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A B S T R A C T   

This paper investigates the low-transformation-temperature (LTT) effect in austenitic high alloy stainless steel 
and its influence on strain evolution of laser beam welded specimen. Due to the local heat input high temperature 
gradients occur between weld seam and base material, which lead to thermal and transformation induced strains. 
With targeted alloying in the weld seam the martensitic phase transformation can be shifted to lower temper
atures resulting in the so-called Low Transformation Temperature (LTT) effect. This effect uses the volume 
expansion during the martensitic phase transformation. The delayed volume expansion during martensite phase 
transformation introduces continuous compressive strains until room temperature is reached and represents a 
mechanism that can serve to counteract the tensile strains caused by thermal shrinkage. The martensitic 
microstructure is achieved by dissimilar welding, combining an austenitic stainless steel base material with low 
alloyed filler wire. With this, the chemical composition of chromium and nickel is diluted, and a martensitic 
phase transformation occurs. As comparison, similar material combinations of stainless steel base material and 
conventional welding consumable are performed. In this work, in situ energy-dispersive x-ray diffraction 
(EDXRD) measurements in the beamline P61A at DESY are performed to investigate the expansion behaviour of 
martensite based on spectral data. Nine measuring positions are recorded and the strain evolution during welding 
and cooling of the samples are analysed. It is shown that the martensitic phase transformation changes the strain 
behaviour and implements compressive strain depending on the distance to the laser spot. It is found that the 
effect is orientation-dependent and that the highest strain influence is present in welding direction.   

Introduction 

The local heat input of a welding process influences the thermo- 
mechanical properties. The inhomogeneous heat distribution leads to 
zones of different thermal expansion and shrinkage, which in turn pro
motes residual stresses and distortion (Withers et al., 2001). While re
sidual stresses reduce component load capacity, distortion leads to a 
decrease in geometric precision (Francis et al., 2008; Francis et al., 
2007). Since residual stresses have a relevant influence on fatigue 
strength, they should be avoided as much as possible to maintain fatigue 
resistance (Klassen et al., 2017). 

It is known that compressive stresses are generated during phase 
transformations. The authors Jones and Alberry (Jones et al., 1977) 
suggested as early as 1977 that the strains associated with the trans
formation of martensite can be used to develop welded joints that reduce 

tensile residual stresses and avoid post weld heat treatment. This ex
ploits the effect that a face-centred cubic unit cell has a smaller volume 
than a tetragonally distorted lattice such as martensite (Bhadeshia, 
2002; Bhadeshia and Honeycombe, 2017). Especially when delaying the 
martensite transformation temperature by means of chemical composi
tion, the volume expansion increases. This so called low-transformation 
temperature effect (LTT-effect) has been successfully used in recent 
years to counteract the tensile residual stress due to thermal shrinkage 
(Igwemezie et al., 2022; Francis et al., 2008; Azizpour et al., 2019). 

It should be noted that during the phase transformation the thermal 
shrinkage continues, thus implementing tensile stresses. However, the 
tensile residual stress in a weld can be compensated if the phase trans
formation takes place at reduced temperatures and continues until room 
temperature is reached. Only this way can compressive stress be built up 
continuously and tensile stress be reduced. Therefore, the LTT-effect is 
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used to exploit this advantage by means of variation in chemical 
composition in order to adjust the martensite formation temperature. 
Furthermore, distortion can be reduced. Overall, an exceeding of the 
temperature-dependent yield strength can be prevented and plastic 
distortion can be reduced (Withers et al., 2001; Mikami et al., 2009). As 
a result, with changes to the chemical composition it is possible to not 
only reduce residual stress, but also the distortion at the same time. 

Austenitic stainless steel is a material prone to warpage, so it is of 
interest to investigate the use of the LTT-effect in this material. Mostly, it 
is important to understand, how the strains occurring during phase 
transformations effect the overall strain distribution in a sample. EDXRD 
measurements during welding and cooling of a sample are performed on 
dissimilar welded materials. The change in chemical composition during 
a laser beam welding process recreates the LTT-effect, while similar 
welds are used to have a comparison to commonly performed welding 
trials. 

State of the art 

Residual stresses are a result of local discrepancies in a material 
through mechanical or thermal influences or caused by phase trans
formations (Withers et al., 2001; Wohlfahrt, 1986). The local heat input 
causes high temperature gradients compared to the areas further away 
from the weld zone. The increased thermal expansion of the weld zone is 
restricted by the cooler surrounding area with less thermal expansion. 
During welding this leads to compression. After the heat input is 
finished, the weld zone starts to shrink, which in turn leads to tensile 
stresses, Fig. 1. 

Areas where phase transformation occurs contribute to the imple
mentation of stresses due to their different coefficients of thermal 
expansion, (Mitter, 1987; Bühler et al., 1933). Residual stresses are thus 
a superposition of stresses resulting from thermal shrinkage as well as 
phase transformations. A γ-α phase transformation that takes place 
during cooling has a higher volumetric expansion than the reverse 
transformation during the heating phase and compressive stresses are 
generated during the cooling phase. Often, however, these compressive 
stresses are not sufficient to compensate for the tensile stresses caused by 
shrinkage, overall resulting in tensile residual stresses in the weld at the 
end of the process. However, studies have shown that martensitic phase 
transformation can implement compressive stresses that compensate for 
tensile stresses depending on the chemical composition (Akyel et al., 
2022b; Akyel et al., 2022a). 

Achieving a martensitic structure in a weld metal within an optimum 
temperature range depends mainly on the composition of the filler 
metal. Chromium in particular leads to an increase in volume change. 
Increased nickel content also leads to an increase in volume change, 
although the influence is not as strong as for chromium. For example, 2 
m % chromium leads to a relative volume change from austenite to 
martensite of 0.5 %. In contrast, slightly above 2 m % nickel leads to a 
relative volume change of just under 0.4 %. (Bleck, 2016) 

Therefore, the examination of an austenitic stainless steel is advan
tageous, since high amounts of chromium and nickel are already pre
sent. Through dissimilar welding with low-alloy filler metal, the element 
content can be reduced in the weld to a range where martensite is 
formed. 

Based on the work of Jones in 1977, many investigations on LTT 
filler metals have been carried out (Jones et al., 1977). The most notable 
breakthrough was made by a group of researchers lead by Ohta from 
Japan with the design of a filler metal containing 10 % chromium and 10 
% nickel, which improved the fatigue strength of the welded joint in a 
low-carbon steel (Ohta et al., 2003; Ohta et al., 2001; Ohta et al., 1999). 
However, due to the low spatial resolution, residual compressive stresses 
in the weld could not yet be detected. 

Wang, Huo et al. performed investigations with varying chromium 
and nickel contents (Wang et al., 2002). These confirmed the increase in 
fatigue strength observed by Ohta. The work also established a first 
correlation between the compressive residual stresses and the 
martensite start temperature. 

Kromm et al. investigated the transformation behaviour of different 
chromium-nickel alloy compositions (Kromm et al., 2011; Kromm and 
Böllinghaus, 2011). Using in-situ diffraction experiments, the research 
group was able to demonstrate that the high compressive residual 
stresses are generated only by the martensite phase. These investigations 
were also confirmed by Altenkirch et al. (2011), Gibmeier et al.( 2014). 

Energy dispersive X-ray diffraction (EDXRD) experiments are per
formed to obtain information about the microstructure and the phases in 
a material from the characteristic X-rays and the energy level detected 
from them. The development of this measurement method dates to late 
1960 early 1970 and was depicted as a novel measurement method in 
contrast to the angular dispersive measurement methods, (Laine et al., 
1980; Giessen et al., 1968). While the scattering angle 2θ is fixed, the 
sample is irradiated with a polychromatic synchrotron radiation. This 
measurement method provides both a complete diffraction spectrum 
and the interference lines of all crystalline phases of the material 
structure. Using Eq. (1) 

Ehkl =
h ∗ c

2 ∗ dhkl ∗ sinθ
=

h ∗ c ∗
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
h2 + k2 + l2

√

2 ∗ ahkl ∗ sinθ
(1)  

the energy level Ehkl of the centre position of a peak is used to calculate 
the lattice specific unit cell parameter ahkl, with the constants of the 
speed of light c = 299,792,458 m/s and Planck’s constant h = 4.135*10^ 
(-15) eVs. An angle-dependent measurement or tilting of the sample to 
capture all orientations is not necessary. With the further development 
of high-brilliance synchrotron sources, the EDXRD measurement results 
in a fast measurement method with acquisition rates in seconds (Jenkins 
and Snyder, 1996; Spieß et al., 2009). 

Experimental 

Materials and methods 

For the welding trials an austenitic stainless steel base material 
(1.4301/AISI 304) with the dimensions 8 × 50 × 600 mm3 (width x 
height x length) is used. A single pass bead on plate is welded along the 
middle of the 8 mm side. Furthermore, a rectangular seam preparation is 
used with the dimensions 1.6 × 1.5 mm2 width and depth respectively, 
Fig. 2. Fig. 1. Single pass weld and its resulting stress distribution (Wohlfahrt 

et al., 1977). 
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To use the LTT-effect, a martensitic microstructure needs to be pre
sent. Since the martensite formation is dependent on the chemical 
composition, the chromium and nickel contents within the weld seam 
needs to be reduced. Accordingly, this is achieved by the use of a dis
similar material to the base material. The dissimilar welds are performed 
with the solid filler wire G 3Si1 (EN ISO 14341-A: G 3Si1/ AWS A5:18: 
ER70S-6). As comparison, similar welds with the solid filler wire G19 9 
(EN ISO 14341-A G19 9 L Si/ AWS A5.9: ER308LSi) are performed. All 
wires have a diameter of 1 mm. For chemical composition analysis, the 
filler wires are melted in a melting furnace under argon atmosphere and 
measured with optical emission spectroscopy (OES). Furthermore, the 
average chemical composition of the weld is analysed by energy 
dispersive X-ray spectroscopy (EDS) line scans, Table 1. 

Welding trials are carried out on a TRUMPF TruDisk 8001 disc laser, 
which has a maximum beam power of 8 kW at 1030 nm wavelength. The 
used fibre has a diameter of 400 μm. With an aspect ratio of 3:1 of the 
optic, the focal diameter is 1200 μm. This diameter in combination with 
beam oscillation is used to melt the 1 mm cold filler wire and parts of the 
base material, so that intermixing of both materials creates a defined 
chemical composition in the weld seam. The inclination angle of the 
filler wire is 45 ◦ using the MiniDrive feeding system developed by the 
RWTH Aachen University Welding and Joining Institute. The inclination 
points towards the weld bead (pull technique). The shielding gas nozzle 
is coaxial to the filler wire and 25 ln/min (litre normal per minute) 
Argon (DIN EN ISO 14175: I1) is used in all trials, Table 2. 

The wire feed speeds for the similar and dissimilar welds are set as 
4.5 m/min. Temperature measurements in pre trials and a simulation of 
thermal distribution is used to calculate the temperature distribution 
over the complete sample. 

Energy-dispersive X-ray diffraction 

EDXRD measurements are carried out at a synchrotron beamline 
P61A at the Deutsche Elektronen Synchrotron (DESY) in Hamburg. 
Acquisition is performed by two high-purity germanium point detectors, 
each with two slit collimators that can be independently positioned 
horizontally and vertically. The photon source are 10 wigglers with a 
polychromatic energy bandwidth between 30 – 200 keV. The data is 
calculated with an in-house software and the peak fit is performed with a 
Pseudo-Voigt approximation, Table 3. 

Detector 0 (channel 0) measures horizontal reflections and is aligned 

with the incident beam at an angle of 2θCh0 = 7.557 ◦ Detector 1 
(channel 1) measures in the vertical plane and is oriented at an angle of 
2θCh1 = 7.594 ◦ The slit collimators in front of the horizontal channel 
have a horizontal slit spacing of 0.1 mm. The collimators in front of the 
vertical channel also have a vertical slit spacing of 0.1 mm. The incident 
beam has a diameter of 0.1 mm. With the arrangement of the detectors 
and the incident beam diameter, the result is a diamond shaped mea
surement field of a height of 0.1 mm and a length of 2.069 mm for 
channel 0 and 2.072 mm for channel 1, Fig. 3. Measurements are taken 
in transmission mode with a recording rate of 1 Hz. The gauge volume 
was set exactly in the middle of the sample (4 mm depth) and only the 
distance to the laser or the weld surface was changed between each 
welding trial. 

Welding trials 

When performing the welding experiments and simultaneous syn
chrotron recording, two time periods are considered. During the welding 
process, the positions of the laser and the synchrotron radiation are 
fixed. Only the sample is moved linearly. Since the distance between the 
measurement point and the laser remains constant the temperature is 
isothermal. This time period is considered as a steady-state measure
ment. The welding process lasts for about 37 s. With a recording rate of 1 
Hz the synchrotron data of the first 37 time steps are the data of the 
steady-state measurement. As soon as the welding process is finished, 
the cooling process starts. The laser switches off, but the recording of the 
synchrotron data continues. Since the cooling curve of the temperature 
data is now being recorded, this time period is a transient measurement, 
Fig. 4. One entire welding process including cooling lasts 500 s. 

One specimen is welded for each individual measuring point. After a 
weld is finished, the setup is moved so that the distance to the laser 
changes. Here, the distance is varied between -20 mm, -25 mm and -50 
mm in y-direction and between 2.5 mm, 4 mm and 8 mm in z-direction. 

Data analysis 

To investigate the temperature-dependent transformation kinetics 
the temperature distribution is determined by means of simulation and 
the temperature measurements by thermocouples. The energy for the 
centre peak positions Ehkl is converted to the lattice specific unit cell 
parameter ahkl using Eq. (1). 

For the calculation of the elastic lattice strain Eq. (2) is used. 

εel =
ahkl(T) − a0(T)

a0(T)
(2) 

For this calculation the temperature dependent stress-free unit cell 
parameter a0(T) has to be known for the α- and the γ-phase. The 
calculation of the temperature dependent data is done by using the co
efficient of thermal expansion αth (CTE). Dilatometry of the weld ma
terial as well as the base material is performed and the CTE values for the 
α- and the γ-phase are measured. CTE was measured as αth,α =
8.836×10^− 6/K for the α-phase and αth,γ = 24.261*10^-6/K for the 
γ-phase. With the use of Eqs. (2) and (3) 

εel = αth ∗ ΔT (3) 

Fig. 2. Seam preparation for the similar and dissimilar welding trials as well as 
the resulting weld geometry. 

Table 1 
Chemical composition of the experimental material and the resulting weld compositions using OES and EDS analysis.  

Material Fe C Si Mn Cr Ni Mo Creq* Nieq** 

1.4301 70.0 0.03 0.31 1.70 18.38 8.01 0.40 19.45 9.76 
G19 9 67.6 0.02 0.76 1.61 19.61 9.68 0.17 20.93 10.91 
Purus 42 97.4 0.08 0.93 1.35 0.02 0.02 <0.005 1.40 3,09 
Weld (LTT) 81.03 0.03 0.49 1.45 11.72 5.0 0.33 12,78 6,59  

* Creq = %Cr + %Mo + 1.5*%Si + 0.5*%Nb. 
** Nieq = %Ni + 30*%C + 0.5*%Mn. 
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and the knowledge of the temperature distribution as well as the CTE, 
the temperature dependent stress-free unit cell parameter a0(T) is 
calculated, Eq. (4). 

a0(T) = a0(T0) ∗ (1+ αth ∗ (T − T0)) (4) 

All these calculations are performed after the peak positions are 
determined. The 8 mm thick sample together with the background noise 
and the acquisition rate of 1 Hz leads to some reflections having low 
peak intensities and partly disappearing in the background, Fig. 5. The 
peak fitting with the Pseudo-Voigt approximation is only applied for the 
γ-phase {311} as well as for the α-phase {211} diffraction lines as these 
lines distinguish themselves clearly from the background. 

For each individual time step, the peaks are fitted and plotted over 
the complete 500 s welding process, Fig. 6. After tracking the peak 
progression over time, the shift in the energy level can be used to 
calculate the change in the lattice parameters. Both, the changes during 
welding and cooling can be displayed and phase transformations 
recorded. This analysis is repeated for both channels. 

Results and discussion 

The EDXRD measurements reveal differences in the phase trans
formations of the two material combinations. Fig. 7 shows the change of 

the peak positions in channel 0 at measuring point z = 4 mm and y =
− 20 mm. The result of the similar welding shows only austenite in the 
weld seam. A bcc phase does not seem to be present, or the signal is so 
low that it disappears in the background noise and cannot be detected. 
Only fcc phase can be detected. In the case of the dissimilar weld, on the 
other hand, bcc-phase first appears after 172 s which equals to a tem
perature of around 180 ◦C. Dilatometric measurements of the weld 
composition showed a martensite start temperature of around 220 ◦C. 

In the steady-state process, a change in peak positions is measured. 
Although the temperature at the measuring point is constant during 
welding, the plotted peak history records a shift in energy range. The 
shift represents a spatial resolution of the lattice parameter over the 
weld length. It is known that the peak position is affected by lattice 
distortion (Genzel et al., 2011). Looking at Eq. (1), it becomes clear what 
a shift in energy level means. While the energy increases, the interplanar 
dhkl-spacing or the lattice parameter ahkl reduces. This results in local 
shrinkage, especially in the middle sections of the weld length, which 
are cancelled out by pronounced expansion towards the end of the 
sample. Once the welding stops and the cooling process starts the centre 
of the peak positions shift to higher energy levels again. Due to the 
cooling, continuous shrinkage occurs explaining the peaks shift to 
higher energy levels. 

After each individual specimens or measuring points have been 
evaluated, the strains are calculated according to Eq. (2). The distances 
to the laser at -20 mm, -25 mm and -50 mm are compared. The diagrams 
are also divided according to the distances to the component surface at 
2.5 mm, 4 mm, and 8 mm and according to the recording channels 
horizontal channel 0 and vertical channel 1. 

For the strain calculation the stress-free lattice parameter needs to be 
known. During the trials it was not possible to measure this value since 
the chemical composition for achieving the LTT-effect is created during 
welding and a stress free sample could not be provided. In literature no 
standard value is known for the materials analysed in this paper. Still, 
for calculation the lattice parameter at room temperature are taken from 
powder diffraction files (PDF). For the γ-phase the value a0,γ = 3.5911 Å 
from the PDF 00-033-0397 for CrNi-steel and for the α-phase a0,α =
2.8884 Å from PDF 00–006–0696 for α-iron martensite are taken. Even if 
the calculated values are not reliable, they do still provide information 
about the course of the strains. The results cannot be evaluated quan
titatively, but still a qualitative statement is possible. For this reason, the 
strain curves are shown without values. 

First, the steady-state measurements of channel 0 (horizontal de
tector) are examined, Fig. 8. The curves show the strain profile of the 

Table 2 
Welding parameters for the dissimilar (LTT) as well as similar welding trials.  

Material Power P 
[kW] 

Weld speed vs [m/ 
min] 

Wire feed speed vw [m/ 
min] 

Shielding gas flow [ln/ 
min] 

Oscillation figure 
[-] 

Amplitude 
[mm] 

Frequency 
[Hz] 

G19 9/ G 
3Si1 

5 0.8 4.5 25 sine 2 180  

Table 3 
Data overview on the synchrotron beam source, detectors, and evaluation 
method.  

Source P61A @DESY 
Photon source Energy range Incident beam diameter Spectrum 

Wiggler 30 – 200 keV 0.1 mm White  

Detection 
Detectors Measuring 

mode 
Diffraction 
angle 

Recording 
rate 

Ge-Point detector + slit 
collimators 

Transmission Channel 0: 
7.557 ◦

Channel 1: 
7.594 ◦

1 s/Spectrum  

Evaluation 
Diffraction lines Lattice parameters Peakfit Software 

bcc: 211 
fcc: 311 

bcc: 2,8884 Å 
fcc: 3.5911 Å 

Pseudo-Voigt DESY in-house  

Fig. 3. EDXRD setup in the beamline P61A at DESY. Left: irradiated weld sample and the detectors. Right: Top view of the setup showing the gauge volume of the 
transmissive measuring method. 
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austenitic phase for the similar and dissimilar (LTT) welded samples. In 
this time period no ferrite is present in any sample. As mentioned, the 
strain in this time section is recorded over the weld length at isothermal 
state (steady-state measurement). 

At a distance to the component surface of 2.5 mm the recording is 
close to the top of the weld. At a distance to the laser of − 50 mm the 
strain curve in the LTT sample is relatively constant from start to finish. 
At a distance to the laser of − 25 mm, however, the strain is shifted in the 
compression range and is not as constant. At − 20 mm laser distance 
γ{311} could not be detected. In contrast, the similar welds show 
approximately the same strain curve at all distances to the laser and are 
overall more shifted in compressive strain range than the LTT samples. 

The distance from the component surface of 4 mm is the position at 
the root of the weld seam. With LTT welds, the strain curves vary at all 
distances to the laser. Here, also, the strain curve at − 50 mm is shifted to 
higher strain values. The lowest strain values (shift in compressive strain 
range) are present at a distance of − 20 mm. For the similar welds the 
strain curves at -25 mm and -50 mm are close to each other and show 
lower strain values than the LTT samples. At − 20 mm the lowest strain 
values (highest compressive strains) over all measuring points are 
present. 

At a distance of 8 mm from the component surface, the measure
ments are taken from the base material. The strain curves at the indi
vidual measuring positions of the LTT samples also vary visibly here. 
The highest strain values are again present at − 50 mm and are nearly 

Fig. 4. Steady-state measurement during welding up to 37 s. The transient measurement starts after the welding finishes and the cooling of the sample takes place. 
For a better overview, the cooling in this figure is shown only up to 300 s. The magnification shows the individual measuring points. 

Fig. 5. Example of a peak fit from channel 0 showing some peaks that cannot be calculated by the program due to low peak intensity.  

Fig. 6. Density Plot showing the welding cycle (steady-state measurement) and 
the cooling cycle (transient measurement) in the energy range of 91 keV to 125 
keV for the complete measuring time of 500 s. 
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Fig. 7. Results of a sample at measuring point z = 4 mm and y = -20 mm in channel 0. Centre positions of the energy peaks showing the appearance of bcc-phase 
during cooling in the LTT-weld while in the similar weld only fcc-phase can be seen. 

Fig. 8. Qualitative progression of strains during steady-state measurement (welding cycle) in channel 0 (horizontal detector). Graphs on the left show the strain 
progression for the dissimilar welded samples (LTT) and on the right side the strain progression of the similar welded samples. 
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constant. The lowest strains are present at a distance of − 20 mm from 
the laser. For the similar welds, the strain curves are comparable to one 
another, with the curve for − 20 mm being slightly lower strain range. 

The strain curves tend to build up compressive strains and reduce 
towards the end of the welding time. At the beginning of the weld cycle 
the compressive strain is not high since most of the sample is not welded 
yet. During welding when reaching the middle of the sample, the 
compression strain increases, since the horizontal constriction of the 
surrounding material is high. When reaching the end of the sample, the 
compression reduces. This is due to differences in cooling rates in the 
middle and the end of the weld and the lack of constricting material 
close to the end. 

Overall, in the LTT welds the measuring points further away from the 
weld seam show higher strain values in contrast to the measuring points 
close to the weld seam. In contrast, in the similar welds the strain values 
at − 20 mm and − 25 mm are close to each other. Only the strain values at 
− 20 mm are lower at surface distances 4 mm and 8 mm. The lowest 
strains values can be found at a measuring depth of 4 mm (i.e. at the root 
of the weld) and − 20 mm laser distance for both material combinations. 
The fact that the strains at 4 mm distance are lower than the other 
measuring positions is related to the fact that compression near the root 
of the weld is higher than in the upper region of the weld. In the root of a 
weld, more restrictions of the surrounding cold material are present. In 
comparison, the top of the weld seam can expand and contract more 
freely. Furthermore, it can be seen from the HAZ that the isotherms are 
closer together in the root area than in the outer areas. The differences in 
thermal expansions result in higher compression zones. 

Generally, the strain curves of the LTT welds show higher discrep
ancies than the similar welds. These discrepancies are most likely due to 
the variations in chemical composition. As the chromium and nickel 
content in the LTT welds are reduced, the material properties and its 
response to thermal stress are altered. The expansion coefficients as well 
as the phase-specific stiffness change, and consequently different strain 
curves can be observed. For example, a study on Ni-CrC has shown that 
nickel experiences larger lattice strains because it has a lower stiffness 

(He et al., 2021). With a reduction of the nickel content less overall 
lattice strain can be a result. Since the thermal strain close to the weld is 
higher than with greater distance to the weld, higher absolute values can 
be observed at small distances to the laser. In the areas of high tem
perature, thermal shrinkage has a significant effect on the strain evo
lution, which is why the areas closer to the weld have higher 
compressive strain values than the measuring points further away. The 
discrepancy between the LTT strain curves in the root of the weld seam 
also affects the strain curves at a surface distance of 8 mm. 

Next, the strains in channel 1 (vertical detector) are analysed, Fig. 9. 
In this channel, almost no difference can be seen between the LTT and 
similar welds. In all measuring points, slightly lower strains form in the 
middle of the sample and decrease towards the end of the weld. The 
vertical constriction of the sample is constant from beginning to the end 
(50 mm sample height) and the variation in strain values is due to the 
fact, that thermal distortion occurs. Here too, lower strains are present at 
− 20 mm than at -50 mm. In contrast to channel 0, no high compressive 
strains (low strain values) are observed in the root of the weld seam. 
Furthermore, the LTT samples do not show any high discrepancies be
tween the various measuring points. The variance in chemical compo
sition in the weld seam does not influence the vertical strain progression. 

A further examination is the strain curve during cooling in channel 0, 
Fig. 10. In the LTT welds, martensite strains are recorded in the 
measuring positions 2.5 mm and 4 mm from the surface in addition to 
the strains of the austenite phase. The austenitic strains increase to 
higher values while cooling takes place (tensile strains occur). In 
contrast to the austenitic strains, the martensitic strains remain constant 
over the entire cooling process. This is because the martensitic phase 
transformation takes place without diffusion and therefore the distortion 
continues at the same extent until the finish temperature is reached. The 
martensitic strains are shifted to lower strain values (compression strain 
range) compared to the austenitic strains. At 4 mm surface distance a 
more significant increase in elongation can be seen in the similar welds 
compared to the LTT welds. 

At the 4 mm surface distance, the austenitic strains also show an 

Fig. 9. Qualitative progression of strains during steady-state measurement (welding cycle) in channel 1 (vertical detector). Graphs on the left show the strain 
progression for the dissimilar welded samples (LTT) and on the right side the strain progression of the similar welded samples. 
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increase in strain. Here, the individual measuring points reach higher 
tensile values in a shorter amount of time for both the similar and the 
LTT welds compared to the row above. Compressive strains of the 
martensite phase are also constant from the beginning to the end of the 
cooling phase. 

At a surface distance of 8 mm, the austenitic strains are comparable 
for both LTT and similar welds. Overall, a high strain increase can be 
observed here, which indicates the development of high tensile strains. 

During the measurements in the steady-state phase, the highest 
compressive strains are found at a laser distance of − 20 mm, while these 

Fig. 10. Qualitative progression of strains during transient measurement (cooling cycle) in channel 0 (horizontal detector). Graphs on the left show the strain 
progression for the dissimilar welded samples (LTT) of austenite and martensite and on the right side the strain progression of the similar welded samples. 

Fig. 11. Qualitative progression of strains during transient measurement (cooling cycle) in channel 1 (vertical detector). Graphs on the left show the strain pro
gression for the dissimilar welded samples (LTT) of austenite and martensite and on the right side the strain progression of the similar welded samples. 
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were lowest at − 50 mm. This tendency is not observed during the 
cooling phase. What is noticeable is that for all measurements in the 
weld seam (at z-distance 2.5 mm and 4 mm) the strain values fluctuate 
strongly while increasing. Inhomogeneities such as grain size distribu
tions or chemical elements can lead to these fluctuations. In the base 
material, on the other hand, the strain in the austenitic material is 
generated purely by the thermal strain of the weld seam, which is why 
the increase occurs without major fluctuations. 

Finally, the strains during cooling in channel 1 are analysed, Fig. 11. 
At a surface distance of 2.5 mm, the austenitic strains in the similar and 
LTT welds increase with no significant differences between the laser 
distances. What is noticeable is that the strains of the martensite phase 
are shifted to lower strains, but not as strongly as in channel 0. The 
difference between the austenitic strain and the martensitic strains are 
not as prominent. 

At a surface distance of 4 mm, the austenitic strains increase to 
higher strain values. Here too, the martensite strains are constant and 
are shifted towards compressive strains, whereby lower strain values are 
present than in the row above. The difference between the austenitic 
strains and the martensitic strains are a bit more prominent. 

The austenitic strain curves at 8 mm surface distance are different 
than the rows above or the strains in channel 0. Here, during cooling, the 
tensile strains still increase but not as much as any other measuring point 
and the curves are flatter. The difference in strain between the beginning 
and the end of the cooling phase is not as big. With the thermal 
shrinkage taking place, at this surface distance the strain is not affected 
in vertical direction, as it is affected in horizontal direction. 

To understand how much strain is build up, the strain difference 
between the first and last time step of the cooling Δεtrans is calculated for 
the austenitic phase. This does allow to understand how much strain is 
occurring and delivers a quantitative assessment even if the previously 
calculated strain values are not accurate, Fig. 12. 

In channel 0 looking into the similar welds it can be stated that the 
strain difference is higher than for the LTT welds. At 8 mm surface 
distance, the strain difference at -20 mm is highest. This means in this 
measuring position high tensile strains are built up. However, it is 
interesting to observe that at this measurement depth, the difference at 
-25 mm and -50 mm laser distance is much less and are almost the same. 
Apart from this anomaly, it can be noted that with increased distance to 
the laser, the difference Δεtrans decreases. As lower temperatures are 

present at greater distances, the strain changes become smaller. This 
trend is also true for the LTT welds. The strain differences for 8 mm 
surface distance are highest and are at -25 mm and -50 mm close to each 
other. At 2.5 mm surface distance the difference is the lowest. This 
means in the upper part of the LTT welds less tensile strains are build up 
than in the similar welds. The smallest change can be recorded at a laser 
distance of -50 mm with 2.5 mm surface distance for the LTT weld. 
Overall, in channel 0 the strain difference is on average highest at 8 mm 
surface distance for both LTT and similar welds, whereby the smallest 
differences are present in the LTT welds. A decrease in the difference 
indicates that more and more compressive strains are build up at greater 
distances to the laser. 

In channel 1, however, the trend is reversed. The strain difference in 
8 mm distance to the surface show the smallest values in both similar 
and LTT welds. In this channel, the values of Δεtrans do not change much 
for the different measuring positions. In the measuring positions -25 mm 
and -50 mm the values are close to each other for all surface distances 
with the only exception of the LTT weld at 2.5 mm surface distance and 
-50 mm laser distance. Here, the value decreases to lower values than 
the similar weld. All in all, it can be said that the values that are high in 
channel 0 are low in channel 1 and vice versa. The strain values that are 
low in the horizontal direction are compensated for in the vertical di
rection and increase as a result. The strains shift in direction so that the 
compressive strains build up in one direction can be compensated with 
the tensile strains in the other direction. 

Conclusion 

In this study, the comparison of similar and dissimilar welds in 
austenitic stainless steel base material to use the LTT effect shows the 
influence of the chemical composition and phase transformation on the 
strain evolution. 

For the steady-state measurements in horizontal direction (channel 
0) the lowest strain values are detected close to the middle of the weld 
where highest restrictions from the surrounding material is present. For 
both, similar and LTT welds the lowest strain values are reached at 4 mm 
surface distance with − 20 mm laser distance, whereby the similar weld 
reaches lower values. Since at 4 mm the measuring position is close to 
the root of the weld, lower strain values are to be expected. Within the 
measuring points of the similar welds the strain curves do not vary much 

Fig. 12. Relationship between the strain difference Δεtrans and the measuring points in the transient measurement phase for LTT and similar welds in channel 
0 (horizontal detector) and channel 1 (vertical detector). The value describes the difference between the strain values at the beginning and the end of the tran
sient phase. 
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in between each other. For the LTT welds, on the other hand, a differ
ence in the curves can be seen. Especially at 2.5 mm surface distance the 
strain values at − 50 mm laser distance are nearly constant and show the 
highest strain values. In vertical direction (channel 1), however, the 
strains do not vary much between similar and LTT welds in any 
measuring position. The different chemical compositions do not influ
ence the vertical strains. 

During cooling, the dissimilar material combination implements low 
strains from martensite formation. In channel 0 the martensitic strains 
are shifted to lower strain values (compression) than in channel 1. 
Interesting to note is, that at 8 mm surface distance (base material) the 
strain increases during cooling in channel 0 (tensile strains are build up) 
while in channel 1 the strain curve is flat. Here, the tensile strains do not 
build up as prominent. The martensite formed in the LTT welds imple
ment compression during the rest of the cooling cycle and affects the 
austenite strain in channel 0 but does not have an effect on the strains in 
channel 1. 

Overall, the similar welds show lower strain values in the steady- 
state phase and reach higher strain values when cooled compared to 
the LTT welds in channel 0. With this knowledge it can be stated that the 
change in chemical composition and the LTT effect do have an influence 
on the strain evolution in horizontal direction by building up compres
sive strains. For the vertical direction, however, the comparison of strain 
progression of similar and LTT welds do not show much of a difference. 
The LTT effect has thus only an influence in horizontal or welding 
direction. 
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