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Introduction
     During the fabrication of steel
structures such as bridges, platforms,
and ships, welding is the most essen-
tial joining process. Upon completion
of solidification and after the weld is
cooled to room temperature, nonuni-
form strain distribution and tensile
residual stresses often result. Distor-
tion may also occur in welded structur-
al components. As tensile residual
stresses are deleterious to the integri-
ty of the weld joint (Refs. 1–3), it is
important to be able to model and pre-
dict the residual stress distribution in
the weld toe region. Methods that can
reverse the residual stresses from ten-
sion to compression, and enhance fa-
tigue performance of welded compo-
nents, are also important.
     Postweld heat treatment (PWHT)
and peening are known to reduce the
tensile residual stresses and possibly
induce a compressive stress state in a
weld joint. However, both methods are
costly and time consuming. A more at-
tractive approach is to use a welding
consumable that can produce a com-
pressive residual stress state in the
weld joint during welding. These are
the low transformation temperature
welding consumables (Refs. 2–6).
When martensite transformation ini-
tiates at a low temperature and finish-
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es just above room temperature, the
shrinkage due to thermal contraction
can be counteracted and “neutralized”
by the volume expansion caused by
austenite-to-martensite transforma-
tion in the weld metal (Refs. 7–10). If
the magnitude of expansion is greater
than that of thermal contraction, net
residual compressive stresses result
(Refs. 11–20). In case that the marten-
site transformation ends much below
room temperature, the martensite
transformation would be incomplete
resulting in a reduced total fraction of
martensite.
     Eckerlid et al. (Ref. 4) and Darcis et
al. (Ref. 5) showed that fatigue proper-
ties are enhanced with these specially
designed consumables. Welding
process characteristics, e.g., multiple
pass sequence and interpass tempera-
ture, can affect the effectiveness of
these consumables (Ref. 21). Shirzadi,
Bhadeshia, and colleagues (Ref. 22) ex-
tended the concept developed by Ohta
et al. (Refs. 7–10, 12) by investigating
other stainless steel compositions that
would produce similar effects on resid-
ual stresses. Yamamoto et al. (Ref. 23)
also reported on the effects of marten-
sitic transformation on weld residual
stress and distortion mitigation.
     In summary, martensite transfor-
mation start (Ms) and finish (Mf) tem-
peratures are essential parameters in
structural steel welding because of
their influences on residual stress de-

velopment and distortion control in
the weld (Ref. 24).
     The main objective of this study is
to develop welding consumables that
would reduce the tensile residual
stresses around the weld toe region
rather than the deleterious tensile
residual stresses of the structural

welded joints. Since cost and produc-
tivity was the main target, PWHT was
not the focus of this study. Anticipated
applications of the low transformation
temperature welding consumables can
be in steel structures such as bridges
and ships. The scale of these welded
components may make PWHT unfeasi-

Fig. 1 — Isothermal contour map for the
martensitic transformation temperature
as a function of Cr and Ni equivalents.
The NieqCreq field shown corresponds to
the martensite field in the Schaeffler
constitution diagram (Refs. 19, 20).

Fig. 2 — Dilatometric curves of the welds made using the recently developed LTTW
wires with a cooling rate (CR) of 120°C/s. A — SO200A; B — SO200B; C — SO350A;
D — SO350B.

Table 1 — Chemical Composition (in wt%) of the Base Metal, Welding Wires, and AsWelded Metal

C Mn Cr Ni Si Mo
Base Metal

A36 Structural Steel 0.11 0.80 0.15 0.11 0.06 0.02

SO200A Wire 0.1 1.0 1.0 10.0 0.10 2.0

Aswelded 0.11 1.07 0.97 5.83 0.26 2.11

SO200B Wire 0.04 1.25 10.0 4.0 0.15 0.5

Aswelded 0.11 1.09 9.04 2.98 0.29 0.50

SO350A Wire 0.10 1.0 1.0 2.0 0.1 2.0

Aswelded 0.08 1.28 1.12 1.92 0.25 1.74

SO350B Wire 0.05 1.0 4.0 0.50 0.10 2.0

Aswelded 0.06 1.19 3.57 0.45 0.24 1.79

ER70S3 0.09 1.02 0.05 0.03 0.41 <0.01

A B

C D
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ble for stress relief or attainment of
ductility. Therefore, the development
of welding wires that transform to
martensite close to room temperature
with maximum weld expansion and
eventually compressive residual stress-
es is highly desirable. Experimental
measurement and welding simulation
using finite element code Sysweld were
conducted to determine martensitic
transformation temperatures and bet-
ter characterize the effects of phase
transformation on the evolution of
residual stresses in structural welded
joints.

Experimental Procedure
and Results
     For the experiments, ASTM A36

structural steel
plates were welded
with four developed
welding wires (des-
ignated as SO-
200A, SO-200B,
SO-350A, and SO-
350B) with low
martensitic trans-
formation tempera-
tures (LTT) using
semiautomatic gas
metal arc welding

(GMAW). The compositions of the
welding wires were selected from a siz-
able matrix that spanned across the
entire martensite field on the Schaef-
fler constitution diagram (Ref. 18) as
shown in Fig. 1 where the Ms isotherm
contours were mapped according to
the Self and Olson equation (Ref. 25).

In Fig. 1, it can be easily recognized
that different alloy compositions may
exhibit similar Ms temperature indi-
cating that Ms temperature may not be
the only indicator that may quantify
the resulting compressive residual
stresses. The first set of the designed
filler metals have been selected along
the 200°C isotherm line, and the other
set was selected along the isotherm of
350°C on the contour map. The four
green lines were added to more easily

show the Ms temperature ranges of the
two pairs of experimental alloys iden-
tified by the four circles (with x’s). The
chemical compositions of the major al-
loying elements for the experimental
welding wires, conventional consum-
able, and base metal used in this work
are listed in Table 1.
     Four sets of welding experiments
were conducted. The first was in the
bead-on-plate configuration to meas-
ure angular distortion and extract
dilatometric specimens. The second
one produced V-grooved butt welds
from which mechanical testing speci-
mens were extracted. Multipass weld
pads were also produced to extract
dilatometric specimens for Ms deter-
mination.
     Further distortion measurements
were conducted by fabricating double-
sided single pass fillet welds in the
form of bar-panel assemblies on A36
structural carbon-steel base materials
using GMAW. The vertical bar was
first tack welded onto the panel plate
with zero root opening. No clamping
was used during welding; the heat in-
put was 25 kJ/in. and shielding gas
was Ar + 25%CO2.
     The fillet weld described in the last
paragraph was an all-around weld that
wrapped around the joint between the
vertical bar and flat panel. The weld
can be denoted weld 1 and weld 2 by
their order of deposition. Thus, the
heat from weld 2 would reheat weld 1.
The increase in temperature would re-
duce the cooling rate and amount of
compressive stresses in fillet weld 1.
Measurements of distortion and calcu-
lation of residual stresses would, how-
ever, be conducted for weld 2.
     To ensure that filler metal was the
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Fig. 3 — The outofplane distortions of ½in.thick barpanel
assembly following single pass fillet welding using convention
al welding wires, ER70S3.

Fig. 5 — The dimensions of the Tjoint welded structure in inch
es (in.) of an allaround welded panelbar assembly.

Fig. 4 — Different transverse displacement (distortion) produced by
various LTT welding consumables and the commercial welding wire.

Table 2 — The Experimental Ms Temperatures Compared with the Predicted Calculations

Welding Wire Self and Olson Ghosh and Olson Eichelmann and Hull Experimental
Designation Methodology Equation Ms Temperature

(°C) (°C) (°C) (°C)

SO200A 200 163 446 155
SO200B 200 219 528 160
SO350A 350 157 935 370
SO350B 350 177 985 400
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only variable in the welding experi-
ments, the welds were produced under
approximately identical conditions. The
bars and plates were cut to size and
ground flat for zero joint opening and
degreased prior to welding. The average
heat input was maintained constant
throughout the welding experiments,
and  the welding sequence and direction
were also kept constant.
     Standard metallographic techniques
were used to prepare the weld samples
for microscopy examination. The weld
microstructure was revealed using
Kallings No. 1 reagent. All experimental
welds exhibited martensitic microstruc-
ture (Refs. 19, 20, 36-38). The reference
ER70-S3 weld was predominantly ferrit-
ic (Refs. 19, 20, 36-38).
     Tensile testing on the specimens
extracted from the welds (in the weld
length direction) collected the yield
and ultimate tensile strengths as well
as elongation data needed for the
Sysweld finite element code. In the
case of SO-200B wire, the room tem-
perature yield and ultimate tensile
strengths are 60 and 95 ksi, respec-
tively (Refs. 20, 38).
     Using a Gleeble 3500 thermome-
chanical simulation system, dilatomet-
ric measurements were conducted to
experimentally measure the marten-
sitic start temperature (Ms) of the de-
signed alloys, SO-200A, SO-200B, SO-
350A, and SO-350B. Solid cylindrical
samples of 6.0 mm diameter and 80
mm length were extracted from multi-
pass bead-on-plate welds deposited on
ASTM A36 grade structural steel. The
weld metal specimens were subjected
to thermal cycles that mimicked the
cooling behavior experienced by the
welds. All specimens were austenitized
at 1100°C for 8 s, followed by cooling
at a constant rate of 120°C.s–1 to ambi-
ent temperature. The heating rate was
80°C.s–1. The heating and austenitiza-
tion process was conducted under vac-
uum, and the cooling was achieved us-
ing a helium gas jet.
     This test identifies the martensitic
start transformation temperature (Ms)
as the temperature at which the slope
changes from positive to negative dur-
ing cooling on an elongation-tempera-
ture graph as shown in Fig. 2. This test
shows that martensitic transformation
occurred in all four developed LTT weld-
ing wires. Samples SO-200A and SO-
200B exhibited the lowest Ms tempera-

tures between 155° and 160°C — Fig.
2A, B. However, the largest amount of
expansion (+27 m) was exhibited by
the specimen SO-200B as shown in Fig.
2B. These results suggest that the maxi-
mum expected compressive residual
stresses induced in the vicinity of the
weld metal would likely occur in a weld-
ed joint with SO-200B welding wire.
The other samples made by the welding
wires, SO-200A, SO-350A, and SO-
350B, revealed expansive elongations of
+20, +13, and +5 m, respectively.
These findings again suggest that all the
experimental welding wires can produce
compressive residual stresses around
the weld toe.

     Table 2 shows the Ms temperatures
experimentally determined compared
with the estimated values using Self
and Olson (SO) and Eichelmann and
Hull (EH) equations as well as the
Ghosh and Olson (GO) methodology
(Refs. 25–28, 38). With these specific
chemical compositions, the SO equa-
tion appeared to better predict the Ms
temperatures for the experimental al-
loys than EH and GO equations. De-
tails of the calculations have been re-
ported in another publication.
     The cumulative deflection for each
experimental fillet weld was measured
and compiled with an uncertainty of
±0.004 in. (±0.1 mm). Despite the fact

Table 3 — The Measurements Taken for Transverse Displacements (Distortion) of DoubleSided Fillet
Welded Structures

Wire Item Measurement Average by Unit Displacement Δ = 
Average(in.) Conversion (mm) Thickness Height (mm)

SO200A Thickness 0.500±0.004 12.66 2.42
Height 0.590±0.008 15.08

SO200B Thickness 0.500±0.008 12.57 2.38
Height 0.590±0.008 14.95

SO350A Thickness 0.490±0.008 12.53 2.55
Height 0.590±0.008 15.08

SO350B Thickness 0.500±0.008 12.60 2.50
Height 0.590±0.008 15.10

ER70S3 Thickness 0.500±0.008 12.62 3.33
Height 0.630±0.008 15.94

Fig. 6 — Solid Tjoint finite element (Sysweld) model. Fine meshes near to heat flux
boundary and expanding away from it.
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that all welding and structural param-
eters such as heat input, joint design,
welding sequence and direction, weld
start and stop, and weld length were
kept relatively unchanged, the welded
joints using the different LTT welding
consumables showed different trans-
verse, out-of-plane distortions with re-
spect to the conventional wire such as
ER70S-3. The thickness of the plate
and the elevation of the plate from the
table were measured using a pair of
calipers. To calculate the cumulative
displacement of the T-joint, the thick-
ness of the welded plate (H) is sub-
tracted from the total height from the
top surface of the workpiece to the flat
ground surface. The averages of three
measurements for the T-joint displace-
ment are plotted and compared.
     Figure 3 shows the out-of-plane
displacement of the T-joint fillet weld
made by the conventional wire,
ER70S-3. The out-of-plane distortions
would then be converted to angles us-
ing trigonometric relationships. While
the measurements were made in inch-
es, the displacement values were ex-
pressed in millimeters.
     Both Table 3 and Fig. 4 show that
the SO-200B weld metal exhibits the
minimum cumulative transverse (out-
of-plane) distortion compared to the
other experimental wires, indicating
possibly higher compressive residual
stresses around the weld toe. The
transformation plasticity associated
with the formation of martensite has
been shown experimentally to be capa-

ble of reducing the distor-
tion in the final weld.

Taking into account
the larger atomic radius of
chromium, 128 pm as com-
pared with 126 pm (Fe) and
124 pm (Ni), alloys with
higher chromium equiva-
lent would promote greater

expansive strains and likely higher
compressive residual stresses around
the weld toe than the higher nickel
equivalent alloys for a similar Ms tem-
perature. Moreover, a SO-200B weld
joint in particular presented the mini-
mum cumulative transverse distor-
tion, which implied the maximum
compressive residual stresses of the
four welds. It is obvious that atomic
radii difference should not be the only
factor considered in determining the
sign and magnitude of the resulting
residual stresses, bonding characteris-
tics (electronic interaction) between
chromium and iron, and nickel and
iron should be examined more in de-
tail in the future to provide greater in-
sight. Preliminary ABINIT calculations
showed that chromium additions in an
iron lattice caused changes to the com-
pressibility and bulk modulus of the
crystal lattice (Refs. 39, 40).

Welding Simulation Using
Sysweld Code
     Sysweld is a finite element software
dedicated for thermal analysis and
welding activities. Sysweld simulates
all common welding processes. It has
an excellent set of tools enabling re-
searchers to control and optimize heat
treatment and welding by taking into
consideration all aspects of material
behavior, design, and process. It mini-
mizes the requirements for physical
prototypes with a reduction in cost
and lead time (Ref. 23). In addition to

the data bank of mechanical and ther-
mophysical properties for a sizable
materials specification, it allows the
user to upload all possible experimen-
tal properties from the tested materi-
als such as welding parameters, travel-
ing speed, elongations, Ms tempera-
tures, etc. In this work, numerical
analysis was considered for single bead
T-joint weld, i.e., a continuous fillet
weld around a bar member, on an
ASTM A36 grade structural carbon
steel plate. The dimensions of the T-
joint are illustrated in Fig. 5.
     As with any finite element model,
the first step in a weld analysis is the
creation of an assembly and finite ele-
ment mesh. Because of the high peak
temperature and large temperature
gradient and fluctuations imposed by
the weld heat source, it is important to
have fine meshing around the weld
joint, i.e., very small element size, and
consistent time steps. The fine mesh
helps to capture thermal gradient in
small time steps to resolve the large
temperature variation for a given
mesh for the purpose of detailed and
accurate analysis in and near the weld
interfaces. Coarser meshes expanding
away from the boundary of the heat
flux can be applied to obtain good ac-
curacy with reasonable computation
time.
     Figure 6 shows the finite element
model and mesh established for the sol-
id T-joint investigated. After the mesh is
created, it is necessary to apply the ma-
terial properties (material database) and
apply thermal and mechanical bound-
ary conditions. Next are the heat source
parameters and molten pool dimen-
sions (length, width, and depth). Other
parameters such as the clamping condi-
tion, external loading, and heat transfer
behavior can be entered through the
welding advisor module before compu-
tation is initiated.
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Fig. 8 — Illustration of the groups necessary to define the weld path
(Ref. 34).

Fig. 7 — Goldak double ellipsoid heat source model.
The arrow points to the welding direction (Refs. 26,
27).
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     For modeling of the heat source,
Sysweld utilizes the three-dimensional
double ellipsoid model for the welding
arc proposed by Goldak et al. (Ref. 30)
and shown in Fig. 7. The double ellip-
soid geometry is used because the size
and the shape of the heat source can

be easily changed to
model different
welding processes
and weld character-
istics, e.g., shallower
or deeper penetra-
tion. Heat flux dis-
tribution is Gauss-
ian along the longi-
tudinal weld direc-
tion axis. If the cross

section of the molten zone is known
from the experiment, this information
can be used to set the heat source di-
mensions. If precise data do not exist,
Goldak et al. suggest that it is reason-
able to take the distance in front of
the source equal to one-half the weld

width and the distance behind the
source equal to two times the weld
width (Ref. 31).
     The heat source is applied along all
elements and can be extended to cover
the whole structure. The weld path in-
cludes the trajectory and reference
lines, start and end nodes, plus the
start element as shown in Fig. 8. The
trajectory line is the line that includes
all information to define the move-
ment of the welding heat source in
space and describes the path of the
center of the power source (the local Y-
axis coincident with the weld line ele-
ment direction). This line is placed on
the skin of the joint and not in the
root. The reference line is another

Fig. 9 — A closeup view the first bead of the Tjoint showing the
weld path, weld line (trajectory), reference line, and start nodes.

Fig. 11 — The transverse distortion (in mm) for the structural
welded joint made using LTTW wire. A — SO200A; B — SO
200B; C — SO350A; D — SO350B.

Fig. 10 — Concept of reduction of welding distortion by using
a lowtransformation welding wire (Ref. 35).

A B

C D

Table 4 — ThermoPhysical Material Properties for Welding Simulation

Weld Base Weld Base Weld Base
Temperature Young’s Modulus Specific heat Conductivity (W/(m.°K))

(°C) (GPa) (kJ/(kg.°K)) Martensite Austenite Martensite Austenite
Phase Phase Phase Phase

20 195 200 0.494 0.486 51.90 14.88 51.90 15.00
100 188 198 0.520 0.486 51.20 16.50 51.20 u.a.
200 182 196 0.548 0.532 49.00 18.00 49.00 u.a.
300 175 178 0.562 0.574 46.00 19.50 46.00 u.a.
400 169 163 0.578 0.630 42.70 21.00 42.70 u.a.
500 160 u.a. 0.590 0.705 39.40 22.10 39.40 u.a.
600 150 83 0.599 0.800 35.60 23.00 35.60 u.a.
700 138 u.a. 0.607 1.432 31.80 25.00 31.80 u.a.
800 125 37 0.613 0.556 26.10 26.50 26.10 u.a.
900 114 u.a. u.a. 0.565 26.60 27.69 26.60 25.00

1000 99 14 u.a. u.a. 27.20 29.25 27.20 u.a.
1100 87 13 u.a. u.a. 28.50 30.29 28.50 u.a.
1200 72 11 u.a. u.a. 29.80 31.85 29.80 u.a.
1300 7 5 0.690 u.a. 33.10 33.20 33.10 u.a.
1400 1 1 0.800 0.620 33.00 28.00 33.00 32.00

u.a.–unavailable.
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group of one-dimensional finite ele-
ments parallel to the welding trajecto-
ry. It is similar to the welding line used
to determine the normal to the trajec-
tory and must have the same number
of elements as the weld line. The pa-
rameters that should be entered in
this group are identical to the parame-
ters of the trajectory, i.e., start and
end nodes plus a start element. If no
reference data are entered, the source
must be axial-symmetric around the

trajectory. The start node is only one
node that defines the starting point of
the trajectory.
     In case the reference line is applied,
another node should be set as the
starting point of the reference and
both nodes must be the first nodes in
this group (the starting side of the
weld). On the other hand, the end
nodes are the nodes defining the end-
ing points of the trajectory and refer-
ence line (Ref. 29). A close-up view for

these parameters along the weld path
is illustrated in Fig. 9.
     The temperature-dependent values
of thermal conductivity, specific heat
capacity, and Young’s modulus are
summarized in Table 4. Density was
assumed to be 7850 kg.m–3 at room
temperature and 7290 kg.m–3 at
1400°C. The Poisson’s ratio was as-
sumed to be 0.29 for the weld metal
and 0.26 for the base metal, independ-
ent of temperature. The thermal ex-

Fig. 12 — Crosssectional view for allaround fillet welded joint using the SO200A electrode showing the stresses. A — Along Xaxis; C
— along Yaxis; and E — along Zaxis. Residual stress distribution (along the white dotted line on the contour map) is along the follow
ing: B — Xaxis of the weld; D — Yaxis of the weld; and F — Zaxis of the weld.

A B

C D

E F
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pansion values were not listed in Table
4. The individual values of thermal ex-
pansion coefficient, when needed for
computation, are calculated for the
given T in Table 4, and the elonga-
tion of the deposited welds as plotted
in Fig. 2.
     In this analysis, the latent heat of
fusion was not considered. The yield
strength is also defined as a tempera-
ture-dependent parameter as listed in
Table 5 for the weld and base metal,
respectively. The yield strength at
room temperature was taken from the
experimental tensile testing results.
However, the yield strengths at higher
temperatures were defined from the
literature for similar materials for
both the martensite and austenite
phases. The thermal strains and Ms
temperatures were input based on the
dilatometric results obtained for each
individual welding wire.

Results and Discussion
     Using the LTT welding wires with
the delayed austenite decomposition,
volume expansion of weld metal asso-

ciated with the martensitic transfor-
mation can cancel the thermal shrink-
age of the weld and even create com-
pressive residual stresses as proven by
many researchers and explained earlier
as shown in Fig. 10. Welding distor-
tion is also expected to be reduced by
this mechanism.
     Despite the heat input and geome-
try of the experimental welds were
similar, various out-of-plane distor-
tion values were measured on plates
welded with single pass fillet weld on
both sides of the vertical plates as il-
lustrated in Table 3 and Figs. 3 and 4. 
     The actual magnitude of the expan-
sion varied with the composition of
the different alloying elements. This
behavior is illustrated by the different
deflection angles or displacements of
the welded plates. Despite similar Ms
temperatures, e.g., SO-200B and SO-
200A, the two welds exhibited differ-
ent transverse distortions indicating
different residual stresses induced
around the welded joints. Smaller dis-
tortion, i.e., smaller deflection angle
or smaller displacement in a unit
length of thickness, would imply in

larger expansion due to martensitic
transformation that offsets the ther-
mal contraction during cooling.
     Stress was also calculated using the
Sysweld code, taking into considera-
tion phase transformations. Sysweld
simulation results agreed reasonably
well with the experimental analysis as
shown in Fig. 11, particularly regard-
ing the comparison between high-
chromium equivalent and high-nickel
equivalent welds. The weld produced
using SO-200B wire, which has higher
chromium equivalent, resulted in
smaller out-of-plane distortion of 1.48
mm as compared with the 1.58 mm for
the SO-200A weld. The same explana-
tion is for SO-350A and SO-350B as
shown in Fig. 11C and D where the Ms
temperature is 350°C. The displace-
ments in this case were 1.40 and 1.38
mm, respectively. In this case, the dis-
tortions were quite similar, suggesting
that higher martensite start tempera-

Fig. 13 — Transverse residual stress distribution across the second bead of the fillet
weld. A — SO200A; B — SO200B; C — SO350A; D — SO350B.

Fig. 14 — Schematic drawing shows
where the throughthickness stresses
are measured along the dotted line.

Fig. 15 — Stress distribution through
the thickness of the panel plate.

A B

C D
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ture was less effective in distortion
control.
     Sysweld simulation, nonetheless,
was unable to corroborate the smaller

distortions experienced by the SO200
series welds. However, it is important
to point out that the measured distor-
tions of the bar-panel assembly fillet

welds shown in Figs. 3 and 4 were cu-
mulative that included the effects of
heat input, fillet weld design, welding
sequence and direction, plus weld start
and stop. Since not all these effects
could be incorporated into Sysweld,
some discrepancy of prediction is ex-
pected. Additionally, the numerical
model shows the nodal and not bulk
values, whether distortion or residual
stresses distribution, some discrepan-
cy from the experimentally measured
(bulk) values can be expected.
     Figure 12A, C, and E show the
cross-sectional views of the fillet weld
joints made using the SO-200A elec-
trode and with the stresses along the
X-, Y-, and Z-axis, respectively. The
right-side weld specifies the first bead
made, and the left-side weld is the sec-
ond part of the weld, in agreement
with the weld path of the all-around
fillet starting on the right side. These
two separate beads make one single
pass all-around fillet weld, and each
bead is modeled separately with 3 min
break-up time, i.e., 3 min between the
end of the first bead and the start of
the second bead. The effect of reheat-
ing on residual stress distribution can
be easily observed in Fig. 12. Reheat-
ing relieved the induced compressive
residual stress in the first weld.
     Figure 12B, D, and F show the
stress distribution along the X-, Y-,
and Z-axis, respectively, as a function
of particular locations in and around
the weld calculated with the considera-
tion of phase transformations taking
place. The plotting axis is along the
top of the base plate as indicated by
the white dashed lines on the contour
plots. This axis starts from the left end
of the dotted line (white line) crossing
the two beads of the fillet weld. For all
the three stress components, the weld
stresses were more compressive than
the weld-to-base plate interface where
the stress plots were created. Similar
findings were observed in the welds
made using the developed SO-200B,
SO-350A, and SO-350B wires.
     The residual stresses tend to be
compressive at the weld toe in the de-
veloped welded joints. Figure 13A–D
explains the stress distribution around
the T-weld joint toes. These stresses
are calculated along the X- and Z-axes
of the second bead of the all-around
single fillet weld starting from the
weld toes. The trends of these plots

Fig. 16 — Base metalweld nodal stress evolution with respect to time for the SO200B
weld. A — Along the Xaxis; B — along the Zaxis; C — along the Yaxis (weld direction).
Residual stress is represented by the solid line and martensite fraction, the dashed line.

Table 5 — Yield Strength Dependency on Temperature for the Weld and Base Metals for the Welding
Simulation

Weld Base 
Temperature (°C) Yield Strength, MPa Yield Strength, MPa

(N/mm2) (N/mm2)
Martensite Austenite Martensite Austenite

Phase Phase Phase Phase

20 450 172 500 183
100 450 148 500 173
200 450 123 500 157
300 428 107 475 130
400 360 102 400 102
500 270 98 300 80
600 203 94 225 59
700 90 88 100 33
800 45 75 50 24
900 23 55 25 18

1000 23 30 25 16
1100 23 19 25 14
1200 8 11 9 9
1300 5 7 5 5
1400 5 5 4 3

A B

C
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show how far compressive residual
stress exists around the welds in both
sides of the second bead of the T-joints
made using the developed welding
wires. It is clear that in the SO-200A
and SO-200B welds, the compressive
residual stresses exist for almost 3 mm
around the welds distributed along the
X- and Z-axes (across the weld bead).
However, compressive residual stress-
es extended only to approximately 2.0
mm around the welds made by SO-
350A and SO-350B.
     Through-thickness stress distribu-
tion was also evaluated using Sysweld
for all experimental welds deposited
on 12.5-mm-thick panel plates as ex-
plained in Fig. 14. The through-thick-
ness stresses were found to be com-
pressive almost half way through the
plate and were tensile in the remaining
thickness of the plate. According to
Fig. 15, compressive residual stresses
for SO-200A and SO-200B welds are
observed within 5.25 to 6.25 mm from
the welded surface. In comparison,
compressive stress state is present
within 7.5 to 8.0 mm from the weld
surface for SO-350A and SO-350B
welds.

Residual Stresses Evolve
with Time
     The basic reason for occurrence of
residual stresses in a welded compo-
nent is thermal strain caused by heat-
ing and cooling. This thermal strain
causes internal constraint within the
welded workpiece. Immediately after
the end of the welding process, cooling
initiates the shrinkage stresses be-
tween a weld metal and the surround-
ing material because of thermal con-
traction. During the heating and cool-
ing process, the weld and the area near
to the heat flux boundary go through
expansion and contraction against the
surrounding material undergoing com-
pression and tension. This phenome-
non has been observed in all welding
simulation analysis and in all direc-
tions, i.e., stress on the weld toes or
along the welding direction evolves
with time throughout the weld length.
     Figure 16 is an example that explains
the nodal stress evolution with time for
welds made using the developed SO-
200B wire. These nodal stresses (denot-
ed by solid lines) were computed on the
weld toes along the X- and Z-axes

(nodal transverse stresses) and along
the centerline of the weld in the Y direc-
tion (nodal longitudinal stresses). The
time of 210 s, which is measured from
the start of the first bead, corresponds
to the start time of the second bead.
This figure shows how the stresses
evolve with respect to time until room
temperature. At high temperature and
before approaching Ms temperature,
tensile residual stresses tend to form
along the centerline of the weld and in
the weld toes. However, taking marten-
sitic transformation into account (de-
noted by dotted lines), it can be seen
that as the Ms temperature is reached
and past (with the beginning of marten-
site formation and increasing amount

of martensite) during cooling, immedi-
ate reduction in stresses occur then de-
veloping into compressive residual
stresses. The two dashed red lines cross
at the time when tension residual stress
reverses to compression.
     Knowing that the weld pool solidi-
fies by epitaxy from both sides of the
weld joint and toward the weld center-
line, the nodal tensile stresses in the
base metal-weld interfaces (i.e., along
the X- and Z-axes) reach the maximum
point earlier than the nodal stresses
along the center of the weld (Y-direc-
tion) before approaching the Ms tem-
peratures. Another observation is that
the weld made using the higher
chromium equivalent LTT welding
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Table 6 — Nodal Stresses Observed on the Base MetalWeld Interfaces of the TJoint and Along the
Weld Centerline

Wire Stress along Stress along Stress along the weld 
Xaxis (MPa) Zaxis (MPa) direction (MPa)

SO200A –140 –250 –610
SO200B –150 –275 –650
SO350A –80 –205 –150
SO350B –90 –180 –250

Fig. 17 — Base metalweld nodal stress evolution with respect to time for the SO350A
weld. A — Along the Xaxis; B — along the Zaxis; C — along the Yaxis (weld direction).

A B

C
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wires generally showed higher induced
compressive residual stresses in and
around the weld joint as listed in Table
6. Note that these stresses are nodal
stresses that do not necessarily repre-
sent the bulk stresses of the weld
joint. However, the higher compres-
sive residual stresses reduced the cu-
mulative distortion as shown in Fig.
11.
     When the transformation com-
pletes at temperature higher than the
ambient temperature, subsequent
thermal contraction continues, but
with no further associated volume ex-
pansion. This thermal shrinkage after
Mf temperature tends to increase the
tensile residual stresses in the weld
joint or reduce the compressive stress-
es as shown in Fig. 17 for the weld
made using the SO-350B wire.
     Using, as an example, the nodal
stress of the base metal-weld interface
along the X-axis for the SO-200B weld
as shown in Fig. 16A to study the
stress evolution with time, a close-up
view between 228 to 295 s shows that
stress dropped in this region even
though the temperature had not
reached the Ms temperature as shown
in Fig. 18. This decreasing tensile
stress is conceivable due to simultane-
ous accumulation of shrinkage and ex-
pansion in the surrounding of the
weld. The weld upon cooling under-
goes shrinkage while the adjacent base
metal expands because of the heat
transferred from the heat source.
These counteracting actions of the

workpiece dropped the stress to ap-
proximately 100 MPa at 273 s.
     The decrease in tensile stress had a
distinct behavior between 1600° and
1080°C. Several slope changes within
this temperature range were observed
with time. It is entirely likely that
these slope changes are related to the
several phases that formed during
transformation. For example, -ferrite
appeared to have begun to form be-
tween 1600°–1510°C in about 1.2 s.
According to this simulation, solidifi-
cation would have completed by about
1510°C and -ferrite remained the
predominating phase between
1510°–1250°C for about 1.2 s. Austen-
ite appeared around 1250°C to coexist
with δ-ferrite between 1250°–1120°C
for approximately 1s. The wide tem-
perature range of δ-ferrite is possibly
associated to the high content of Cr in
the SO-200B welding wire (10 wt-%).
Finally, austenite remained stable un-
til the martensite start temperature of
190°C at 273 s. The austenite-to-
martensite transformation is associat-
ed with volume expansion leading to
further drop in the tensile residual
stress. The drop took almost 14 s to
reach zero residual tensile stress, at
287 s. The zero residual stress was
achieved with approximately 32% of
martensite in the weld joint. As the
fraction of the martensite continued
to increase in the weld, the magnitude
of the compressive stresses also in-
creased to further counteract the ef-
fect of contraction by cooling. While

the exact temperatures at which the
different phase transformations oc-
curs should be better determined, the
sequence of phase transformation is
credible and the residual stresses evo-
lution as a function of martensite as
outlined is conceivable. In situ syn-
chrotron X-ray diffraction appears to
be the right technique to be consid-
ered with the experimental validation
of the observation extracted from
Sysweld analysis.
     On the other hand, the tensile
stress drop prior to reaching Ms tem-
perature (Ms = 380°C) in the SO-350A
weld was quite different as shown in
Fig. 19. Nonetheless, at 241 s, the
martensite started to form at 380°C
where the residual stress was still al-
most 200 MPa in tension. After only
0.8 s, the stress dropped to zero at
355°C. Since martensite transforma-
tion completed quickly in this weld,
the compressive stress state originated
via phase transformation became less
effective in counteracting the effects
of contraction upon further cooling.
     For the sake of evaluating the influ-
ence of residual stress on weld distor-
tion, the SO-200B weld was selected for
further simulation studies, with and
without taking into account the phase
transformation effect. That is, the resid-
ual stresses and distortion were com-
puted with and without considering
martensitic transformation. Without
the effect of solid-state phase transfor-
mation, no expansive strain due to the
volume change would occur along the
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Fig. 18 — The nodal stress drops in the base metalweld inter
face along the Xaxis for the SO200B weld.

Fig. 19 — The nodal stress drops in the base metalweld in
terface along the Xaxis for the SO350A weld.
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thermal strain and, thereby, resulting in
tensile residuals stresses along the weld
and around the weld toe. This behavior
would be equivalent to a non-LTTW
consumable such as ER70S-3. These
tensile residual stresses would have re-
sulted in a weld distortion at the order
of 1.92 mm based on Sysweld calcula-
tion. On the other hand, simulation
work showed that the compressive
residual stresses induced in the welded
joint, when taking the phase transfor-
mation into consideration, would have
reduced the transverse displacement to
1.47 mm along the Z-axis.
     As expected, the induced residual
stresses were found sensitive to mi-
crostructural evolution. For a weld ma-
terial consisted of almost a 100% fer-
rite/pearlite microstructure, the ten-
sile residual stress state would have
developed in the weld in the presence
of thermal contraction alone.
     Figure 20 shows the two residual
stress modes in the weld made using
the SO-200B wire along the weld direc-
tion. These (nodal) stresses were cal-
culated with and without considering
the martensitic transformation. With
martensitic transformation, a residual
compressive stress (in the longitudinal
direction) at the order of 650 MPa
would have resulted instead of the 250
MPa tensile residual stress when
martensitic transformation is ignored.
     Several factors contribute to the
formation of residuals stresses and de-
formation. The plastic deformation
produced in the base metal and weld

metal is a function of design (struc-
ture), material, and fabrication. How-
ever, keeping the above parameters
unchanged, the magnitude of the volu-
metric expansion in the weld and heat-
affected zone (HAZ) and, accordingly,
the amount of residual stresses in and
around the welded joint, will depend
on the volume fraction of martensite
that formed in the weld.
     Using Sysweld as a predictive tool,
Fig. 21 shows that when welding with
the SO-200B welding wire, which con-
tained 10 wt-% chromium and 4 wt-%
nickel (10.7 Creq and 5.8 Nieq), approxi-
mately 40% of martensite would be
present at the reversal of tensile to
compressive residual stresses in the
vicinity of the weld. As the martensite
fraction increased, the compressive
residual stresses also increased along
all three axes. Nevertheless, the signif-
icance of the amount of martensite at
the tension-compression reversion for
a particular welding consumable
should be examined more carefully.
     Based on the findings in this work,
it is recommended that martensitic
transformation start temperature be
limited to below 350°C. A higher Ms
temperature than 350°C may lead to
tensile residual stresses due to the
thermal contraction of the weld after
the completion of martensitic trans-
formation. By following this method-
ology, it is possible, in principle, to de-
sign cost-effective LTTW electrodes to
meet pre-established levels of com-
pressive residual stress requirements

and at a predetermined depth and
width from the weld toe. Finally, the
effect of martensitic transformation
temperatures below 200°C need to be
further investigated. Concerns about
incomplete martensitic transforma-
tion at room temperature must be
clarified such that a reduction in
martensite fraction in the weld does
not also result in reduced advanta-
geous compressive residual stress cre-
ated around the weld toe.

Conclusions
     Some major reflections and con-
clusions achieved in this work are as
follows:
     • Despite similar heat input used
to weld with the newly developed LTT
welding wires, the welded joints
showed different transverse, out-of-
plane distortions with respect to a
conventional welding wire, ER70S-3.
The LTTW consumables controlled
invariably better weld distortion.
     • Keeping all structural and weld-
ing parameters unchanged, the cumu-
lative distortion was found to be
strongly affected by the Ms tempera-
ture and the content of the alloying
elements in the welding filler metal.
     • Alloys with similar Ms tempera-
ture exhibited different experimental
cumulative distortion and predicted
compressive residual stresses. This
observation points out that the Ms is
not a unique indicator for the predic-
tion of the resulting transformation-
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Fig. 20 — The longitudinal stresses (in the direction of the
weld) on the weld made using a SO200B wire with and with
out considering the effect of phase transformation.

Fig. 21 — The effect of martensite proportion in the weld made
using the SO200B wire on the residual stresses 
distribution.
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induced compressive residual stresses.
     • Alloys with higher chromium equiv-
alent seemed to promote greater com-
pressive residual stresses around the
weld toe as compared to the higher
nickel equivalent alloys for similar Ms
temperatures. The SO-200B weld joint,
in particular, presented the minimum
cumulative transverse distortion that
indicated the maximum compressive
residual stress. However, the effects of
chromium equivalent and nickel equiva-
lent on distortion as well as residual
stresses should be further investigated.
     • The expansive strain measured for
all designed welding wires in the
dilatometric testing led to compressive
residual stresses (the highest modal
value at the order to 600 MPa) in the
vicinity of the welds as predicted by
Sysweld.
     • The stress evolution with time
study showed that increasing marten-
sitic fraction can reverse tensile resid-
ual stresses to compressive stresses at
temperatures around and below the Ms
temperature.
     • Results of the Sysweld simulation
also showed that leaner and more eco-
nomical welding wires, i.e., with tai-
lored martensite faction in the weld
metal, can be designed to promote ad-
equate compressive residual stresses
in welded structures.
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