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Abstract

Residual stress and distortion of welded specimens are issues when it comes to geometrical requirements. The surrounding
material prevents the dilatation associated with transformation in the area of heat input resulting in residual stress and distortion
due to thermal contraction. In the past few years, low transformation temperature (LTT) material was successfully used as filler
wire to reduce residual stress as well as distortion in the weld seam in arc welding processes. High alloy Fe-based filler materials
with levels of chromium and nickel ensure a martensitic transformation at reduced temperatures in a low alloy base material. The
LTT properties counteract the accumulation of stresses due to thermal contraction with compressive stresses that develop within
the transformed region. This work used a high alloy base material in combination with a low alloy filler wire resulting in a
microstructure that shows the same properties as LTT weld metals. This in situ alloying allows for an alloy composition tailored
to the process. In order to provide a point of reference, comparable welds were made using conventional high alloy filler wire. As
a result, the distortion and longitudinal residual stress was significantly reduced compared to welding with conventional filler
wire.
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1 Introduction

In the manufacturing of complex and highly precise parts, for
example in vehicle engineering and electro-mechanics, geo-
metrical precision is achieved using highly precise machining
processes. If, however, the material is transferred into a liquid
phase within the process chain, as is the case in all fusion
welding processes, the required geometrical precision can of-
ten no longer be fulfilled. In order to join materials by
welding, the complete fusion zone is molten and solidified
[1]. The solid-liquid interface is locally restricted. Since the
material is locally exposed to thermal load, an inhomogeneous
temperature distribution and phase transformation of the
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material occurs. High temperature gradients between the
welded material and surrounding base material, as well as
varying phase transformations along the heat-affected zone
(HAZ) result in residual stresses. Distortion of the component
occurs if the overall stress exceeds the yield strength of the
material during cooling. A general approach for the reduction
of residual stresses in welded parts is, besides cold forming
(e.g., stretch forming, pressure testing, or peening), the post-
heat treatment of the parts, locally (autogenous stress reliev-
ing) or globally (stress relief annealing) [2, 3]. The latter is
always connected with high additional costs since compo-
nents must be annealed up to 12 h at a temperature of up to
600 °C. Time- and cost-saving as well as energy-efficient
approaches are the focus of current research, [4]. In order to
increase the precision of welded structures in situ, e.g., during
the manufacturing process, it must therefore be ensured that at
any time of the cooling process the overall residual stresses
stay lower than the temperature-dependent yield point. For
example, this is achieved by employing a volume increase
during the y—a—transformation of ferritic steels. A much
stronger effect is achieved when transformation into the mar-
tensite phase occurs from the austenitic gamma phase (). If
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Fig. 1 Stress development
dependent on phase
transformation stresses and
shrinkage stresses [9]
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this transformation takes place at low temperatures (e.g., 200
°C), i.e., if the residual stresses have already formed for a large
part, it is called the low transformation temperature (LTT)
effect. This paper concentrates on in situ alloying of LTT
microstructure, creating the desired alloy within the welding
process by control of dilution. For this, conventional material
isused by combining a high alloy austenitic base material with
low alloy filler wire, creating a dissimilar weld where a mar-
tensitic phase transformation can occur. In order to compare
the weld and to investigate the LTT effect on the distortion
and residual stress, experiments with high alloy filler wire
were also carried out.

2 State of the art

In welded joints of steels, shrinkage and transformation resid-
ual stresses occur in the immediate weld seam area due to
inhomogeneous temperature distribution and (in the case of
transformable steels) phase transformation [5—7]. The expo-
sure to local heating leads to high temperature gradients be-
tween the weld and the surrounding base material. Beginning
with the cooling process the heated zone tries to shrink pro-
portional to the maximum temperature and the thermal expan-
sion coefficient [8]. The shrinkage is hindered by the sur-
rounding cooler material leading to tensile residual stress
within the weld seam. The higher the thermal expansion co-
efficient, the higher the restraint and the more residual stress
build up.

Residual stress in welded specimens is a superposition of
phase transformations and thermal shrinkage, Fig. 1. The pro-
file for longitudinal stress shows a maximum in the weld seam
as well as tensile residual stress peaks in the base material.
Those peaks are interpreted as an equilibrium reaction caused
by the phase transformation in the weld seam and the HAZ.
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The residual stress, however, cannot exceed the yield strength.
In a single layer weld, the longitudinal residual stress will be
higher than the transverse residual stress. The latter will reach
approximately 1/3 of the longitudinal values [8]. While ther-
mal shrinkage produces tensile strength along the weld seam
(dotted line), phase transformations result in compressive
stress in this area (dashed line). Both phenomena superpose
to a resulting profile of the residual stresses, [9].

Biihler and Scheil [10] conducted experiments using iron-
based materials with varying nickel contents. The residual
stress was explained as a result of two competing processes:
restricted shrinkage and phase transformations. The investiga-
tions showed that the martensite start temperature (Ms) has a
significant influence on the resulting residual stress formation
in steels and were confirmed by Jones and Alberry [11]. The
advantage of the martensite formation is that the transforma-
tion can be achieved by alloying elements while high carbon
contents can be avoided. Also, the largest stress reduction can
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Fig. 2 Reaction stress of a fixed austenitic, bainitic, and martensitic steel
during cooling [11]
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be achieved from martensite (in comparison to ferrite and
bainite) because of the high transformation strain [12].

In austenitic steels, an almost linear increase in reaction
stresses with decreasing temperatures is detected, Fig. 2. As
soon as a phase transformation occurs, the stress drops and
extends into the compressive stress range. Afterwards, the
stress builds up again whereby the rise is steeper than with
purely austenite. Nevertheless, with a martensitic transforma-
tion the lowest value of the stress is achieved, as it shows a
lower transformation temperature than the transformation
temperature of bainite. Volume expansion by phase transfor-
mations is greater at low temperatures because the thermal
expansion is greater when austenite transforms to ferrite in
the cooling phase than when ferrite transforms to austenite
in the heating phase, [13, 14].

The LTT effect is used in order to control the weld residual
stresses by adjustment of the martensite phase transformation
during the welding process [12]. Most investigations reduce
M by control of the alloying elements chromium and nickel.
Investigations are also present, where the nickel and manga-
nese composition [15] or only the nickel composition [16] is
varied. With the research of Ohta et al. [17], the first residual
stress measurement on LTT welds were analyzed. They
showed that tensile residual stresses at the weld toe could be
reduced when using an LTT alloy with a Mg of 180 °C.
Further research of [18] and [19] could prove that compressive

stresses generate even with varying Mg. Those results were
supported by different authors as well [20-22]. In [23] and
[24], an increase in compressive stress especially in longitu-
dinal direction could be achieved, when the interpass temper-
ature is close to My of the LTT welds.

There is no proper definition for the composition of an LTT
material. In general, 10 wt% Cr and 10 wt% Ni are taken as a
guideline, whereas the actual target is to reduce the Mg tem-
perature to the range that is needed. In low alloy steels, the
martensite start temperature is around 500 °C. The volume
shrinks when reaching room temperature and the martensite
finish temperature My is reached. Reducing My to lower tem-
peratures at around 200 °C results in a volume expansion
while reaching room temperature (Fig. 3). If, however, My is
reduced too much, martensite formation will not be completed
since My drops below room temperature and shrinkage will
occur again. Therefore, it is to take into account, that My is
not reduced too much [25].

Most researches show that the effect can be used for arc
welding processes. The development of residual stress is not de-
pendent on the size of a weld but rather of the ratio between heated
and cold areas or, in the case of phase transformations, the ratio
between transforming and non-transforming areas. This means
that the grade of restraint in a small beam welded part can be
higher than in a thick walled construction that was subjected to
the high heat input of arc welding [8]. In beam welding, the heat
input depends on beam power and weld speed, affecting the
cooling velocity and the ratio between heated zone and cold ma-
terial. The control of it, however, is not easy to handle especially
with regard to the residual stress. Thus, thermal distortion cannot
be influenced without further ado; however, the influence of phase
transformation can be influenced by means of targeted alloying in
order to build up further compressive stresses in the weld seam.
The higher the banitic or martensitic content in the microstructure,
the more the residual stress dependents on the transformation
temperature [8]. In order to use the LTT effect in beam welding,
investigations were carried out by Francis et al. [26] and Gach
et al. [27]. Here, a comparison of conventional filler material and
LTT filler material in carbon manganese steel was conducted. The
results showed that the LTT influences the temperature profile by
changing the weld pool shape. Digital image correlation

Table 1 Chemical composition
of the used material in wt% (not

all elements are listed)

Material Main alloying additions in filler wire (Wt%)
Fe C Si Mn Cr Ni Mo P S

Base material

1.4301/304 70.5 0.03 0.43 1.57 18.4 7.86 0.3 0.03 <0.001
High alloy filler wire (similar weld)

G19 9/308L 67.6 0.02 0.76 1.61 19.61 9.68 0.17 0.02 0.01
Low alloy filler wire (dissimilar weld)

G38Sil/70S-6 97.4 0.09 0.09 1.35 0.02 0.02 <0.005 0.01 0.02
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Fig. 4 Experimental setup, left:
miniDrive filler wire system,
right: schematic illustration of the
welding trials with filler wire

diagnostics showed the reduced displacement on the surface with
LTT filler wire compared to conventional filler wire, proving that
the LTT effect can also be used in beam welding.

In literature, many formulae exist to describe the relation-
ship of Mg with the alloying elements, [28—33]. These formu-
lae can be used in a limited alloying range or for a specific
material group. In [34], different formulae were investigated
with respect to the prediction of Mg temperatures for both low
and high alloy steels. It was found that the lowest scatters
between measured and calculated Mg in low and high alloy
materials were achieved with the formulae of Steven and
Haynes [29] and Andrews [28]. Steven and Haynes turned
out to be more robust for high chromium contents. As in this
work high Cr content is present, the equation according to
Steven and Haynes is used, Eq. 1.

Ms = 561-474C~33Mn~17Cr—17Ni~21Mo [°C] (1)

3 Welding experiments
3.1 Material

A high alloy austenitic steel sheet 1.4301 (X5CrNi 18-10/
AISI 304) with the dimensions of 100 x 50 X 2 mm was
welded lengthwise with filler wire in a single pass. Two

Fig. 5 Cross section of dissimilar
composition weld, base material
1.4301/304 welded with G3Sil/
70S-6 filler wire, a macro section
of the weld, b micro section of the
weld seam showing the transition
zone between upper and lower
weld seam area

G38Si1/ &
+ 1 70S-6
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different filler wires were used but no seam preparation (bead
on plate with free root formation). A high alloy filler wire G19
9 (ENISO 14343-A G199 L Si/ AWS A5.9:ER308LSi) and
a low alloy filler wire G3Sil (EN ISO 14341-A:G 38 3 C1
3Sil/ AWS AS5.18:ER70S-6) both by the company ESAB,
Sweden, and both with a 1 mm diameter were used during
the welding trials.

The chemical composition of the materials was measured
using an optical emission spectrometer (OES) (Table 1). To be
able to measure the thin filler wires, they were melted in ce-
ramic crucibles into larger samples.

3.2 Experimental setup

Welding trials were carried out on an electron beam welding
machine pro-beam K7 with an acceleration voltage of 120 kV.
For all trials, a beam current of 7 mA, a welding speed v,, =
0.54 m/min and a wire feed rate v,= 0.5 m/min were used. The
inclination angle of the filler wire was 45°, the miniDrive
feeding wire system, developed by the Welding and Joining
Institute of RWTH Aachen University, was used (Fig. 4). At
least 5 welds of each material combination were carried out.
The specimen was not clamped in order to ensure free thermal
expansion or distortion.

Welding trials were made with the high alloy base
material and two different filler wires; the low alloy

1000,000pm
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Fig. 6 Color etching of the
dissimilar composition weld with
Beraha II etchant, a macroscopic
image of the weld seam, b
transition zone between upper and
lower weld seam, ¢ transition
zone between upper weld seam
and base material, d lower weld
seam

&

B

filler wire G3Sil/ 70S-6 was used to create a LTT mi- 4 Results
crostructure (dissimilar composition weld), whereas the

high alloy filler wire G19 9/308L was used to compare 4.1 Microstructure
the results with common weld compositions (similar

composition weld).

Fig. 7 Color etching of the
dissimilar composition weld with
Beraha I etchant, a macroscopic
image of the weld seam, b
transition zone between upper and
lower weld seam, ¢ transition
zone between upper weld seam
and base material, d upper weld
seam

The macro- and microstructure was examined using cross sec-
tions. For this, attention was initially paid to intermixing
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Fig. 8 Cross section of similar
composition weld, base material
1.4301/304 welded with G19 9/
308L filler wire, a macro section
of the weld, b micro section of the
weld seam

behavior, especially during dissimilar composition welding.
First the dissimilar composition weld was analyzed (Fig. 5).
Because of the austenitic base material V2A etchant was used
to highlight the microstructure. Commonly, this etching meth-
od is used for Cr-Ni steel for 10-30 s in a temperature between
50 and 70 °C.

When looking at the macro section, it is noticeable that a
distinction can be made between the upper and lower weld
seam area. Macroscopically, the low alloy wire material does
not appear to have been completely mixed with the high alloy
base material (Fig. 5-a).

The carbon content determines the appearance of martens-
ite. At carbon contents < 0.5%, lath martensite is formed [35].
When examining the micro section of the upper weld seam
area, martensitic, ferritic, and bainitic microstructures were
detected (Fig. 5-b). Bainitic microstructures are typical for
alloyed steels, since the diffusion processes of the alloying
elements are greatly delayed [36]. This contributes to the for-
mation of microstructures that take a longer time to form.
When welding high alloy materials, defects in form of solid-
ification cracks can often occur. No cracks, however, were
found during examining the cross sections.

To further differentiate the present microstructure, color
etching is applied to the samples. First, the sample is etched
with Beraha II etchant. This color etchant is a cold etching
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Fig. 9 Comparison of hardness values in the top and bottom parts of
dissimilar and similar composition welds
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method and typically used for austenitic Cr-Ni steels to espe-
cially highlight austenite (Fig. 6).

It is important to note that the colors do not give a definitive
statement about the existing phase, but serve as an additional
aid for interpretation. During etching, ferrite is etched first
because of its low carbon content. For this reason, areas with
low alloying elements or high ferrite content appear dark to
almost black. In contrast, areas with high alloying elements or
chromium carbides, for example, appear almost white. First,
the complete weld seam is observed macroscopically (Fig. 6-
a). The upper part of the weld is dark while the rest of the weld
and the base material are shown in different colors. This
shows that the alloying elements within the upper weld area
are lower compared to the bottom area. In the transition area
between the upper and lower area of the weld martensite is
detected (Fig. 6-b). The blue or yellowish areas indicate aus-
tenite. Dark lines between the austenite indicate J-ferrite.
Next, the transition zone between the upper weld seam and
the base material is examined (Fig. 6-¢). In the base material,
the martensitic microstructure with a low proportion of dark
delta ferrite lines can be seen. In the area close to the dissimilar
weld zone, the J-ferrite content increases significantly.
Finally, the lower area of the weld seam is observed (Fig. 6-
d). Here as well, yellow areas show the presence of austenite.
The white zones could be the presence of chromium carbides.
The darker (purple) zones around the white carbides indicate
lower alloying elements, which suggest carbide depletion.

With Beraha II etching, the microstructure of the upper
weld seam could not be identified. For this reason, the sample
is prepared with a Beraha I etching as well. This cold etching
method is suitable for low alloy steels and is particularly use-
ful for the visualization of martensite (Fig. 7).

Beraha I etchant visualizes the microstructure in the upper
area of the weld seam (Fig. 7-a). Here, also a martensite seam
can be detected at the boundary between the upper and lower
weld seam (Fig. 7-b). This is a typical phenomenon when
joining high and low alloy materials. Martensite is shown as
brown-blue areas while bainite is shown as yellowish areas. In
Fig. 7-c, it becomes clear that the martensite seam runs along
the complete upper weld seam boundary. When observing the
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Fig. 10 Horizontal EDS line scan
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microstructure of the upper weld seam, martensite is shown in
brown and blue (Fig. 7-d). Undissolved carbides are shown as
small dark spots. Zones with retained austenite should become
visible as white spots within the upper weld seam. When
examined closely, no retained austenite could be detected.

Overall, it appears that the filler wire has not been
completely intermixed with the base material. The inhomoge-
neous distribution of alloying elements could indicate low
weld pool fluctuations. This results in a microstructure
consisting of martensite and bainite in the upper area, whereas
a predominantly austenitic microstructure in the lower area of
the weld seam is present. In order to mix the two materials and
create a higher weld pool fluctuation, beam oscillation would
be necessary.

The next step was to examine the similar composition
welded specimen (Fig. 8). In contrast to the dissimilar com-
position weld, an austenitic microstructure with dark d-ferrite
lines is visible within the weld seam. Here, as well, no defects
such as solidification cracks were found.

Mass-% (norm.)

Fig. 11 Vertical EDS line scan of
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4.2 Hardness

After examination of the microstructure, the hardness of the
welded samples was measured for further investigation. Here,
hardness values were taken from the upper and lower half of
the weld seam, both for the similar composition welded spec-
imen and for the dissimilar welded specimen. The distance to
the top and bottom was 0.5 mm each.

As expected, the hardness values for the similar composi-
tion weld were comparable with the hardness in the base ma-
terial both in the upper and lower area of the weld seam.
However, a clear discrepancy could be observed between
the measured hardness values in the upper and lower part of
the dissimilar composition weld (Fig. 9). Since the used high
alloy materials cannot be hardened by heat input, there is no
hardening within the HAZ or similar weld seam. Phase trans-
formations take place solely in the upper weld seam of the
dissimilar weld, which is why only in this area a hardness
increase is noted. The hardness results of the dissimilar
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composition weld were consistent with findings from the mi-
crostructure examination. The increased hardness proved
again the presence of harder structures such as martensite in
the upper weld, while in the bottom austenite predominated
and no increase in hardness was detected.

4.3 EDS and martensite start temperature

To investigate the alloying elements in the welded specimens,
energy dispersive X-ray spectroscopy (EDS) was carried out.
Since the similar composition weld does not have any signif-
icant change in alloying content of the weld seam, only the
dissimilar composition welded specimen was analyzed. To
analyze the change of alloying elements compared to the base
material, a line scan horizontal through the upper weld seam
was measured (Fig. 10).

It can be observed that in the transition from base material
to weld seam, the decrease in chromium and nickel content is
not gradually, but abrupt. Within the weld seam, the Cr con-
tent, for example, does not remain constant at around 6 wt%,
but increases slightly towards the middle to just under 10 wt%.

Since the Mg is decreased further with higher proportions of
alloying elements, it reaches lower values in the middle of the
weld seam compared to the area of the fusion line.

Further EDS measurements were also taken within the
weld seam in the vertical direction (Fig. 11). The alloy com-
ponents in the direction of specimen thickness were
investigated.

In the direction of the specimen thickness (from top to
root), the Cr content, among other alloy elements, decreases
continuously until the transition to the higher alloyed area of
the weld seam (no intermixing with the filler wire) is reached.

To calculate Mg, the carbon content of the material must be
known. Since the C-content cannot be determined reliably in
an EDS measurement, an upper and lower limit had to be
assumed. The C-content of the base material and the low alloy
filler wire were taken as upper and lower limits. In the follow-
ing, the progression of Mg within the weld seam was calculat-
ed, using the alloying element contents measured from the
horizontal line scan (Fig. 12).

The austenitic steel 304 does not have a martensitic phase
transformation due to the high Cr and Ni contents. For this

v\, weld sea

e

Fig. 13 Measurements of angular e 1000
distortion on 3D measured =
specimens of similar and %

dissimilar composition welds 2 800
<

600

400

200

I O e i

am’ﬂ'%:/
(]

T N

0

@ Springer

Low Alloy filler

5 10 15 20 25 30

Measuring length [mm]
..... High Aloy filler



Weld World

Fig. 14 Sketch of a sample measured with drill hole method along the
weld seam and plate

reason, Eq. 1 is only used to calculate the M temperature for
the upper part of the weld seam and the base material is not
included. The inhomogeneous distribution of the alloying el-
ements led to varying Mg within the weld seam area. In the
middle area lower Mg was calculated than in the outer area.
Using the equation of Steven and Haynes the average upper
limit of Mg was calculated as around 340.4 °C and the average
lower limit of Mg as around 311.9 °C. With a low carbon
content, the distance between Mg and M, temperature is not
very high. Since the Mg temperature was in average above 300
°C, it can be assumed that the M is reached at room
temperature.

4.4 Angular distortion

Measurements of the angular distortion were carried out using
the confocal 3D laser scanning microscope Keyence VK-
X1000. With this, a 3D-scan of the surface can be measured
to determine the angle of distortion ex situ. A field of 25 mm
width and 50 mm length was scanned and at least 4 measuring
lines were recorded perpendicular to the weld seam (Fig. 13).
The average of all measurements were taken and the measured
angle difference to 180° was calculated. This resulted in angle
differences that showed whether the samples had contracted or
even bent in a negative direction.

As was to be expected, the similar composition weld spec-
imens contracted, resulting in an average distortion angle of
= oy — 180° = 0.55°. In contrast, the dissimilar composi-
tion weld specimens even showed a bend in negative direc-
tion, with an average distortion angle of oy = a7 -180° = —
0.08°. This shows that with the in situ alloying the LTT effect
can be used to reduce the distortion in a high alloy base ma-
terial. With the proportion of LTT structure in the upper area
of the weld seam, sufficient compressive stress could be in-
troduced into the specimen by volume expansion, so that com-
pensation of the distortion could take place. In this case even
overcompensation was achieved.

Fig. 15 Transverse residual .
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method along the weld seam and — 150 /y
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4.5 Residual stress

Residual stress investigations were carried out using the drill
hole method. A drill with a diameter of 0.8 mm was used.
Drilling was carried out at depths of 0.1 mm and 0.2 mm.
Transverse and longitudinal residual stresses were recorded.
Four measuring points were carried out on the center of the
weld with a distance of 10 mm each. Another three measuring
points were carried out perpendicular to the weld seam in the
direction of the base material. The distances were 2 mm, 5
mm, and 10 mm from the center of the weld (Fig. 14).

First, the transverse residual stresses are measured (Fig.
15). Within the weld seam, the stress values are mostly in
tensile stress range. The similar weld ranges from compressive
stress of about — 22 MPa to a tensile stress of about 96 MPa at
measurement depths of 0.1 and 0.2 mm. In the dissimilar
weld, the stress values at both measuring depths are in a range
of a minimum of about 16 MPa and a maximum of over 93
MPa.

The values of transverse residual stresses within the plate
are all tensile stresses. The highest stress is at the beginning of
the similar weld at 0.1 mm depth. Here, the stress reaches
values up to about 220 MPa and drop to about 37 MPa at a
greater distance to the weld seam. In the case of dissimilar
welds at 0.2 mm measuring depth, the values reach between
a maximum of 170 MPa and a minimum of 50 MPa. It is

noticeable that the similar welds show higher tensile stress
values close to the weld seam than the dissimilar weld. This
reverses with a greater distance to the weld seam. Overall, the
decrease in stress is greater for similar welds, where especially
at 0.1 mm depth the tensile stress drops by a factor of nearly 6.

Finally, longitudinal stresses are measured (Fig. 16). With
the stresses in the weld seam, a clear distinction can be seen
between similar and dissimilar weld. At a measuring depth of
0.1 mm in the similar weld, residual stresses are partly in the
compression stress range. Here, the values are between —
80 MPa and a maximum of 137 MPa. In dissimilar welds,
on the other hand, compressive stresses are present at the same
depth. Values range between — 67 and — 183 MPa.
Comparable results can be seen at measuring depths of 0.2
mm. In the similar weld, residual stresses are clearly in the
tensile stress range. Values are approximately between 172
and 305 MPa. In the dissimilar weld, on the other hand, com-
pressive stresses are present at 0.2 mm measuring depth. The
values vary between — 7 and — 60 MPa.

The longitudinal stresses within the plate have tensile
stresses both in the similar and the dissimilar weld at all mea-
suring depths. It is noticeable that here, too, the tensile stresses
of similar welds are higher in the close vicinity of the weld.
The highest stress values reaches 514 MPa at 0.1 mm mea-
suring depth and drops to 13.5 MPa with greater distance to
the weld seam. With a greater distance from the weld, the
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stresses of similar welds reach comparable values to the dis-
similar weld.

Overall, the magnitude of longitudinal residual stresses is
greater than those of transverse residual stresses. This is in
agreement with research in literature. For a single layer weld
without temperature gradients in thickness direction the trans-
verse residual stresses will reach values of 1/3 of the longitu-
dinal stress [8]. The dissimilar material combination has an
influence on the residual stresses within the weld seam. This
influence can still be seen to a certain extent in the vicinity of
the weld seam, but it does not seem to have any influence with
further distance to the weld. This is attributed to the fact that
the base material is a steel without phase transformations.
Here, the residual stress development is based on inhomoge-
neous thermal distribution only.

The longitudinal residual stresses in the dissimilar weld
seam at 0.2 mm depth show reduced compressive stresses
compared to the stresses at 0.1 mm depth. This can be attrib-
uted to the chemical composition within the weld being inho-
mogeneous, resulting in inhomogeneous transformation tem-
peratures. With the vertical line scan on Fig. 11, it can be seen
that the chemical composition in the upper boundary area is
higher than in the center of the upper weld. Consequently, the
Mg is lower here. This in turn means that the phase transfor-
mation at 0.1 mm starts later than at 0.2 mm. At 0.2 mm, the
martensite formation already starts, while in 0.1 mm the trans-
formation is delayed. As a result, residual compressive stress-
es are built up at a later time, while the phase transformation
has already started in the core of the upper weld.
Consequently, it may explain why the compressive stresses
are higher at 0.1 mm depth than at 0.2 mm depth.

5 Conclusion

In this work, a high alloy base material (1.4301/304) was elec-
tron beam welded with a similar filler wire (G19 9/308L) and a
dissimilar filler wire (G3Si1/70S-6). The aim was to induce the
LTT effect by combining different materials in situ.

1 Inan austenitic steel, a martensitic structure can be created
in the weld seam by using a low alloy filler wire. Without
any oscillation, two zones with different microstructures
are created; a martensitic microstructure in the upper area
of the weld seam and an austenitic microstructure in the
bottom part. Neither solidification cracks nor retained aus-
tenite occur.

2 Due to the created martensitic structure in the upper area of
the weld seam, an increase in hardness occurs. However,
the hardness in the bottom part of similar and dissimilar
welds do not increase.

3 With the distribution of low alloy filler wire in high alloy
base material the Cr and Ni content within a weld seam can

be reduced. However, the element distribution is not ho-
mogeneous, which leads to an inhomogeneous distribution
of the martensitic transformation temperature.
Nonetheless, a reduced My is the result.

4 A LTT structure in the upper part of the weld seam has
a positive effect on the distortion of a welded specimen.
With the delayed formation of martensite, the thermal
expansion in the upper part is greater than in the bottom
part. With a similar weld a distortion of the sample is
caused, whereby with the LTT effect, caused by the
dissimilar weld in the upper part of the weld, the sample
bents in negative direction. In order to obtain a precise
setting of the distortion compensation, it must also be
investigated how much material or volume of LTT has
to be fed into the weld seam.

5 Due to the reduced transformation temperature of martens-
ite within the weld seam, longitudinal compressive stress-
es build up. This does also affect the residual stresses in the
close vicinity of the weld seam. The effect decreases, how-
ever, with greater distance to the weld seam, where resid-
ual stresses are a result of inhomogeneous thermal distri-
bution only.
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