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FORCE CONTROL STRATEGIES TO REDUCE WELD DISTORTION
AND COLD CRACKING IN LASER BEAM WELDING
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Abstract. In recent years, lightweight construction and the demand for resource and energy efficiency
have increasingly supported the use of high-strength steels. Laser beam welding (LBW) of these mate-
rials is used in industrial mass production to efficiently manufacture high-precise components and
parts with the highest quality requirements. Avoiding welding-related defects such as weld distortion
and cold cracking is critical. Conventional applications currently meet this requirement to a limited
extent due to very restricted process tolerances and the use of non-critical materials, which limits the
potential of the joining process. Based on FE welding process simulations, concepts have been devel-
oped to reduce distortion and cracking through active control of the LBW process. The underlying
models consider the weld induced temperature field, microstructure transformations, and residual
stresses to calculate distortion. In addition, the local hydrogen concentration is calculated, and the
results of the welding process simulation are evaluated using a cold cracking tool that includes mate-
rial-specific cracking criteria. The ability to simulate distortion and cold cracking behavior opens up
the possibility of parameter variation. From the data collected, concepts of active force introduction
with dynamic workpiece clamping have been derived that lead to distortion and cold cracking reduc-
tion and promote the weldability of high-strength materials.

Keywords: Laser beam welding, High-strength steel, Weld Distortion, Cold-Cracking, Finite element
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Anomauin. Ocmannimu poxamu OVOIGHUYMBO I NORUM HA PECYPCO- MA eHepeoepeKmusHicnms 0eoani
Oinvbue cnpusaloms GUKOPUCTIAHHIO 8UCOKOMIYHUX cmaneu. Jlasepue npomenese ssaprosanns (JI113)
yux mamepianié UKOPUCMOBYEMbC 8 NPOMUCTIOBOMY MACOBOMY BUPOOHUYMSBE 0I5l e(heKMUBHO20 U-
20MOBNeHHSl BUCOKOMOYHUX KOMNOHEHMIG i Oemanell 3 HausUWuMu UMO2aMU 00 AKOCTI. YHUKHeHHs
Oeghexmig, no8's3aHux 3i 36APIOGAHHIM, MAKUX K BUKPUBTICHHS WEA | XOL0OHe PO3MPICKY8AHHS, MAE
supiwanvre 3Havenns. Tpaouyitini cnocobu 36aprosants 6 OaHull Yac 8ionoeioaoms yitl UMO3i 8 00-
MediceHill Mipi uepe3 Oyxce JHCOPCMKI MEXHONO02IUHI OONYCKU | SUKOPUCTHAHHA HEKPUMUYHUX Md-
mepianis, wo ooMmedcye nomenyian npoyecy 3'eonanus. Ha ocnosi mooentoeanms npoyecy 36apiosanis
MemoOoM KiHYeux ejemenmis Oyiu po3poOieHi KOHYenyii 3MeHUeH s BUKPUBTICHHS Md PO3MPICKY-
BAHHA 30 PAXYHOK AKMUBHO20 KePYBAHHS NPOYECOM 36apro8ans nio ¢irocom. OcHOBHI modeii 8paxo-
8y10mMb IHOYKOBAHE 38aPIOBATIbHUM UIBOM MeMNepamypHe noie, nepemeoperts MiKpoCmpyKmypu ma
3ANUWKOBI HANPYXHCEHHA O PO3PAXYHKY 8UKpugnenHsa. Kpim mozo, po3paxo8yemuvcs NOKAIbHA KOH-
yeumpayisi 600HIO, A pe3yIbmamu MOOeI08aAHHs NPOYeCy 36aPHOGAHHS OYIHIOIOMbCS 34 O0NOMO20H0
IHCMPYMEHMY XOJI00H020 PO3MPICKYBAHHS, SAKUL 6KIOYAE Kpumepii po3smpicKy8anis, cneyuiuui o
KOHKpemHo20 mamepiany. 30amuicmes moodeniosamu 0e@opmayiio i noeediHKy X0100H020 PO3MPICKY-
BAHHI BIOKPUBAE MONCIUBICTNL 8apiiosanHs napamempis. Ha ocrosi ompumanux oanux po3pooaeHo
KOHYenyii npukiadants akmueHol cuiu 3 OUHAMIMHUM 3AMUCKAHHAM 3A20MOBKU, SIKI NPU3800mMb 00
3MeHwenHs deghopmayii ma Xoa00HO20 POIMPICKY8AHHS | CNPUSIOMb 38APIOGAHOCTI GUCOKOMIYHUX
mamepianis.
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Introduction

To achieve the quality standards and economic productivity required for Laser Beam Welding
(LBW), it is essential to prevent welding-related defects like distortion and cracking, particularly in
the context of industrial mass production. Active process control for reducing distortion and cracking
has not been technically implemented jet, as these issues emerge after the welding process. Conse-
quently, maintaining the required quality standards relies heavily on the strict tolerances of the com-
ponents being welded. Furthermore, the utilization of high-strength materials is restricted due to their
moderate weldability, preventing their full potential from being realized.

This study shows the development of a simulation-controlled process that employs dynamic
workpiece clamping for precise force application during LBW. The aim is to develop concepts that
guarantee excellent weld quality with minimal distortion, specifically focusing on the prevention of
defects such as cold cracking. The methodical approach considers three key components: Finite Ele-
ment (FE) welding simulation, cold crack prediction using a specialized tool, and process control us-
ing a clamping device with dynamically adjustable axes (as shown in the left portion of Figure 1). To
accurately calculate distortion, it is essential to perform a combined thermo-metallurgical and thermo-
mechanical analysis that considers both welding parameters and microstructure-dependent material
properties. Cold cracking typically occurs during the cooling phase of a hardened structure in regions
with high tensile stress and increased hydrogen concentrations. As such, the simulation also models
the distribution of diffusible hydrogen. To assess the cold cracking susceptibility, the relevant influ-
encing factors (heating rate, maximum temperature, cooling time, stresses, and hydrogen concentra-
tion) for all regions of the weld and heat-affected zone (HAZ) are analyzed using a coupled cold
cracking tool. This tool is used in conjunction with a material-specific cold cracking criterion, as illus-
trated in Figure 1 within Chapters 2 and 3. By considering these factors, the approach aims to mini-
mize the risk of cold cracking and improve overall weld quality.
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Fig. 1. Three components: FE welding simulation, cold crack prediction using a cold crack tool

A dynamic clamping device, depicted in the right section of Figure 1, enables the application
of time-varying axial forces and torques during the LBW process by adjusting a specific axis. The op-
timized control variables for mitigating cold cracking and distortion are derived from the simulations.



Analysis of Publications

Laser beam welding represents a cutting-edge welding technology that utilizes a highly fo-
cused and intense beam of monochromatic light as the energy source for welding. The focused nature
of the laser beam enables precise control over the amount of energy applied to the material, resulting
in a highly efficient and accurate welding process. LBW can be performed at high speeds, providing a
significant advantage in terms of reducing the time and cost associated with welding operations. [1, 2]

In the automotive sector, LBW is widely used to join crucial components of vehicles, such as
body panels, exhaust systems, and engine parts, as it results in stronger and more visually appealing
welds. Coviello et al. [3] introduced a new method for joining Al-Si-coated blanks in automotive ap-
plications using a filler wire and laser optics with variable energy distribution. This approach resulted
in high tensile strength and hardness while being stable, reliable, and suitable for production. Nayak et
al. [4] covers the use of laser welding for advanced high-strength steels (AHSS) in automotive applica-
tions, highlighting its benefits in reducing weight and improving fuel efficiency. The aerospace indus-
try also highly values LBW for its ability to produce high-quality, reliable welds that meet tight toler-
ances and minimize distortion, making it the preferred choice for welding critical aircraft components
such as landing gear, engine parts, and turbine blades. Wen et al. [5] examine the formation of porosi-
ty and burn through holes in laser welding of titanium alloys in aerospace, considering different weld-
ing positions and parameters. With support of numerical simulations, the study finds that low heat in-
put can reduce burn through holes in the vertical up position, while higher laser power and speed can
reduce porosity in the vertical down position.

To address the problem of distortions in LBW, a number of control strategies have been de-
veloped to reduce it. Fahlstrom et al. [6] present a study that investigates the impact of laser welding
on the distortion of ultra-high-strength steels in the automotive industry. The study identifies key pa-
rameters that influence the magnitude and distribution of distortions and provides effective measures
to minimize them, for example, by adjusting the welding speed or the clamping setup. Babu et al. [7]
studied the effect of aluminum heat sink and cooling medium on laser welding of duplex stainless
steel. The results show that the use of a heat sink has a positive effect on distortion, while slower cool-
ing rates in air quenching result in higher tensile strength. The objective of the study is to experimen-
tally analyze the effect of cooling medium and heat sink on the mechanical and metallurgical proper-
ties of laser-welded duplex stainless steel. One of the most effective strategies is active force control,
where an external force is introduced during the welding process to counteract the forces causing dis-
tortion. Schricker et al. [8], for example, developed an adaptive clamping device for laser-beam weld-
ing in a butt-joint configuration. The device uses sensors and actuators to acquire data and adjust the
process conditions and workpiece position during welding.

Cold cracking is another major issue in LBW caused by hydrogen in the weld zone. High-
strength steels are particularly vulnerable to this issue due to their increased hardness and tensile
stresses [9]. Velasquez et al. [10] assess the risk of hydrogen-induced cracking (HIC) in safety-
relevant SA-508 pressure vessels. The study aims to eliminate the 48-hour hold time requirement be-
fore non-destructive testing. The results show that the HIC susceptibility is ranked by the time to fail-
ure and sustained mechanical energy, highlighting the importance of proper testing to prevent potential
failures in pressure vessels. To address the problem of cold cracking in LBW, the use of test proce-
dures and simulations can be effective in reducing the susceptibility to cold cracking. Kannengiesser
and Boellinghaus [11] provide an overview of current technologies and applications for assessing cold
cracking susceptibility in welded joints. They evaluate the most important and internationally estab-
lished tests, classifying them into self-restraint and externally loaded tests. The study covers both met-
allurgical weldability tests and advanced test methods for evaluating cold cracking susceptibility.
It also presents numerical analyses for calculating the restraint intensity as a definitive factor affecting
cold cracking. Simulations can be used to predict the hydrogen concentration in the weld zone and to
understand the sources of hydrogen in the material. This information can be used to optimize the pro-
cess parameters, such as laser power and speed, and to develop new strategies to reduce the risk of
cold cracking [12]. Steppan et al. [13] study the risk of HIC in T-joints with fillet welds made from
high-strength structural steels. They simulate the diffusion behavior and effectiveness of different



post-weld heat treatments to eliminate cracking. The simulation shows that HIC can be avoided by
applying post-weld heat treatment.

By coupling temperature field, microstructure and mechanics calculations with diffusion anal-
ysis, the hydrogen distribution can be calculated. According to the Gorsky effect, hydrogen diffuses
via interstitial sites from regions of contraction to regions of expnaion. This is a time and distance de-
pendent transient process (second Fick's law). Thereby, the concentration gradient is not constant, con-
trary to the first Fick's law. For the mathematical formulation of the diffusion process, permeability
and solubility are material dependent. Using pipeline welds as an application Zhao et al. [14] describe
that for X90 steel, it is mainly residual stresses that lead to hydrogen accumulation, while the change
in microstructure leads to a reduction in the fusion zone. Diaz et al. [15] show that the diffusible hy-
drogen distribution in lattice sites follows the tendency of hydrostatic stresses near a crack tip in weld-
ed joints. They also state that microstructural influences lead to high concentrations of trapped hydro-
gen. Rhode et al. [16] describe the influence of hydrogen traps on TIG welded joints of low alloy steel
T24. According to them, traps increase the solubility and decrease the diffusion rate. However, trap
effects can also be neglected. For example, Boellinghaus et al. show that the ductility of the weld mi-
crostructure is reduced by hydrogen uptake and diffusion into crack-critical regions when welding
pipelines of supermartensitic steel [17]. In [18], using a trap-free model, they also show that hydrogen
diffusion is strongly geometry dependent, so that a correlation between hydrogen diffusion and layer
thickness can be observed in multi-layer welding. Stadtaus et al. also neglected trapping phenomena in
the FE simulation of the Tekken [19] and CTS [20] cold crack tests and found, for example, that pre-
and post-heating can significantly reduce the hydrogen concentration in tensile stress zones.

In summary, LBW is a state-of-the-art technology that offers numerous advantages in various
industries, however, improvements in the development of high-strength steels are necessary to further
optimize the process. To achieve this, it is important to focus on reducing distortions and weld defects,
such as cold cracks, through the use of tailored test methods and numerical simulations.

Methods
Experimental Setup

Axially symmetric hollow cylinders (heat-treated material 100Cr6) with a wall thickness of
2 mm, an outer diameter of 8 mm and a total length of 60 mm were welded into a butt joint with a
360° circumferential radial seam. The distance between the chuck and the center of the weld was
10 mm on both sides of the weld A welding speed of 1 m/min, a laser power of 300 W, and a focal
spot of 100 um were employed during the process. To validate the temperature field calculation, type
K thermocouples with a wire diameter of 0.1 mm were used to record temperatures in areas of high
and low gradients at a welding angle of 180°. The final distortion of the welded specimens was meas-
ured using a MarForm MMQ 400 coordinate measuring machine. The hydrogen content of the welded
specimens was analyzed through carrier gas extraction using a JUWE H-mat 225 instrument. These
measurements were previously validated with certified samples and defined hydrogen contents (BAM
ZRM steel H1), resulting in an initial hydrogen content determination of 0.89 ppm.

Evaluating cold cracking susceptibility requires a quantitative cold cracking criterion. This cri-
terion is used to assess local factors influencing cold cracking susceptibility and has been determined
using the S-TRC test (simulated tensile restraint cold cracking test) according to [12]. In this test, ten-
sile specimens, illustrated on the left in Figure 2, are subjected to a specific loading process in an H2
gas atmosphere. They undergo various temperature cycles similar to the welding process and are ten-
sile-loaded during cooling within the cold cracking critical temperature range, ultimately leading to
cold cracking at a specific initiation temperature and stress. Temperature cycles with varying heating
rates, maximum temperatures, and cooling times are used to set critical microstructures (hardness).
Each crack initiation experiment represents a critical point of the resulting cold crack criterion, which
describes the critical stresses as a function of the parameters: heating rate, maximum temperature,
cooling time and hydrogen concentration. The criterion is valid for a range of these factors and has
been determined using the Gleeble 3500 test and simulation center.
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Fig. 2. Characteristics of hydrogen loading, cold crack test and cold crack criterion

Welding tests with active axial force control range of + 2kN as well as with superimposed tilt-
ing moments (-1,5 °< O < 1,5 °) were carried out using a specially manufactured clamping device
from Foéhrenbach GmbH.

FE Simulation

The weld temperature cycle forms the foundation for the development of cold crack-critical
residual stresses and distortions. The heat input is represented using a heat conduction model, which
includes a superposition of a normally distributed circular surface and a conical volume source [21-
23]. Both thermophysical and thermomechanical material properties were implemented as a function
of temperature and microstructure. The transformation temperatures determined in dilatometer tests
were considered for different maximum temperatures and cooling times. The microstructure influences
the resulting stresses, strains and hydrogen concentrations due to accompanying changes in physical
properties. The superposition of shrinkage and transformation stresses leads to different residual stress
distributions. Since the transformation stresses depend on the microstructural transformations [24-31],
the stress formation can only be considered in conjunction with the microstructural transformation.
Hydrogen diffusion in turn depends on the stress and strain state. The Leblond-Devaux [32] micro-
structure model was used for austenite formation and the Koistinen-Marburger [33] transformation
kinetics for hardening martensite microstructure formation. For the thermo-mechanical calculations,
microstructure specific thermal expansion, Young's modulus and yield strength were considered.
The corresponding stress-strain curves for calibrating the material model were determined in hot ten-
sile tests for various maximum temperatures and cooling times in the Gleeble 3500 test and simulation
center. Hydrogen diffusion is influenced by temperature fields, microstructure and stress gradients.
During welding a distribution occurs which also depends on the boundary conditions. The initial hy-
drogen content of the weld specimens is the initial condition of the calculation.

Cold crack prediction

Cold cracking at various temperatures is influenced by three interrelated factors: microstruc-
ture, hydrogen concentration and stress-strain state [26], [34]. Cold cracking is determined by the
combination of locally critical values of these factors and is defined by exceeding the locally critical
stress. F igure 1 illustrates the connection between the FE simulation and the cold crack tool. The cold
crack criterion is incorporated into the cold crack tool as a material-specific criterion, providing an
interpolation space for calculating critical stresses. For each node or element of the weld and heat-
affected zone, and for each time step, a comparison can be made between the calculated and experi-
mentally determined critical stresses. The Cold Crack tool has been integrated into the autonomous
calculation process using batch file control, allowing for the variation of different control concepts in
the simulation.

Results and Discussions

Influence of clamping (without using the dynamic axes of the clamping device)
The mechanical boundary conditions (Figure 3) have a significant influence on the plasticity
during welding. The resulting stresses and distortions are determined by the expansion and the amount
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of plastic strain. First, the influence of the clamping stiffness and the free clamping length were ana-
lyzed for their effect on the distortion. For a stiffness of 1000 N/m, variation calculations of the clamp-
ing length were carried out.
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Fig. 3. Effect of clamping stiffness (top) and free clamping length between jaws on distortion (bottom)

The top section of Figure 3 demonstrates that the stiffness of the restraint influences both the
height and direction of the distortion. As stiffness increases, there is a noticeable change in the distor-
tion direction by up to 24° and a reduction in distortion height. Maximum distortion occurs at a stiff-
ness of approximately 102 N/m. For a spring stiffness of 10° N/m, the distortion measured in the weld-
ing tests could be replicated. The impact of the free clamping length between the jaws on distortion is
depicted in the bottom section of the figure. A reduction in distortion of up to 30% was calculated as
the free clamping length increased. Both variations exhibit a change in the direction of distortion.
This reveals a local shift of the plasticity maxima in relation to the welding angle.

First Simulation Scenario

The first simulation scenario aims to reduce distortion by applying controlled axial forces with
the dynamic clamping system during welding. According to this concept, plastic strains are to be com-
pensated by a counterforce. Variation calculations were conducted to examine the extent to which the
magnitude of axial force applied impacts distortion. Since the investigations revealed that the timing
of force application is influenced by the welding angle, the force application phase was also adjusted
accordingly.
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Fig. 4. Variation calculations with increasing axial force (pressure) throughout the welding process

Figure 4 demonstrates that a linear increase in distortion occurs as a function of axial force
when the force is applied throughout the entire welding process (Fig. 4a). In subsequent simulations
(Fig. 4b), the temporal force application phase during welding, expressed by the welding angle
achieved at force application, was varied. The results indicate that distortion reaches a minimum at a
force application of approximately 200° welding angle. This measure leads to a reduction in distortion
compared to welding without force application. Lastly, for the calculated minimum of 200° welding
angle, a variation of the axial force was performed (Fig. 4c). As the axial force increased (up to the
maximum force of 2 kN), distortion was reduced by roughly 10%.

Tactile distortion measurements on reference specimens (Fig. 6a) without dynamic clamping
revealed an average distortion of approximately 30 um and a distortion direction of about 335°.
The application of axial force during welding (Figure 6b) results in the elastic compression of the
specimens, causing the joint to move out of the laser focus. As the force is applied as described up to a
welding angle of 200°, the center of the weld is displaced during the welding process. A control rou-
tine was implemented to adjust the laser focus with a scanner optic as a function of the process time.
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Fig. 5. Distortion measurements after welding tests

In test series 1, a reduction in distortion was achieved compared to the reference specimens,
but the direction of distortion fluctuated greatly, possibly due to the formation of cold cracks.
As cracks form, local stresses relax, resulting in undefined changes in the distortion angle.

Second Simulation Scenario

In the second simulation scenario, a bending element is used to reduce distortion by tilting the
axis against the direction of the distortion. The objective is to bend the specimen and compensate any
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existing distortion. Figure 6 shows a case where the distortion occurs at a 270° angle. To correct the
distortion, the bending element must be tilted in the opposite direction, towards 90°. However, the ex-
act direction of the distortion is not known at first, as it occurs after welding. It must be determined
through simulations or measurements during or after the welding process. To ensure the best results,
the bending element is activated immediately after welding (1 second post-welding) to align the rotary
axis and maximize deformability at the highest component temperature. The simulation outcome is
obtained by adjusting the bending angle, as shown in Figure 6.

: 1 1 100
250 - ]
2
L] =- 80 P
< =
=0 =
g 200 + g 60 -
= a
|- 3 40
2 150 = '-_E-
o E 20}
=
" 0 AL SO 0 S Y B B ol W e L
woead 0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
Bending Angle, © Bending Angle, ©

Fig. 6. Bend angle variation

To reduce the distortion in the direction of the x-axis (270°) by approximately 80%, a bending
angle of 0.24° must be applied in the opposite direction. The remaining final distortion occurs at an
angle of about 160°.

Third Simulation Scenario

The third simulation scenario addresses cold cracking reduction. Axial compressive forces are
introduced to decrease tensile stresses, similar to the method used for distortion reduction. The exter-
nal stress during cooling temporarily reduces lattice strains and local hydrogen concentration, slowing
down hydrogen-induced embrittlement at low temperatures and enhancing the material's technological
strength during cooling. To study the impact of these factors on cold cracking, simulations were run
with a constant axial force of 2 kN for 1 to 60 seconds after welding.

Time course of the Cold crack probability for
force initiation phase Element A &
0 L] T T L] T 1
b — with farce |
> - 160 - - = withaut force 4 H
_‘ 1 i ] with ferce =
e 5 T 140 without feece z
£ [4 b
: ; -
£ 1000 H 3 é 120 - 3 3
= P Boundary of cold cracking i
g L o e R s e 77 |
= -1500 H AHTE T ] e e £
3 Z sof - <
Z z 2
~
=2000 . - o -
1 1 1 L
0 20 40 Ll 0 2 40 ol

Time, s Time, s

Fig. 7. Axial force after welding to reduce the tendency to cold cr'acking

Figure 7 illustrates the evolution of cold cracking tendency from welding to the release of the
specimen after 60 seconds. The right part of the figure displays the local distribution of cold cracking
tendency (at 60s) on the bottom section of a specimen welded without force (reference test). The simu-
lation results demonstrate good consistency with the experiment for predicting cold cracks.
The cracked weld areas in the simulation exhibit a high tendency for cold cracking (represented by red
elements). By applying an axial force post-welding, it was possible to reduce the cold cracking ten-
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dency at critical points of the weld, although the reduction was not enough to bring element B into a
subcritical state. However, since not all crack locations exceed the allowable stress, it can be conclud-
ed that this measure reduces the frequency of cracks.

Conclusions

This research examined the impact of active force control during the Laser Beam Welding
(LBW) on reducing distortion and cold cracking in high-strength steel 100Cr6. Finite Element (FE)
simulations were utilized to model the welding process, considering the temperature field, microstruc-
ture changes, residual stresses and hydrogen distribution. Three simulation scenarios were investigat-
ed: the application of controlled axial forces, the use of a bending element with dynamic clamping,
and reducing cold cracking tendencies.

The main conclusions are:

e Dynamic clamping in the Laser Beam Welding (LBW) process significantly reduces distortion
and cold cracking, improving the weldability of high-strength materials through active control.

e The Finite Element (FE) welding process simulations, which consider temperature fields, mi-
crostructure changes, residual stresses, and hydrogen diffusion, provide accurate calculations of distor-
tion and evaluations of cold cracking susceptibility

o Applying varying axial forces during welding can notably decrease distortion and cold crack-
ing tendencies in welded specimens.

e The use of simulation models enables replacing costly experiments with virtual methods, re-
ducing development times and enabling the derivation of optimal welding parameters and control con-
cepts.

o The developed approaches and simulation models can be applied to various weld geometries
and materials, optimizing weld properties and enabling the development of design-oriented control
concepts.

The implementation of these conclusions in industrial settings will lead to a reduction in local
cold cracking and distortion, thereby enhancing process reliability. Furthermore, the simulation mod-
els facilitate product development by substituting expensive experiments with suitable virtual meth-
ods, significantly decreasing development times. This approach enables the derivation of optimal
welding parameters and control concepts for various weld geometries and materials. Consequently,
weld properties can be optimized across diverse materials, and design-oriented control concepts can be
established for a broader range of applications.
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