bad bead dimension
and high tensile residual stress. But PS and PT weld
metals have a residual stress of zero (0) at the weld
toe as shown in Figure 8. We think that tensile residual
stress in the HAZ region, apart from the toe position,
has little adverse effect on fatigue crack.

4.2 Formation mechanism of compressive
residual stress

One of the present authors, K. Hiraoka, examined the
relationship of restraint force and residual stress in wel-
ded joints of low Ms weld metal (LTTW) [27]. As shown
in Figure 10, compressive residual stress may be form-
ed only under strong restraint stress (short length).
We think that the large compressive stress of 400-
500 MPa observed in this experiment is formed under
the strong restraint stress as a result of the struggle of
two kinds of operating force — the tensile thermal stress
in cooling and the compressive stress in martensitic
transformation.

The formation mechanism of compressive residual
stress can be more easily understood in relation to Ms
and Mf temperatures (see below). In the butt welded
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Figure 10 - Relation of residual stress
and restraint length in case of both sides fixed
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Figure 11 — Schematic drawing representing
the formation mechanism of residual stresses
which results from different thermal stress
behaviour of low Ms weld metals (Ms 60 °C
and 244 °C) and conventional one (Ms 460 °C)

joints of 20 mm thickness and 200 mm width used
in this experiment, large base plates restrict the weld
metal so strongly that residual stress may be formed
by thermal stress resulting from the shrinkage of weld
metal. The thermal stress is greatly affected by the dila-
tation of phase transformation in the low temperature
region. The schematic drawing in Figure 11 represents
the formation mechanism of residual stresses that
result from the different thermal stress behaviour of
the experiment‘s low Ms weld metals and conventio-
nal Ms weld metals. During cooling after welding, the
thermal stress of conventional weld metal with an Ms
of about 460 °C begins to decrease to about 220 °C
of the martensite finishing temperature (Mf), but it
increases again up to about 400-450 MPa in the range
from the Mf to room temperature. On the other hand,
the thermal stress of weld metal with an Ms of 244 °C
continues to decrease down to the bottom in the com-
pressive stress region, but again increases up to about
-300 MPa because of the Mf over room temperature.
The thermal stress of weld metal with an Ms of 60 °C
continues to decrease down to about -400-450 MPa
because of the Mf below room temperature.

4.3 Difference in residual stress between L
and T directions

Table 2 provides a summary of the estimated values
of the amount of residual stress reduction induced by
unit length of weld metal with a low Ms temperature,
where residual stresses of conventional weld metal
and low Ms weld metal is indicated by Rconv and R,
respectively. In the estimation of the amount of residual
stress reduction, Rconv - R, we use the results of
Suzuki and Terasaki [19, 22] as Rconv and those of
our experiments as R,,. Furthermore, we assume that
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Table 2 - Estimation of the amount of residual stress reduction per unit length induced
by low Ms dilatation effect

Residual stress of weld metal (MPa)
) i i Effective |Residual stress
Welded Stess Conventional wire Low Ms wire weld metal | reduction per
joint direction Reonv Ry Rconv - R,,, length unit length
Suzuki | Terazaki | Shiga | Shiga | This experiment (i) o)y
L direc. 400 450 -400 800 to 850 |About 70 mm| 11.4to 12.1
Butt weld 3
Tdirec. | 220 240 -100 320t0340 | 20MM 12 t0 13.1
26 mm
Box weld | T direc 650 480 170 13 mm 13.1
3 Terasaki’s data.
® This experiment.

the compressive stress in the T direction comes from
the dilatation of weld metal width and the compressive
stress in the L direction comes from that of the 70 mm
within the longitudinal weld metal length. The value of
70 mm is adopted from past results, which show that
in the relationship of transverse shrinkage and weld
length in welded joints, the shrinkage is almost satura-
ted over 70 mm length [28]. By dividing the amount of
Rconv - R, by effective weld metal length, the amount
of residual stress reduction per unit length in low Ms
weld metal can be estimated at about 11.4-12.1 MPa/mm
in the L direction and 13.1-14.8 MPa/mm in the T direc-
tion, as shown in Table 2. The estimation values do
not have a large range. Subsequently, the same esti-
mation with the butt welded joints was carried out for
the box welded joints, where the amount of residual
stress reduction per unit length was calculated to be
13.1 MPa/mm, which is close to that of the butt weld
joints.

It may be said that the amount of residual stress reduc-
tion induced by low Ms weld metal is about 11-15 MPa
per unit length of weld metal. This estimation is appli-
cable within the 70 mm of both width and length in the
weld metal, which was welded under strong restriction.
The residual stress reduction induced by martensitic
transformation in the low temperature region may be
called a “low Ms dilatation effect”.

It is possible to explain the difference of residual stress
in L and T directions at weld centre from the following
interpretation. Residual stress in the L direction results
from the difference between the tensile thermal stress
of about 400 MPa and the compressive dilatation
stress of 800-850 MPa [(11.4-12.1 MPa/mm) x 70 mm]
from martensitic transformation - i.e. the final residual
stress in the L direction has a compressive value of
about 400-450 MPa. On the other hand, the residual
stress in the T direction results from the difference be-
tween the tensile thermal stress of 220-240 MPa and
the compressive dilatation stress of 320-340 Mpa -
i.e. the final residual stress has a compressive value
of about 100 MPa. In other words, the difference in
residual stress in L and T directions comes from the
difference of the effective length of weld metal in L and
T directions. It should be emphasized that the amount
of residual stress reduction induced by unit length of

low Ms weld metal is the same value in L and T direc-
tions (about 11-15 MPa per unit length).

4.4 Effect of stress-induced transformation
on Ms temperature and residual stress

Weld metal of low Ms temperature has stress-induced
transformation phenomena. The influence of the stress-
induced transformation on Ms temperature and thermal
stress resulting in residual stress is discussed below
with reference to the paper by Yamamoto and Hiraoka
[29].

The effect of restraint on Ms temperature of weld metal
can be clarified by reporting their measurement data.
The change in dilatation strain of weld metal without
restraint obtained by Formaster measurement is com-
pared with the change in strain in weld metal with res-
traint by laser speckle measurement in Figure 12 [30].
The Ms temperature of the weld metal with restraint
is higher by about 30 °C than that of the weld metal
without restraint. The 30 °C rise is caused by stress-
induced transformation. The increase in thermal stress
under restraint accelerates the starting of the transfor-
mation from austenite to martensite.

The effect of stress-induced transformation on residual
stress can be understood from the difference of thermal
stress in cooling; Figure 13 shows the comparison of
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Figure 12 — Comparison of Ms temperature
between weld metal with restraint and without it
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Figure 13 - Comparison of calculated thermal
stress curves between the conditions with stress
induced transformation and without it

calculated thermal stress curves between the condi-
tions with restraint and without restraint [29]. It can be
seen that compressive thermal stress in the low tempe-
rature region is weakened by stress-induced transfor-
mation and resultant residual stress is also done.

5 CONCLUSIONS

Large sized butt welded joints with two kinds of low
Ms weld metals (with Ms temperatures of about 60 °C
and about 244 °C) were prepared using 980 MPa grade
steels and the residual stress distributions in the region
from weld metal to HAZ were measured with neutron
diffraction. By comparing the residual stress distributi-
ons of the low Ms weld metals with those of conven-
tional weld metals having an Ms temperature of about
460 °C, the following conclusions can be reached:

1) While conventional weld metals have tensile residual
stress distributions, low Ms weld metals have compres-
sive residual stress distributions inside the weld metals
of butt weld joints.

2) The compressive residual stress in the longitudinal
(L) direction of the welding line was about -400 MPa
at the weld centre and about -75 MPa at the weld
toe in the case of the weld metal with an Ms of about
60 °C. The reduction of tensile residual stress at the
toe position may improve the fatigue strength of wel-
ded joints.

3) The quantitative analysis of residual stress in the L
direction demonstrates that the difference in residual
stress between low Ms weld metal and conventional
weld metal is about 800 MPa. The reduction of residual
stress by about 800 MPa results from the dilatation
stress of martensitic transformation.

4) The compressive residual stress of weld metal with
an Ms of 60 °C, which contains about 20 %-25 % reta-
ined austenite, is somewhat larger than that of weld
metal with an Ms of 244 °C, which has full martensite
microstructure. Lowering Ms temperature is more effec-
tive for the reduction of residual stress in spite of the
decrease in volume fraction of martensite. It is caused
by the increase of Young‘s modulus coefficiency of
martensite accompanying the falling of temperature.
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5) It can be estimated that the amount of residual
stress reduction induced by low Ms weld metal is about
11-15 MPa per unit length within the 70 mm of both
breadth and length in weld metal.

6) Stress-induced transformation only under strong
restraint conditions increases Ms temperature and
weakens residual stress.

7) The reduction of oxygen content in weld metal down
to 50 ppm has no adverse influence on residual stress
reduction through martensitic transformation. Weld
metals with low oxygen content and low Ms tempe-
rature, which creates the dual phase microstructure of
martensite and austenite, may thus improve weld cold
cracking, fatigue strength and impact absorbed energy
in weld joints.
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