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Abstract: In this study, the evolution of volume fractions during laser beam welding (LBW) of
stainless steel, with a specific focus on incorporating the low transformation temperature (LTT) effect
using the dilatometer, has been proposed. The LTT effect refers to the phase transformations that
occur at lower temperatures and lead to the formation of a martensitic microstructure, which will
significantly influence the residual stresses and distortion of the welded joints. In this research, the
LTT conditions are achieved by varying the Cr and Ni content in the weld seam by varying the weld
parameter, including laser power, welding speed and filler wire speed. The dilatometer analysis
technique is employed to simulate the thermal conditions encountered during LBW. By subjecting the
stainless steel samples to controlled heating and cooling cycles, the kinetics of the volume fractions
can be measured using the lever rule and empirical method (KOP and Lee). The phase transformation
simulation model is computed by integrating the thermal and metallurgical effects to predict the
volume fractions in LBW joints and has been validated using dilatometer results. This provides
valuable insight into the relationship between welding parameters and phase transformations in
stainless steel with the LTT effect during laser beam welding. Using this relationship, the weld quality
can be improved by reducing the residual stresses and distortion.

Keywords: laser beam welding; volume fractions simulation; low transformation temperature effect;
residual stresses; distortion; metallurgical changes; dilatometer

1. Introduction

Stainless steels are used in various industries due to their remarkable corrosion re-
sistance, mechanical properties and thermal stability [1]. However, the performance and
service life of stainless steel components are mainly influenced by the residual stresses
generated during welding. In laser beam welding (LBW), the rapid and localised heat-
ing and subsequent cooling lead to different thermal expansion and contraction after the
solidification of the molten weld metal. This leads to a change in the stress state, which
results in the formation of residual stresses. Researchers have found that one of the ways
to reduce the residual stress is to change the phase transformation temperature of the
weld metal [2,3]. One such transformation is martensite phase transformation (ά) in the
solid state, which could be utilised to develop welding alloys that can mitigate residual
stress. Since the martensite phase transformation causes a volume expansion of 4% during
the transformation of austenite [4,5], this leads to compressive stress in the weld seam
that can counteract the residual tensile stress [6–8]. This transformation phenomenon
has been realised in the low transformation temperature (LTT) effect, which has attracted
considerable attention in recent years [9–13]. The martensite (ά) start temperature and
transformation are strongly influenced by the alloy composition, e.g., Ni, Cr, Mo, Mn and
C, whereby chromium, Cr and Mo are referred to as ferrite (α) stabilisers and C, Mn and Ni
as austenite (γ) stabilisers [14]. The increased amount of carbon, on the other hand, leads

J. Manuf. Mater. Process. 2024, 8, 50. https://doi.org/10.3390/jmmp8020050 https://www.mdpi.com/journal/jmmp

https://doi.org/10.3390/jmmp8020050
https://doi.org/10.3390/jmmp8020050
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmmp
https://www.mdpi.com
https://orcid.org/0000-0003-1978-7002
https://orcid.org/0000-0003-4920-2351
https://orcid.org/0000-0001-7521-4212
https://orcid.org/0009-0008-4956-7813
https://doi.org/10.3390/jmmp8020050
https://www.mdpi.com/journal/jmmp
https://www.mdpi.com/article/10.3390/jmmp8020050?type=check_update&version=1


J. Manuf. Mater. Process. 2024, 8, 50 2 of 13

to the formation of hard and brittle martensite during cooling. Therefore, the conventional
LTT filler wire is produced by adjusting the composition of Ni and Cr with low carbon con-
tent. The microstructural characteristics of welds in austenitic stainless steel are influenced
by the nickel Nieq and chromium Creq equivalents [15,16]. Thus, a linear decrease in the
martensite start temperature (Ms) is observed by changing these elements, as indicated
by previous studies [9–13,17–19]. In this study, the in suit LTT effect was implemented, in
which a high-alloy base metal in combination with a low-alloy welding wire is coupled
with control of the welding parameters, allowing the desired chemical composition to be
achieved. Whereas conventionally, the LTT effect is achieved by using a specially fabricated
filler wire which in turn increases the cost.

In the existing literature on the effects of LTT, researchers have found that the change
in volume is an important factor and this change in volume can be accurately determined
through the use of dilatometry [20]. Dilatometry is a technique that provides insight into
the change in length as a function of temperature and allows the subsequent determination
of the associated change in volume. The lever rule is commonly used as a simple approach
to derive the volume fraction based on the change in length, assuming that the change
in atomic volume during the transformation is accurately represented by the change in
length [21,22]. Nevertheless, this approach failed to provide data in certain scenarios,
namely in relation to the effects of carbon redistribution in the formation of the martensite
phase and the omission of the exact volume of retained austenite [22]. Therefore, it is more
appropriate to include a lattice parameter-dependent calculation of the volume fraction to
accurately estimate the final volume fraction [21–24]. Although the temperature-dependent
lattice parameter is crucial for estimating the volume fraction, very little research has
been conducted on this topic. Within this framework, the determination of austenitic and
martensitic volume fractions was achieved by using lattice parameters and the lever rule.
This approach was applied to high alloy steel with different compositions of chromium (Cr)
and nickel (Ni) with the data from the dilatometer results. Subsequently, these estimated
volume fractions were used to calibrate the simulation model.

2. Materials and Methods

In this study, a high-alloy austenitic steel (1.4301) with the dimensions 100 × 50 × 5 mm3

was used as the base material for welding. The LBW process was used to weld the material
in the central area of the plate, using a single-pass technique with full penetration. The
LTT phenomenon was successfully achieved by using LBW with cold filler wire (G3Si1 low
alloy filler) with a diameter of 1.0 mm (dissimilar welds) developed by Fliess, a German
manufacturer (Hermann Fliess & Co. GmbH, 47059, Duisburg, Germany), into the weld
joint. The chemical compositions of the base and filler material are shown in Table 1.

Table 1. Base (1.4301) and filler (G3Si1) material chemical compositions [25].

Material Fe
[wt%]

C
[wt%]

Si
[wt%]

Mn
[wt%]

Cr
[wt%]

Ni
[wt%]

Mo
[wt%]

1.4301 70.7 0.02 0.42 1.68 18.2 8.24 0.036
G3Si1 97.3 0.07 0.86 1.44 0.045 0.019 0.008

The welding parameters from Table 2 were used to achieve different Cr-Ni compo-
sitions (in this study, the Cr composition is varied between 13% and 15%) in the weld.
The welding parameters were determined by visual inspection with reference to the ISO
13919-1:2019(E) standard [26]. During the visual inspection, the weld cross section was
checked for porosity and crack.
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Table 2. Welding parameter, oscillation parameter and weld seam geometry [25].

Oscillation Parameter Seam Preparation

Name Power P
[kW]

Weld Speed
Vw [m/min]

Feed Speed
Vf [m/min]

Frequency
F [Hz]

Amplitude
[%] Figure [-] Width

W [mm]
Depth D

[mm]

LTT-Cr-13 6 0.8 6.9 150 3 Sine 1.4 1.4
LTT-Cr-14 5.8 0.8 3.4 150 5 Sine 1.6 1.0
LTT-Cr-15 5.8 0.8 3.4 150 5 Sine 1.4 1.0

The welding tests were carried out using an LBW process. The beam was generated
with a Trumpf TruDisk 16002-disc laser(Manufacturer: TRUMPF Laser AG, 78713, Schram-
berg, Germany), which has a maximum beam power of 16 kW. A fiber with a diameter of
400 µm was used to transport the beam through optics with an aspect ratio of 1:3. With this
arrangement, a focal diameter of 1200 µm was achieved on the surface of the welding plate.
The focal diameter was large enough to melt both the cold filler wire and the base material
so that dealloying of the high-alloy base material took place. In addition, a scanner was
used for oscillation, which further supported the homogeneous mixing of base and filler
material and ensured a wider weld seam in the upper area of the weld seam. The filler
wire was fed using a mini-drive feed system developed by the RWTH Aachen University,
Institute of Welding and Joining Technology, 52062 Aachen, Germany (see Figure 1a). The
angle of inclination of the filler wire was set to 45◦ and argon was used as a shielding
gas with a flow rate of 15 l/min. This process has been described in previous works by
the authors [6,13]. The temperature distribution in the sample is recorded with type K
thermocouples, which were attached to the top of the plate. The distance between each
thermocouple was 4 mm and 8 mm from the weld. The data were recorded at a rate of
500 samples/sec using Yokogawa DL850E (Manufacturer: Yokogawa electric corporation,
Tokyo, 180-8750, Japan). This temperature is then used to verify the thermal simulation
model (see Figure 1b).

Figure 1. (a) Welding setup at Welding and Joining Institute, RWTH Aachen; (b) thermocouple setup
for temperature measurement; (c) weld cross section for Cr 13%; (d) weld cross section for Cr 14%;
(e) weld cross section for Cr 15% [25].

The weld cross-sections for different Cr% and Ni% (Figure 1c–e) in the weld seam
were created using the parameters given in Table 2. In addition, the chemical compositions
of these weld cross sections were determined to verify that the desired compositions were
achieved by employing energy-dispersive X-ray spectroscopy (EDX analysis), as in Table 3.
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Table 3. Chemical compositions in the weld seam for different Cr-Ni.

Material in Weld Seam Fe
[wt%]

Si
[wt%]

Mn
[wt%]

Cr
[wt%]

Ni
[wt%]

LTT-Cr-13% 79.638 0.450 1.326 12.936 5.647
LTT-Cr-14% 77.421 0.455 1.463 14.575 6.084
LTT-Cr-15% 76.171 0.413 1.399 15.173 6.845

After the completion of the EDX analysis, the specimen for the dilatometer was
prepared. For this purpose, a predetermined amount of base and filler material was
measured and then molten in an electric arc furnace (arc furnace MAM-1, Edmund Bühler
GmbH). An OES analysis was then carried out to ensure that the desired composition of Cr
and Ni was achieved. Later, these melted samples were machined into a hollow cylindrical
bar (dilatometer samples) with a length of 10 mm and a diameter of 4 mm (with a wall
thickness of 1 mm), according to the specification of ASTM standard A 1033-18 [27] (see
Figure 2a).

Figure 2. (a) Dilatometer sample preparation and (b) dilation curves for Cr 13%, Cr14% and Cr15%.

The dilatometry study was performed with a quenching and deformation dilatometer
(DIL805A/D) from TA instruments. The temperature was measured with a K-type ther-
mocouple attached to the sample and the change in length was measured with the linear
variable displacement sensor (LVDT). The sample was heated to austenization temperature
(~930 ◦C) with a dwell time of 5 min and then quenched at a rate of 100 ◦C/s under helium
gas. The procedure described above was carried out for each Cr-Ni combination and the
resulting dilatation curves were then plotted, as in Figure 2b.

Since the main transformation takes place during the welding-cooling cycle, the vol-
ume fractions were only calculated for each dilation-cooling curve using the lever rule
(graphical) and lattice parameter (empirical). Due to the fast cooling rate, the phase transi-
tion from austenite to martensite occurs directly without the occurrence of intermediate
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phases. The volume fraction of martensite depends entirely on the martensite starting tem-
perature and the atomic volume expansion. The martensite start temperature is calculated
using the dilatometer curve and also with the aid of the empirical Formula (1) using the
chemical compositions from Table 3 [28].

Ms = 948.21 − 448.5C − 3.75Si − 28.53Mn − 38.8Ni − 39.50Cr − 14.3Mo
For Ms < 200 ◦C

(1)

Lever rule: The determination of volume fractions is based on the measurement of
the change in length, under the assumption that the change in atomic volume during the
transformation is accurately reflected by the observed change in length. It is also assumed
that the carbon concentration in the austenitic phase does not increase at the end of the
cooling process. The extrapolation of the dilation curve during the cooling process was
performed for each composition for both the austenitic and martensitic phases, as shown
in Figure 3. The volume fraction of martensite was determined using Equation (2). To
determine the remaining austenite, it is simply subtracted from 1, since the total volume
fraction is equal to 1.

φ=

(
∆L − ∆Lγ

∆Lm
e − ∆Lγ

e

)
(2)

where-, ∆L—measured length change; L0—initial length; ∆Lm
e —extrapolated dilatations

high-temperature range; ∆Lγ
e —extrapolated dilatations low-temperature range; φ—volume

fraction.

Figure 3. Extrapolated dilation curves during cooling for Cr 13%, Cr 14% and Cr 15%.

Using lattice parameters: The lattice parameters of the individual phases are calcu-
lated precisely. The dilatometry data are first converted into the average atomic volume
of the sample. The volume fraction is then determined by analysing the calculated av-
erage atomic volume with the lattice parameters of austenite and martensite, which are
formulated as functions of temperature and dissolved carbon content. In most empirical
approaches [21–24], researchers have followed a similar path. The lattice parameter (3) and
atomic volume (4) of the austenitic phase were calculated using KOP’s method [22].

aγ = (3.6306 + 0.78 ξ)
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(3)

Vγ =
1
4

aγ
3 (4)

where-, aγ—lattice parameters of austenite; Vγ—austenitic atomic volume
The lattice parameter (5) and atomic volume (6) for the martensitic phase were calcu-

lated using LEE’s method equation [23].

am = (1 + km)(0.28664 − 0.00028[c])
cm = (1 + km)(0.28664 + 0.00028[c])

km = 1.156 × 10−5(T − 25)

 (5)
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Vm =
am

2cm

2
and V= κ V0

(
3∆L
L0

+ 1
)

(6)

where-,
am, cm—lattice parameters of martensite; [c]—carbon; Vm—martensitic atomic volume;
Vo—initial average atomic volume; V—average atomic volume; L0—initial length; ∆L—
measured length change

volume fraction for martensite is calculated using Equation (7) and the austenite
volume fraction is calculated by fa = 1 − fm.

fm=
V − Vγ

Vm − Vγ
(7)

where-, fm—volume fraction martensite; fa—volume fraction austenite.

3. Simulation Approach

(a) The transient thermal mode (TTM) is a replica of the physical model that was com-
puted using a commercial analysis software—Abaqus 2023. Since the weld was
performed in the centre of the specimen in the longitudinal direction, only half
of the specimen needs to be simulated due to symmetry. The simulation model
was computed by considering the welding parameters, the geometry, the thermal
boundary conditions (BC) (convection and radiation) and the temperature-dependent
thermal material properties. The material properties for the base plate and weld
seam were calculated using Jmat Pro version 13 [29] on the basis of the chemical
compositions (Table 1 for the base plate and Table 3 for the weld seam). The ther-
mal BC, convection and radiation were integrated into the thermal simulation with
the Abaqus subroutine, SFILM. To minimise computational time, a symmetric finite
element method (FEM) model has been implemented, incorporating a plate with
dimensions of 100 × 25 × 5 mm, and variable mesh densities were implemented. The
author implemented the equivalent heat source model based on their previous work
Figure 4 [11], which utilised an eight-node brick element (DC3D8) with a total of
28,886 nodes and 25,000 elements. The implementation of the equivalent heat source
was achieved by using an Abaqus DFLUX user subroutine [30]. The TTM is presented
in Figure 5.

Figure 4. Combined spherical and conical heat source model.
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Figure 5. Transient thermal model with temperature distribution along the plate.

In this study, a combination of a spherical and a conical heat source model is used to
describe a transient heat source model, as in Figure 4 [28,31], where the sphere is used to
have a broader weld width and the conical is used to obtain the heat input into the depth
of the workpiece.

QSperical = (1 − Ψ)
6
√

3Q
R3

gπ
√

π︸ ︷︷ ︸
Energy input

exp

[
−3

(
x2

R2
g
+

y2

R2
g
+

[z − v∆t]2

R2
g

)]
(8)

Equation (8) describes a Goldak heat source with geometric variables defined to be
equal in size, thus representing a sphere with the radius Rg. This serves to simplify the
equation and to reduce the variables in the numerical model. The beam power is described
by the parameter Q, whereby Q = P keff; defined by the laser power and the efficiency
coefficient keff. The parameter Ψ describes the portion of the conical heat source and is
≤1. This means, for example, with a Ψ = 0.7, the conical part is effective at 70% and the
spherical part at 30%. The movement of the heat source is described by the expression
u = x − vt. Here, t is the welding time and v is the welding speed.

QConical =
3ΨQ

πHR2
0︸ ︷︷ ︸

Energy input

exp
[
−3
(

x2

R2
0
+ (z−v∆t)2

R2
0

)][
1 + 0.01

(
H − y

H

)]
︸ ︷︷ ︸

Inclination o f f lanks

step
(

H−y
1mm

)

Step =


0 i f H − y < 0.0
1 i f H − y > 0.0
0.5 i f H − y = 0.0

(9)

Equation (9) is used for the conical heat source. The geometrical contour of the cone
is described by the radius R0 and the cone height H. In addition, a term is provided in
which the inclination of the cone flanks is described. The energy density distribution in
the direction of the weld depth is regulated by the dimensionless step function. The step
function is a simulation specification so that the heat input in the y-direction never exceeds
the cone height H. If y > H, the step function is set as 0. If y < H, the step function is set as
1. If y = H, the function is set to 0.5.

To represent the total heat source, the conical and spherical heat sources are added up,
as in Equation (10) and then the thermal model is computed.

QLB = QSpherical + QConical (10)

(b) The phase transformation model (PTM) is calculated using the temperature data
obtained from the temperature transformation model (TTM), as in Figure 6. Since the
main focus of this work is on the cooling cycle, the phase during the heating cycle
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was considered to be 1 and only in the cooling cycle, the kinematics of austenite to
martensite and the retained austenite were calculated using the Koistinen–Marburger
numerical Equation (12) [32] and Johnson–Mehl–Avrami numerical Equation (11) [33].
The Abaqus subroutine used for PTM is UEXPAN with solution-dependent vari-
ables (SDV).

Vγ = Vγ

(
1 − exp

[
−bγ(T)

nγ
])

(11)

where-,
nγ =

[
ln
(
ln
(
1 − Vs

γ

))
/ln
(

1 − Vsf
γ

)
/ln
(

Ts
γ/Tf

γ

)]
, bγ = nγ

(
1 − Vf

γ

)
/Ts

γ

Vs
γ/Vf

γ—starting and end volume fraction; Vγ—rest austenite volume fraction
Ts
γ/Tf

γ—starting and end transformation temperature.
The material constant b was initially assigned a value of 0.011 [34]. The simulation

model was then compared with the dilatometer data and the value of the material constant
was adjusted to the experimental volume fraction values.

Vm = Vγ(1 − exp[−b(Ms − T )]) (12)

where-,
Vm—martensite volume fraction; b—material constant; T—current temperature.

Figure 6. Phase transformation model (martensite).

4. Results and Discussion

The dilatometer study carried out on the stainless steel test samples (1.4301 + G3Si1)
subjected to laser beam welding showed clear phase transitions indicating the presence
of the LTT effect. The observed transitions showed sudden changes in the dimensional
response of the material as a function of temperature. Figure 7 represents the volume
fractions determined for each composition by analysing the dilatation curves obtained by
the dilatometer during the cooling cycle using the lever rule.

Figure 7. Volume fraction for Cr 13%, Cr14% and Cr15% using lever rule.

The lever rule [21] is a graphical technique used to estimate the volume fractions
of the different phases in a material, based on the material’s chemical composition and
temperature. This approach is particularly suitable for systems that exhibit equilibrium
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between two phases. The observed dilatation curves indicate that only austenite and
martensite phases are present. Therefore, this method can be used as one of the approaches
to determine the proportion of volume fractions. From Figure 7a for Cr 13% the martensite
formation begins at Ms_Cr13% = 444.2 K and the martensite ends at Mf_Cr13% = 340 K.
This leads to a complete transformation and a higher change in length, which in turn gives
rise to a martensitic volume fraction of Vm = 0.95, whereas Figure 7b,c shows that the
martensitic start temperature for Cr14% and Cr15% was found to be Ms_Cr14% = 364.7 K
and Ms_Cr15% = 308.8 K, and the end temperature was much lower than room temperature.
This resulted in a reduction in transformation as the change in length was much smaller
when compared to Cr13% and, for this reason, the samples were not completely transformed
when they reached room temperature. Therefore, the martensitic volume fractions were
relatively lower than each other (Cr14%Vm = 0.75, Cr15%Vm = 0.28). From these results,
it can be concluded that the LTT effect changes the formation of martensite at reduced
temperature and the martensite formation further decreases with increasing Cr-Ni content.

The volume fractions and the atomic volume were empirically calculated using KOP’s
and Lee’s method [22,23] by considering the lattice parameter and thermal expansion
coefficient Figures 7 and 8.

Figure 8. Volume fraction for Cr 13%, Cr14% and Cr15% using lattice parameter, thermal expansion
and carbon content.

Figure 8a–c show the austenitic and martensitic volume fractions for Cr 13%, Cr 14%
and Cr 15%, while Figure 9a–c represent the austenitic, martensitic and average atomic
volume for Cr 13%, Cr 14% and Cr 15%. In the case of Cr 13%, as in Figure 9a, the
martensitic atomic volume is much higher, whereas, in Figure 9b,c, the atomic volume
formation is very low. This gives a clear indication of the reduction of martensite with
increasing Cr Ni composition. The empirical calculations were more reliable than the
graphical method (the lever rule) because the graphical method does not consider the
kinematics of transformation as it is only based on the equilibrium principle. Table 4 below
provides information about the volume fractions and the martensite start temperature,
which were calculated empirically.

Figure 9. Austenitic, martensitic and average atomic volume for Cr 13%, Cr14% and Cr15% using
lattice parameter, thermal expansion and carbon content.
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Table 4. Volume fractions of austenite, martensite and martensite start temperature for different
Cr-Ni.

Cr 13% Cr 14% Cr 15%

Vγ 0.098 0.433 0.686

VM 0.901 0.566 0.31

MS 400.86 K 373.8 K 304.2 K

The initial step in calculating the FEM phase transformation model is the computation
of the Transient Temperature Model (TTM). The TTM for each Cr-Ni composition was
computed by considering the thermal properties for each case and the equivalent heat
source was used from a previous work [11] and validated using the temperature that
was experimentally measured using K-type thermocouples Figure 10. The position for
temperature measuring (that is, 4 and 8 mm away from the centre of the weld seam) for
both simulation and experimental were kept the same. From the plotted graphs for each
case, the temperature curves have a very good agreement (approximately 90% and above)
in both the heating and cooling cycles.

Figure 10. Experimental (TE) and simulation (TS) temperature distribution comparison.

The thermal history from the TTM for different Cr-Ni compositions is used to compute
the phase transformation during welding. In all cases, only the cooling cycle has been
discussed, as the resulting transformation will have more influence on distortion and
residual stresses. The computed phase transformation has been calibrated in order to
match the experimental volume fractions. The below graph is the calibrated FEM phase
transformation model compared with the experimental values. Both empirically calculated
and simulated volume fractions had a good agreement (above 90%) Figure 11.



J. Manuf. Mater. Process. 2024, 8, 50 11 of 13

Figure 11. Volume fractions comparison of simulation, empirical and graphical, for Cr13%, Cr14%
and Cr15%.

Summary and Outlook

This research focused on the phase transformation kinetics in LTT welds with altered
chemical composition using numerical simulations, with both empirical and graphical
approaches. The change in the chemical composition of chromium and nickel was achieved
by varying the weld geometry and welding parameters in the weld. The martensite
formation dynamics for different chemical compositions were analysed for high-alloyed
base material with low-alloyed filler wire at variations of the chromium content of 13%,
14% and 15%. The martensite start temperature (Ms) was determined to be 400.86 K, 373.8
K and 304.3 K, respectively. A dilatometry experiment was performed to calculate the
martensitic phase transformation temperature and the corresponding length change for
all compositions. The results show that the Ms temperature decreases with increasing
chromium content, which guarantees the LTT effect. The martensitic phase transformation
is accompanied by a volume expansion so that the calculation of the volume fraction using
an empirical approach allows an accurate calculation of the volume fraction compared
to the graphical method. Thus, instead of converting the dilatometry data directly into
the volume fraction, calculating the volume fraction dependent on the lattice parameters
resulted in better accuracy. The volume fraction simulation model was calibrated against
the experimental data to obtain an accurate prediction and showed good agreement (above
90% for empirical and simulated values) with the experimental values. By knowing these
volumes, the corresponding strains can be calculated to predict the reduced deformation
with the LTT effect. The observed phase transformations and their dependence on the laser
beam parameters provide valuable insights into the behaviour of stainless steel with the
LTT effect during laser beam welding. The increase in volume due to the formation of the
martensitic phase in the weld seam as a result of the LTT effect leads to compressive stresses
in the weld seam. Therefore, the prediction of volume fractions using a simulation method
with the LTT effect plays a decisive role in understanding and predicting the mechanical
behaviour (deformation and residual stresses) after welding.
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