Welding in the World
https://doi.org/10.1007/540194-025-02094-3

RESEARCH PAPER q

Check for
updates

Residual stress reduction using a low transformation temperature
welding consumable with focus on the weld geometry

Martin Hiibner'® . Florian Dittmann? - Arne Kromm' - Igor Varfolomeev? - Thomas KannengieRer'

Received: 28 February 2025 / Accepted: 2 June 2025
© The Author(s) 2025

Abstract

Low transformation temperature (LTT) welding consumables represent an innovative approach to realize compressive residual
stress in the weld seam and HAZ. LTT welding consumables use the volume-expanding martensitic phase transformation
near room temperature to generate compressive residual stress during cooling. This article focuses on the weld geometry
and its influence on residual stress reduction using an LTT welding consumable. For this purpose, layers with an LTT weld-
ing consumable were additionally applied to the front sides of conventionally welded longitudinal stiffeners. Different weld
geometries of the second weld seam could be realized by varying the welding parameters. These samples were analyzed
for geometric parameters, chemical composition, and residual stress. While the chemical composition and martensite start
temperature (Mg) were only slightly influenced by parameter changes, a clear influence with regard to residual stress and
weld geometry was observed. Depending on the shape of the second LTT weld seam, residual stress reductions of 200 to

500 MPa were achieved using the same LTT welding consumable.

Keywords Low transformation temperature (LTT) - Martensite start temperature - Dilution - Weld geometry - Residual

stress

1 Introduction

Welded joints are usually loaded with concentrations of ten-
sile residual stress, which can reduce the integrity of welded
components [1]. Those are unavoidably introduced during
the joining process due to the high concentrated heat input
and the subsequent hindered shrinkage during cooling [2,
3]. Especially, the fatigue strength can decrease through
high tensile residual stresses, which is the subject of many
investigations [4, 5].

To improve the service lifetime of welded components,
different approaches are possible. They include treatment
like shot peening, high frequency mechanical impact
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(HFMI) or stress relieving heat treatment. These meth-
ods reduce the tensile residual stress at critical weak spots
such as the weld toe or, in the case of mechanical methods,
can also introduce compressive stresses close to the sur-
face. Another approach to increase the service lifetime is
to optimize the weld geometry at the weld toe, for example,
by grinding, TIG-dressing, or optimization of the welding
parameters. These processes ensure a smoother weld seam
to reduce the mechanical notch [6-8]. In addition to these
established treatments, an increase in service lifetime can
be achieved by taking advantage of compressive residual
stress, which can be already generated during welding using
so-called low transformation temperature (LTT) welding
consumables [9, 10].

The LTT approach uses the volume expansion that
occurs during the phase transformation from austenite to
martensite. This volume expansion is prevented by the sur-
rounding material and therefore compressive residual stress
in the weld seam, and surrounding heat-affected zone (HAZ)
can be generated. The highest intensity of this LTT effect
is obtained when the martensite start temperature (Mg) is
lowered close to room temperature, which can be achieved
by adding alloying elements that lower the Mg, such as
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chromium, nickel, and manganese. All three elements pre-
vent the diffusion of interstitial elements, such as carbon,
which is why the displacive martensite formation is forced
[11]. A research group led by Ohta has been working on
the development of these welding consumables since the
late 1990s. An iron-based filler metal was developed that
contains 10 wt.% chromium and 10 wt.% nickel and exhib-
its a Mg of &~ 180 °C [12]. Based on this alloy, further LTT
welding consumables with alloy variation were developed.
Not only is the chemical composition of the filler metals
important, but also the degree of dilution is a key factor for
the M. Due to the dilution, the chromium and nickel content
decreases, which increases the Mg and lowers the LTT effect
[13—15]. Most of the LTT studies were able to demonstrate
areduction in tensile residual stresses, usually accompanied
by an increase in fatigue strength [16-20]. However, LTT
welding consumables are not applied in practice because
there is a lack of evaluation for practical service.

In some cases, the LTT filler metal exhibits a reduced
toughness, which is lower than in conventional welding con-
sumables for structural steels [14, 21]. A certain amount of
retained austenite can increase the toughness, as Wu and
Hossaini found out [14, 22]; however, associated alloying
contents can lead to an increased risk of hot cracking [23].
To reduce this risk of hot cracking, the nickel content was
lowered to 5 wt.% in some LTT alloys. As it was not yet
possible to increase the toughness in LTT welding fillers via
the chemical composition, a hybrid use of LTT was followed
by Hensel et al. [21] and Shiga et al. [24]. On a longitudinal
stiffener, the first root layer was welded with a matching
conventional filler which fulfills the toughness requirements,
and a second layer of LTT material was deposited solely
on the fatigue crack-critical end faces. There was sufficient
toughness in the root layer to prevent cracking in this area,
and compressive residual stress was introduced at the outer
face ends, which increased the fatigue strength [21]. The
influence of the weld geometry on longitudinal stiffeners
welded with LTT is also a subject of research projects. It
was verified that specimens with the same weld geometry
but different welding fillers (conventional and LTT) resulted
in a reduction of the residual stress in the HAZ and in an

experimentally and estimated numerically for different LTT
welding consumables and weld geometries.

The combined use of conventional and LTT filler (hybrid)
is promising to solve toughness issues while still offering
fatigue improvement. In this work, conventionally joined
longitudinal stiffeners were welded. A second weld bead
using an LTT filler material was welded at the crack critical
front faces. Varying welding parameters resulted in differ-
ently shaped LTT weld beads. The aim is to get a deeper
understanding of using an LTT welding consumable in a
hybrid approach. In particular, the ratio of the dilution, the
related Mg temperature, and the resulting residual stresses
were analyzed for different weld geometries.

2 Experimental work
2.1 Materials

As base material for the specimens, the thermomechanically
rolled high strength steel S7T00M with a thickness of 8 mm
was used. The conventional welding consumable is a com-
mercially available G69 Mn3NilCrMo (ISO 16834 [26]),
@ 1.2 mm. The Fe-Cr-Ni-based LTT welding consumable
was chosen based on experience gained in previous research
[19, 21]. The chemical composition and the most important
mechanical properties are listed in Table 1 and Table 2. The
properties of both welding consumables were determined on
the pure weld metal. The martensite start temperature (Mg)
in Table 2 was calculated according to Eq. 1 (martensite start
temperature calculation) from Steven and Haynes [27]. This
formula was also used in [15] and [21] to calculate Mg for
LTT-alloys.

Mg(°C) = 561 — C % 474 — Mn 33 = Cr 17 = Ni % 17 = Mo * 21
6]

Table 2 Mechanical properties of the investigated materials and Mg
calculated with Eq. 1

improvement of the fatigue strength [25]. Shiga et.al. [24] Material Ry, (MPa) R, (MPa) A (%) K(I) M (°C)
proved that an extended overlay bead of LTT weld metal
. . . S700M > 700 > 1770 >10 >40
on a conventional welded stiffener extended the fatigue
ip . . . Conwv. filler (G69) > 690 > 790 >16 >47 412
lifetime most effectively. The residual stress was measured
LTT filler 994 1121 11.3 21 238
Table 1 Chemical composition — ypyejp) C Si Mn C Ni Mo Al Nb V Ti  Fe
of the investigated materials in
weight percent S700M 0.06 >0.1 202 >01 >01 >01 006 0042 >001 0.16 bal
Conv. filler (G69) 0.09 0.5 1.57 03 1.4 0,25 - - 0.09 - bal
LTT filler 0.04 041 0.75 11.66 4.73 > 0.1 - - - - bal
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2.2 Specimen and welding setup

Longitudinal stiffeners with a circumferential fillet weld
served as specimens, added with an additional LTT weld
bead at both front sides of the stiffener. This type of speci-
men was selected because it exhibits high residual stresses at
the weld toe due to its inherent self-restraint [21]. Gas metal
arc welding (GMAW) was applied. The S700M metal sheets
were prepared by saw and water jet cutting. The surface was
clean blasted with corundum at 4 bar to remove the rolled
surface. Two tack welds were used to fix the web and flange.
A 5-axis welding portal with an automatic control unit was
used to conduct the GMAW process. This led to a reproduc-
ible and high quality of the specimens. The first weld bead,
which is completely circled, was carried out with the con-
ventional G69 welding filler. Start and endpoint were in the
middle of the web; the second weld bead with LTT welding
consumables was added at the front sides of the stiffeners
and started and ended at 35 mm from the face. The welding
parameters for the first weld bead were kept constant, as
shown in Table 3. The dimensions of the specimen and the
positions of the welds are indicated in Fig. 1.

Fife variants of the second LTT weld seam were real-
ized. To generate different weld geometries of the LTT weld
bead, the offset to the conventional bead, the welding speed
of the rotation weld, wire feed speed, and torch angle were
varied (Fig. 2). Variant 1 has an offset of 4 mm and a rota-
tion speed of 40 cm/min; variant 2 has an offset of 1 mm and
the same rotation welding speed of 40 cm/min; and variant

Table 3 Constant welding parameters for conventional weld

3 was welded with an offset of 4 mm and a rotation speed
of 20 cm/min. Variant 4 works with the same parameters as
variant 1; only the wire feed speed was reduced from 9 to
6 m/min. Variant 5 uses a higher torch angle of 60° together
with a rotation speed of 25 cm/min. The welding parameters
are summarized in Table 4.

2.3 Microstructure, dilution and dilatometer tests

To analyze the microstructure, micrographs were taken from
the cross section of the front face of the stiffener, as shown
in Fig. 3a. The etchant Lichtenegger and Bloech I was used
to visualize the microstructure. The micrographs were also
used to determine the seam flank angle and the LTT weld
area. Optical emission spectrometry (OES) was carried out
on the LTT weld to determine the amount of dilution. Hard-
ness HV 0.1 measurements were performed over each cross
section with a distance of 0.1 mm (0.2 mm in LTT variant
2). Dilatometry was applied to determine Mg and the final
expansion strain (FES) in the welds. To generate a similar
chemical composition to the LTT variants, first, a straight
fillet weld with conventional G69 welding metal was carried
out. Then, three LTT welds with different welding speeds
(20 cm/min, 40 cm/min, 60 cm/min) were added, as shown
in Fig. 3b—d. From these second weld beads, the dilatom-
eter samples were taken by electrical discharge machining
(EDM) and mechanically turned to a length of 10 mm and
a4 mm diameter.

Process Voltage Current Welding speed straight Shielding gas
GMAW 28-30 V 240-290 A 60 cm/min M21 (18% CO,)
Wire diameter Welding position Wire feed speed Welding speed rotation Preheating

1.2 mm 2 For PB (45°) 9 m/min 60 cm/min None

Fig.1 Schematic design and dimensions of the test specimen
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; Rotatio
_welding speed

Var. 1 Var. 2
Conv. conv.
weld Offset M Offset 1
LT
weld
Var. 3 Var. 4
welding speed wire feed {
LT
weld

Fig.2 a Welding set-up for parameters changing and b schematic cross-sections of the different weld geometries

Table 4 Welding parameters for
each LTT variant

Fig.3 a Schematic view for
micrographs and XRD residual
stress determination and (b—d)
cross-section for the removal of
dilatometer samples with differ-
ent welding speeds

Variant Nr 1 2 3 4 5

Offset 11 Offset 1 Welding speed | Wire feed speed | Torch angle 1
Current 285 A 285 A 285 A 180 A 285 A
Voltage 285V 285V 285V 25V 285V
Rotation welding speed 40 cm/min 40 cm/min 20 cm/min 40 cm/min 25 cm/min
Offset to first layer 4 mm 1 mm 4 mm 4 mm 5 mm
Wire feed speed 9 m/min 9 m/min 9 m/min 6 m/min 9 m/min
Torch angle 45° 45° 45° 45° 60°

2.4 Residual stress determination

The residual stresses were determined by X-ray diffrac-
tion (XRD) transverse to the weld along a 9-mm distance
from the weld toe covering 11 positions in the HAZ and
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3 Results and discussion
3.1 Geometric shape, microstructure, and dilution

Micrographs of the variants cross sections, including the
conventional one, are shown in Fig. 4. The area of the sec-
ond LTT weld, the seam width (measured from the flange to
the weld toe, red dashed lines) and the flank angle (yellow
lines) were analyzed. The geometric data derived from the
micrographs are listed in Table 6.

The different welding speeds and offsets to the first weld
have a significant influence on the LTT cross-sectional area
and width. A high offset (variant 1, Fig. 4) leads to a surface
of 44 mm? and a width of 11.8 mm. Expected for a lower
offset (variant 2, Fig. 4c), a smaller LTT cross section and
lower width occur. The lower rotation welding speed (variant

3, Fig. 4d) has the clearly largest LTT cross section in all
variants and, together with a higher torch angle (variant 5,
Fig. 4f), also the widest weld seam. The smallest LTT area
occurs with reduced wire feed (variant 4, Fig. 4e), while
the higher torch angle (Fig. 4f) has a similar LTT surface
to variant 2 with low offset (Fig. 4c). The flank angle in the
first three LTT variants is similar (116° to 118°); however,
it is less smooth compared to the conventional weld layer
(Fig. 4a). The reduced wire feed and the increased torch
angle could increase the flank angle (141° to 145°), result-
ing in a smoother weld toe. Therefore, it can be stated that
a different offset or rotation welding speed has a low influ-
ence on the flank angle if torch angle and wire feed speed
are constant. The microstructure in all LTT weld layers was
predominantly martensite. In the micrographs, no white
spots were detected, which could indicate retained austenite.

Table 5 Parameters for residual

O . Radiation Tube power Collimator diameter E-Modul Poisson’s ratio v
stress determination using XRD
Cr Ka 30 kV/9 mA 2 mm 215 MPa 0.24
Diffraction line y-tilting y-steps Measuring time Detector
211 o 0° to +45° + 10 3s Linear solid state

Conv. weld
first layer

o=
13r

Zoden
W

Var. 1
Offset ™

Var. 4
Wire feed,

Torch angle 1

LTT EO: 0=
e | 4

Fig.4 Micrographs etched by LB I: a conventional welding consumable and b to f the LTT variants

Table 6 Geometric data of the

R Conv Var. 1 Var. 2 Var. 3 Var. 4 Var. 5
LTT variants of the weld beads
LTT cross-sec-  — 44 mm? 36.1 mm> 73.5 mm? 20.2 mm? 34.6 mm?
tional area
Width 7.5 11.8 mm 9.4 mm 13.5 mm 11.7 mm 213.7 mm
Flank angle 137° 117° 118° 116° 141° 145°
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The OES results of each LTT variant are listed in Table 7.
Furthermore, the martensite start temperature (Mg) of each
variant from Eq. 1 is given. The deviations in the OES
results are small, except for the chromium value in variant
4, which could be caused by the small LTT cross-sectional
area. It can be observed that the silicon, chromium, and
nickel content drop sharply in all LTT variants, while the
carbon and manganese content increase compared to the
pure LTT weld metal. For all variants, it can be stated that
a dilution of 50% occurs, which is common for the GMAW
process, although the LTT weld volume varies greatly. For
instance, the difference in chromium content between LTT
variant 3 and 5 is 0.6 wt%, while the LTT area in variant 3
is more than double this amount. All other alloying elements
behave similarly in the different variants. Merely a lower
wire feed led to a slightly higher dilution. This leads to the
conclusion in this section that the welding parameters in
terms of welding speed, offset, and torch angle have only
a small influence on the amount of dilution. Taking Eq. 1
into account, an increase in Mg is therefore to be expected.
From Eq. 1, My increases in the variants from 238 °C to

temperatures between 337 and 367 °C. The reduction of
chromium and nickel content leads to an increase in Mg,
compared to the pure LTT welding filler. The increase in
carbon content is slightly counteracting this.

The dilution results lead to two assumptions: on the one
hand, the LTT effect in terms of Mg is roughly similar in all
variants being independent from the welding parameters.
On the other hand, the LTT effect is presumably weakened.
The assumption of the reduced LTT effect can be substanti-
ated, for example, by [14] and [22] where it was found that
a reduced nickel content leads to a higher Mg.

The hardness maps are shown in Fig. 5. The conven-
tional weld metal exhibits a hardness of 290 to 330 HV
(Fig. 5a). Al LTT variants exhibit a similar hardness in the
weld metal of 380 to 420 HV. Merely variant 4 (Fig. 5e)
appears a bit harder, which means a hardness in the LTT
weld of 410 to 440 HV. Soft spots are not detected in any
weld metal, so there is no evidence of retained austenite.
In each HAZ in the web of the sample, a softening zone of
230 to 250 HV occurs. This is common for thermomechani-
cally rolled steels, as there is insufficient carbon content for

Table 7 Chemical composition C Si

. . Mn Cr Ni Mo Fe Mg (Eq. 1)
using OES of LTT variants and
pure weld metal in wt % and Pure LTT weld 0.040 0.41 0.75 11.66 473 003  Bal 238 °C
calculated Mg in °C metal
Var. 1 0.070 0.26 1.23 6.21 2.36 <0.1 Bal 342 °C
Var. 2 0.069 0.26 1.23 6.30 243 < 0.1 Bal 339 °C
Var. 3 0.068 0.25 1.21 6.51 243 < 0.1 Bal 337°C
Var. 4 0.072 0.27 1.37 4.9 22 < 0.1 Bal 367 °C
Var. 5 0.066 0.24 1.35 5.85 2.25 <0.1 Bal 347 °C
Conv. weld Var. 1 8 Var 2
first layer Offset ™M < 1/ Offset 500

high [mm]
n m v o o B
high [rrm]

&0

=

high [mm]

o 2 4 3 8 10
wide [mm]

Var. 3
Welding speed |,

high [mm
high [rm]

0 5 0 15 20
wide [mm]

>
T
’ : ! ¢ awma[::'v] oo wide [mm] ‘E
Var. 4 Var.5 300 s
. w
Wire feed J Torch angle P k>
S
£

£ 250

200

) = 5 10 15 20 150

wide [mm]

Fig. 5 Hardness maps: a conventional welding consumable and b to f the LTT variants
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a pronounced hardening zone. As expected, the softening
zone in the HAZ is most obvious in variant 3 (Fig. 5d) and
least obvious in variant 4 (Fig. 5e), as variant 3 has the high-
est heat input per unit length and variant 4 the lowest one.

The hardness maps show that in addition to the geometric
notch at the weld toe, a metallurgical notch is also added
by LTT the filler metal. The high hardness of the LTT filler
metal compared to the low hardness of the HAZ generates
a difference of about 130 to 190 HV. The similar hardness
across all LTT weld metals supports the assumption that
microstructure, chemical composition, and thus the Mg
should be similar in all variants, despite the different geo-
metric shapes in the LTT variants.

3.2 Dilatometer test

The dilatometer cooling curves are plotted as a function of
the relative length change (AL/L) against the temperature in
Fig. 6. Table 8 presents the derived values, which are Mg,
martensite finish temperature (M), and the final expansion
strain (FES) from Fig. 6. FES means the amount of length
change, respectively, strain, a sample underwent between Mg
and room temperature. A sample of pure LTT weld metal
was also measured to obtain a comparison. The dilatometer
specimens were heated with 100 K/s, held at 1000 °C for
5 s, and then quenched with a tg;5 time of 5 s, which leads
to an average cooling rate of 27 K/s. The Mg are in all three
diluted variants between 351 and 374 °C, which is a differ-
ence of 23 °C. Therefore, there is not a significant influence
of the welding speed on the dilution. The only small tem-
perature variation also applies to Mg (233 to 260 °C) where

Table 8 Dilatometer results

LTT sample M; (°C) Mg (°C) FES

20 cm/min 351°C 233°C 0.277%
40 cm/min 364 °C 238 °C 0.243%
60 cm/min 374 °C 260 °C 0.219%
Pure LTT 217°C 106 °C 0.479%

the difference of the diluted samples is 27 °C. The M, is
significantly higher than room temperature, and the relative
length change after reaching Mg, is relatively constant. It can
therefore be assumed that the martensite transformation is
almost complete and that there is nearly no retained austenite
in the LTT samples, as also mentioned in Sect. 3.1. A com-
parison of the diluted samples and the pure LTT weld metal
results in a clear increase of Mg (134 to 157 °C) and Mg, (127
to 154 °C). As already mentioned in Sect. 3.1, the dilution
ratio remains almost the same, despite a doubled or tripled
welding speed. It can be assumed that the five analyzed LTT
variants also have a very similar Mg. If the dilution had been
more different, Mg and Mg would differ more clearly, as
[13—-15] have confirmed.

The FES can be regarded as a benchmark for the LTT
effect in a welding consumable, as the total volume expan-
sion from Mg to room temperature is considered. With an
increase in the FES, higher stress relaxation is expected
to occur in weld metal and HAZ [13-15]. The FES values
of the diluted LTT weld are between 0.277 (slow welding
speed) and 0.217 (high welding speed). These values are
similar to [13] (Mg = 388 °C and FES g35.75.0; = 0.201%)

Fig.6 Dilatometry measure- 0,6 -
ment of diluted LTT weld
metal through different welding
speeds and the pure LTT weld
metal. The FES for the LTT 20 0,4 4
cm/min is plotted exemplarily
0,2
&
= 0,0
3
<
-0,2 5
60 cm/min
— 40 cm/min
-0,4 4 —— 20 cm/min
pure weld
-0,6 T ¢ T $ T * 1
0 200 400 600 800

Temperature (°C)
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and in the range of two values found in [14] (Mg= 301
°C and FES | 1o wu= 0.17% and Mg= 230 °C and FES
rra wm = 0.35%). This indicates a strong LTT effect for all
dilatometer samples for the LTT welding consumable used
in this work, despite the detrimental effect of dilution.

3.3 Residual stress determination

Result of residual stress measurements in the HAZ are pre-
sented in Fig. 7. It shows the curves of the five LTT vari-
ants and the conventional weld. Additionally, a two-layer
conventional variant similar to LTT variant 1 is included.
The residual stresses are shown as a function of the dis-
tance to the weld toe, where 0 mm indicates the position
of the weld toe. The experimental error for all welds is in a
range of 30—40 MPa. All curves show a qualitatively similar
behavior. The maximum of residual stress occurs 2 to 3 mm
from the weld toe in the HAZ. As the measurement contin-
ues into the base material, a constant decrease of residual
stress occurs until compressive residual stress is identified,
as the sandblasted and undisturbed surface is present. The
most attention is given to the weld toe, as a fatigue crack
initialization is expected to start there. The conventional
single layer weld starts with high tensile residual stresses.
Tensile stresses of 350 MPa are nearly as high as the peak
stress of 400 MPa found in the HAZ. An application of a
second conventional layer (conv. Var. 1, Fig. 7) just gives a

Fig. 7 Residual stress measured
by XRD for the LTT variants
and the conventional one as
single- and two-layer weld

500 —
400 -
300
200 4

100

o
|

stress reduction of about 60 MPa. Therefore, a second layer
alone is not responsible for a stress reduction at the weld toe.
On the other hand, all LTT variants exhibit a pronounced
reduction in residual stress compared to the conventional
weld. Nevertheless, there are differences. Variant 2 (offset 1)
reduces the residual stress down to 175 MPa compared to the
conventional single layer. Variants 3 (welding speed |) and 5
(torch angle 1) show the highest residual stress reduction by
approximately 500 MPa and generate compressive residual
stresses of about — 150 MPa at the weld toe. Variant 1 (offset
11) and variant 4 (wire feed |), on the other hand, have a
reduction of 350 MPa and exhibit +0 MPa at the weld toe.
The results confirm that the residual stress reduction using
an LTT welding consumable is effective.

3.4 Discussion: influence of the weld geometry
on the residual stress

The dilution of the LTT welding filler material is about 50%
in all cases. Consequently, Mg varies slightly between the
tested LTT variants. The estimation of Mg by Eq. 1 gives
acceptable results (Table 7) when compared to the dilato-
meter tests. They show only a slight difference in Mg of 23
°C, although there was a triple increase in the welding speed
(Table 8). In contrast, the residual stress differences for the
LTT variants in Fig. 7 are much higher. For example, vari-
ant 2 (offset 1) and 3 (welding speed |) have a calculated

& conv. first layer

e conv. Var. 1 offset M
e | TT Var. 1 offset 1
@ |LTT Var. 2 offset P
—&— LTT Var. 3 welding speed
~=p==LTT Var. 4 wire feed |
&= TT Var. 5 torch angle P

residual stress (MPa)

=100 4 &

=200

-300
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Mj difference of just 2 °C, but a residual stress difference of
300 MPa. Variant 1 (offset 11) and 5 (torch angle 1) have an
M difference of 5 °C and a residual stress difference of 150
MPa. It shows that as long as the LTT effect is present, vari-
ations in Mg are considered to have just a marginal influence
on the residual stress state. As microstructure, hardness, and
cooling time are similar, the geometric shape of the LTT lay-
ers comes into focus as the key factor in the residual stress
development. The LTT cross-sectional area and/or the width
between the web and weld toe serve as potential indicators
here.

In Fig. 8, the relationship between residual stress at the
weld toe and the geometric parameters of the different LTT
variants is shown. A linear relation between the LTT cross-
section fraction and the residual stress cannot be found
(Fig. 8a). However, the width of the weld and the residual
stress demonstrate a linear trend (Fig. 8b). The following
can be observed: the higher the weld seam width, the lower
the residual stress at the weld toe. The residual stress reduc-
tion, accordingly, the LTT effect, therefore depends not only
on the chemical composition and the corresponding Mg,
but also on the geometry of the weld seam. The results are
qualitatively consistent with the research of Shiga et al. [24],
where a more extended elongated weld bead with LTT filler
material contributed to lower residual stresses.

A possible cause for this correlation could be explained
as follows: The first conventional layer introduces tensile
residual stress in the HAZ, which decreases continuously
after this maximum. The LTT weld bead reduces this tensile
stress by a certain amount at the newly formed weld toe. The
total residual stress at the new weld toe depends on the level
of tensile stress that was previously caused by the conven-
tional bead. This means that the further away the new weld

200
a) A Var 1 offset 11
. ® @® Var2offset
S B Var 3 welding speed |
= D Var 4 wire feed |
§ 100 ~ #% Var 5 torch angle 1
©
S
® 0 A
1]
7]
o
>
E
= =100
» N
2 pas
e |
-200 T T T 1
20 40 60 80

Cross section area of the LTT weld seam (mm?)

toe is from the original tensile stress maximum, the more
pronounced the stress reduction is.

4 Summary and conclusion

In this paper, the influence of the geometry of LTT weld
beads on the residual stresses was investigated. For this
purpose, longitudinal stiffeners were first welded with a
conventional welding consumable. Only the end faces were
additionally welded with an LTT welding consumable.

e Five different weld geometry variants of the additional
LTT layers could be realized by adjusting the welding
parameters.

e Despite different LTT beads, just small differences in the
degree of dilution and the resulting chemical composi-
tion were found. The degree of dilution is approximately
50% in each case. Microstructure and hardness are simi-
lar.

e Dilatometer samples from LTT weld deposited with
different welding speeds exhibit a similar Mg and Mg,
confirming the findings on dilution. Nevertheless, Mg
was significantly higher compared to the pure LTT filler
metal.

e All variants of the additional LTT beads showed reduced
residual stresses compared to solely conventional weld
beads.

e The residual stresses at the weld toe were significantly
influenced by the weld geometry. The LTT stress reduc-
tion was between 200 and 500 MPa, although similar Mg.

e A correlation between the level of residual stress and
weld width was found within the scope of this study. The

b) 200 9 A Var1 offset 11

@ ® Var2offset t
B Var 3 welding speed |
Var 4 wire feed |

100 ~ #% Var 5 torch angle 1

A

=100

Residual stress at weld toe (MPa)
o
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10 12 14

Width of the LTT weld seam (mm)

Fig. 8 Relationship between geometric shape and the residual stress at the weld toe for the LTT variants: a cross-sectional area of the LTT and b

width of the weld seam
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further away the LTT weld toe was from the stiffener, and
hence the tensile stress maximum of the first bead, the
lower the residual stresses.
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