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ABSTRACT

Solidification cracking remains a critical challenge in laser beam welding, influenced by thermal,
metallurgical, and mechanical factors. This study investigates the local conditions that contribute to this
phenomenon in stainless steel 304 by measuring the temperature and strain evolution in the critical region. A
custom measurement system was developed to estimate local temperature, strains, and strain rates, during
controlled tensile weldability (CTW) experimental tests. This method enables a direct assessment of crack
onset by applying a defined strain and strain rate during welding. To complement experimental findings, a
parallel numerical study was conducted using a three-dimensional finite element (FE) model in ANSYS to
trace the strain and stress development. The model incorporated sub-modeling of the critical area using
predefined boundary conditions. This approach allows for the optimization of mesh size and time step to
minimize numerical artifacts. Numerical results showed good agreement with experimental, in terms of level
and distribution of temperature and strain, confirming the model’s reliability. An iterative simulation
approach was used to determine the critical strain conditions leading to crack initiation. These results were
constantly compared with the experimentally observed data. This integrated method sheds light on the
evolution of ductility and local straining conditions, enabling a more precise assessment of solidification
cracking susceptibility. Corresponding author: andrey.gumenyuk@bam.de.
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INTRODUCTION

Laser beam welding (LBW) is increasingly used in advanced manufacturing due to its
precision, flexibility, and contactless operation, which enable it to be applied in aerospace,
automotive, medical, and energy industries, where high weld quality is required. However, its
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effectiveness is often limited by solidification cracking, which can significantly reduce weld
integrity and component safety [1].

Solidification cracking occurs in the mushy zone, the liquid-solid region between the
advancing molten pool and the fully solidified weld metal. This region is bounded by the
liquidus and solidus isotherms. In LBW, columnar dendritic grains typically dominate this
zone unless grain refinement measures are applied [2]. As the weld cools and solidifies, the
mushy zone undergoes thermal and solidification shrinkage. Because this contraction is
restrained by the surrounding cooler base material, tensile stresses develop, which may
separate the dendritic grains and initiate cracking [3]. Furthermore, the ductility of the material
decreases significantly within this temperature range, and when the strain imposed on the
mushy zone exceeds the available ductility, solidification cracking is likely to occur [4,5].
Several approaches have been developed to evaluate cracking susceptibility in LBW.
Prokhorov [6] proposed the use of high-temperature ductility curves, from which the
brittleness temperature range (BTR) can be derived. The BTR has been widely used to assess
cracking susceptibility because larger BTR values indicate a higher risk of cracking [7].

Rappaz et al. [8] developed a microscopic model for hot tearing based on mass balance
between thermal shrinkage and liquid feeding in the mushy zone, introducing RDG criteria
based on critical strain rate at the end of solidification. Vernede and Dantzig [9] further
elaborated on the mechanical behaviour of alloys during solidification using a mesoscale
granular approach. Bellet et al. [10] proposed finite element approaches for thermomechanical
simulation of hot tearing during arc welding of stainless steel, accounting for constitutive
behaviour in the semi-solid state.

Experimental approaches determining the hot cracking behaviour of welded materials are
based commonly on application of external loading of welding specimen combined with
measurement of local strain close to the mushy zone or near to the solidification front.

In this regard, Shinozaki et al. [11] employed the U-type hot cracking test with in-situ
observation during welding, which was improved in the further study [12] by higher quality
imaging. Although this technique provided novel information about solidification cracking, it
cannot capture the local strain history, which is essential for defining independent failure
strains. To address these issues, promising works with optical measurement was conducted
using optical flow technique [13,14]. However, this method only focuses on strains at the
surface which is typically not the crack initiation site.

To overcome these challenges, the present work simulates solidification cracking through
a controlled hot cracking experiment to provide deeper insight into this phenomenon. It is
worth noting that significant contributions to thermomechanical modelling of hot tearing and
solidification cracking have previously been made at the microscale. The present work
operates at a larger, component-level scale, using a macroscopic FE model to predict crack
onset conditions from experimentally applied boundary conditions, and is thus complementary
to these microscale approaches.
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EXPERIMENTAL PROCEDURE

The solidification cracking was studied on an austenitic stainless steel sheet of AISI 304
(1.4301) with a thickness of 1 mm through controlled tensile weldability (CTW) test, figure
1. This test developed at the Bundesanstalt fir Materialforschung und -priifung (BAM) in
Berlin, is a hot-cracking assessment method. It uses a horizontal tensile testing setup with a
500 kN load capacity, capable of applying a planar tensile strain perpendicular to the welding
direction at a controlled rate during welding. The test’s principle involves adjusting the local
strain rate near the mushy zone by systematically changing the overall applied strain rate (i.e.,
the cross-head speed). By observing whether cracks form or not, the test determines the critical
global strain and strain rate that lead to cracking [15]. In this regard, the test performed in
three stages: first, welding stabilization for 35 mm welding with no applied strain; second, the
application of external loading at the defined global strain rate until the global strain was
reached; and third, the global strain level was held at a constant value until the welding process
was ended, when the total weld length is 100 mm. Afterwards, the possibility of hot cracking
is investigated at the weld seam through X-ray radiography. As shown in figure 2, in this work,
the CTW tests were performed at global strain rates of 0.02, 0.04, 0.06, and 0.08 s-1 at global
strains of 0.02, 0.025, 0.03, and 0.035. Since this test forces the solidification cracking form
at the centerline of the mushy zone, the track of cracking at the surface becomes easily
possible. To measure the local distribution of temperature and strain, the set-up was equipped
with a two-color pyrometer, a thermal SWIR [16] double-band camera, and a high-resolution
SCMOS camera (the last one is not considered in this paper, detailed information is available
in Ref. [17]). Figure 1. The welding parameters were selected to ensure fully penetration of
the weld, i.e. a laser power of 1 kW and a constant welding speed of 1 m.min, under the
shielding gas of argon supplied through the lateral nozzle at the flow rate of 20 min’. For this
study, the failure condition with strain of 0.025 and strain rate 0.06 s** was selected for the
elaborate study through FE simulations.
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Fig. 1 (Left) The instrumented CTW-test set-up. (Right) The CTW specimen [14]
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Fig. 2 The weldability limits of AISI 304 through CTW tests

Since cracking initiates in the center of thickness, the failure conditions cannot be defined
precisely by the experimental set-up. Therefore, a three-dimensional FE model was developed
using ANSYS Parametric Design Language (APDL). A full CTW specimen was designed
with the adaptive meshing pattern to reduce the computation time. Thus, the fine elements of
0.185 mm x 0.185 mm x 0.2 mm were defined in the critical region, illustrated as the global-
model in Fig. 3. The thermal and mechanical properties of the material were defined for a
wide range of temperatures from 0 to 1500 °C, which were taken from the material library of
Sysweld software [18], Fig. 4. Although the whole procedure modelled similar to the
experiments, the laser beam was initially located not at the edge but 5 mm inside of the
specimen, to escape the need for application transient thermal model at the process start and

to eliminate any convergence problem.

NUMERICAL PROCEDURE
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Global-model Sub-model

Fig. 3 The simulation model; (Left) Global-model; (Right) Sub-model

First, the thermal analysis was performed to determine the temperature history. Then, the
temperature results were applied incrementally to the mechanical model to calculate stresses
and strains. A step size of 0.01 s was defined for both simulations. For thermal model, an
equivalent heat source with Dirichlet boundary condition was defined as the melt pool which
had the homogeneous temperature of 1460 °C (liquidus temperature). Only the conductive
mode was considered for heat transfer, and convection and radiation modes were neglected.
The element type was defined as SOLID70 (3-D 8-Node Thermal Solid) [19].

As the chronological order of solidification in the weld seam has a significant influence on
the nature and distribution of stresses within the BTR, the melt pool geometry was derived
from CFD simulations from Ref. [20] and used as the equivalent heat source in the FEM
model. In this regard, first the melt pool’s height (z=1 mm) was divided into n planes (here
n=20). At each plane, the geometry of the melt pool was approximated by two Lamé curves
[21] one for approximation of the front shape (Eqn. 1) and one for the rear shape (Eqn. 2). The
center was considered as the laser beam, which travelled along the weld line with the welding
speed equal to the experimental tests.

2
d 2=
ag(2) b(z) 1 (1)
x 2 y 2 _
a,(2) |ﬁ =1 )

where a¢(z) and a,(z) are the semi-axes in x-direction for the front and rear parts and b(z)
is the semi-axis in y-direction. They were modeled as polynomials in the normalized depth
& = z/n, as follows, in Egn. 3 to 5:

af(Z) = Zi7=0 Cf,ifi 3)
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ay(2) = X cr i€’ 4)
b(2) = X_opé" )

where ¢, ¢, and c,,; are the polynomial coefficients, which listed in Table 1 and the melt
pool geometry is plotted in Figure 5.
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Fig. 4 The material temperature-dependent properties for the studied material taken from Sysweld
software library [14,15]
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Table 1. The polynomial coefficients for Lamé curves to create the melt pool geometry.

i Cti Cri Chi

0 -3.6749 2.4598 1.1506
1 5.7263 -7.2852 -4.7981
2 1.4621 8.0229 6.5953
3 -6.4566 -3.9590 -3.8726
4 3.5316 0.7444 0.9514
5 -0.4531 -0.0835 0.2223
6 -0.0356 0.1167 -0.0676
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Fig. 5 The geometry of the melt pool

For the mechanical model, the CTW specimen was pulled from both sides to apply the
strain of 0.025 and strain rate 0.06 s**. The element type was converted to SOLID186 (3-D 20-
Node Structural Solid). The constitutive law employed in the mechanical analysis is a thermo-
elasto-plastic formulation. The material is assumed to behave elastically according to Hooke’s
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law, with temperature-dependent Young’s modulus and Poisson’s ratio. Plastic deformation
is described using an isotropic hardening model with a von Mises yield criterion, where the
yield stress is also a function of temperature. The total strain increment is decomposed into
elastic, plastic, and thermal components. This formulation is appropriate for capturing the
thermomechanical response of the material during the welding process, including the
significant softening that occurs as the material approaches the solidus temperature.

Subsequently, a small section was cut out in order to use the sub-modelling technique with
a finer element size of 0.05 mm x 0.05 mm x 0.05 mm. This yielded a total of 264,000
elements in a regular mesh, as shown in Fig. 3. One of the cut edges of the sub-model
represents the symmetry plane of the specimen, where the correspondent boundary conditions
were applied. Like the global-model, first the thermal simulation was performed with the
thermal boundary conditions and then the temperature distribution was transferred to the
mechanical simulations to simulate the effects of the mechanical boundary conditions. The
thermal and mechanical boundary conditions for the cut edges (except of the symmetry plane)
were taken from the global-model, as temperature and displacement increments.

Solidification crack was also considered in the sub-model, based on technological strength
theory by Prokhorov [6]. Therefore, the mechanical boundary condition of the nodes located
at the symmetry plane were released, and they were able to move freely as long as the total
strain of the nodes were within brittle temperature range (BTR) and exceeded the critical strain
value. The BTR and critical strain were iteratively selected to predict the closest size and
location of the crack in comparison to the experimental results. Note that the employed
cracking criterion was the critical total strain at the loading direction (x-direction).

RESULTS AND DISCUSSION

Fig. 6 shows the good agreement between the temperature distribution from the CFD
simulation and the experimental results, as well as the results obtained by the FEM model.
The X-ray radiography, Fig. 7, revealed while no crack initiated in the specimen for testing
condition of ectw = 0.02 and éctw= 0.06 s, a 2.4-mm crack exists for the testing condition of
ectw = 0.025 and éctw= 0.06 st
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Fig. 6 The comparison of temperature distribution of the CFD simulation with (left) the
experiment, and (right) the FEM simulation
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Fig. 7 Crack investigation by X-ray radiography for two CTW tests; (top) ectw = 0.02 and écrw=
0.06 s and (bottom) ectw = 0.025 and éctw= 0.06 s

According to the iterative attempts, the brittle temperature range from 1360 to 1430 °C and
the critical strain was chosen as 0.13 in the FE simulations led to cracking at the almost similar
location and size in comparison to the experiments. Figure 8 illustrates the evolution of the
crack. The distributions of temperature, displacement in the x-direction (i.e. the loading
direction) and total strain in the x-direction were plotted at the begin of the external loading (t
= 1.8 s), the initiation of the crack (t = 2.2 s), the end of the external loading (t = 2.22 s) and
the end of the crack growth (t = 2.36 s). The results imply that cracking initiated at ectw =
0.024 at the stage 2 of the test and continued even after the external loading is stopped, which
corresponds to the stage 3 of the test. To better understand the reason, thermal, mechanical
and total strains at x-direction are illustrated in Fig. 9 at the crack initiation, the end of loading,
the frame after the end of loading, the end of crack growth, and the next frame of the end of
cracking. It is noted that, in a thermomechanical problem, mechanical strain also arises from
thermal gradients and structural constraint; the term “mechanical strain” used throughout this
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work refers specifically to the strain component driven by the externally applied loading, to
distinguish it from the thermally-induced strain component. Here, the focus was only strains
at x-direction, although it might not be written each time. To improve the illustration, the
specimen is selected at the YZ plane from Y = 37 mm to 41 mm, and the crack elements are
deleted from the display. The size and location of the crack can also be seen there. The results
show that after the external loading was stopped, the mechanical strain remained constant, as
expected. Only the BTR was moving with the laser beam which is associated with the local
growth of the thermal strain up to 0.03. Whenever a node was in the BTR and the stored
mechanical strain plus the thermal strain, i.e. the total strain, reached 0.13, the critical
condition was satisfied, and the mechanical boundary condition was released at that node to
form the cracking. While if the stored mechanical strain for a node was small and its sum with
the thermal strain did not reach the threshold, the cracking did not occur. Note that, during the
external loading, the mechanical strain was higher when the temperature is higher. Therefore,
when the loading was stopped, the stored mechanical strain was significantly lower for the
elements in front of the laser beam than the ones located behind it.
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Fig. 8 Distribution of temperature, displacement, and total strain along x-direction (loading
direction). The elements for the weld pool were removed from the display.
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Fig. 9 Thermal, mechanical, and total strain evolution at x-direction. It is shown at YZ-plane from
y=37 to 41 mm.

CONCLUSION

The sensitivity of AISI 304 to the solidification cracking was evaluated through CTW test.
The systematic experimental approach provided valuable information regarding the crack and
no crack conditions for the applied external loading. The FEM simulation was used for the
elaborate study, which revealed for this material the sum of the mechanical and thermal strains
at the loading direction was responsible for cracking i.e. the total strain in the cracking
criterion. When this variable reached its threshold at the critical temperature condition (BTR)
cracking happened. By stopping the external loading, some mechanical strain stored at the
material, which could lead to the further crack growth, if its value plus the thermal strain
component still satisfied the critical cracking condition.
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