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Hot cracking investigation during laser welding of high-strength steels with

multi-scale modelling approach
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3Materials Science and Engineering Department, Delft University of Technology, Delft, The Netherlands; °Department of Metallurgical and
Materials Engineering, Indian Institute of Technology Madras, Chennai, India

ABSTRACT

Hot cracking during laser welding of advanced high-strength steels is reported to be a
serious problem by automotive manufacturers. In this work, hot cracking susceptibilities of
transformation-induced plasticity (TRIP) and dual-phase (DP) steels are studied based on a multi-
scale modelling approach. Transient temperatures measured from welding experiments are used
to validate a finite element (FE) model. The temperature, thermal gradient and cooling rate in
the weld fusion zone are extracted from the FE model and pre-defined as boundary conditions
to a phase field model. The welding-induced microstructural evolution is simulated consider-
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ing thermodynamic and mobility data. Results show that, compared to the DP steel, the TRIP
steel has a broader solidification range, a greater pressure drop at the inter-dendritic regions,
and an increased phosphorus segregation at the grain boundaries; all these make this steel more

susceptible for hot cracking.

Introduction

Advanced high-strength steels (AHSS) have been used
increasingly in the automotive industry over the past
10 years. Compared with conventional steels, AHSS
can reduce the weight of a car using high-strength
thinner gauge steel sheet, and this, in turn, reduces
the fuel consumption [1,2]. Transformation-induced
plasticity (TRIP) and dual-phase (DP) steels belong
to the category of AHSS providing high-strength and
formability/ductility [3]. Both TRIP and DP steels com-
prise multi-phase microstructures, which are produced
by alloying and specific processing routes. However,
increases in alloying content can render these steels
susceptible to hot cracking [4]. Hot cracking during
laser welding at the edges of steel flanges is frequently
reported by the automotive manufactures [5].

Hot cracking during weld solidification is a dynamic
process covering multi-physics at different timescales
and length scales [6], which makes modelling of hot
cracking phenomena very challenging. Finite element
(FE) models are widely used to simulate welding pro-
cesses including the physics of heat transfer and solid
mechanics. Temperature and strain evolution in and
near the weld fusion zone can be obtained. On a
macroscale level, Prokhorov and Shirshov [7], Clyne
et al. [8] and Won et al. [9] proposed hot cracking
criteria during solidification based on a critical strain
and/or strain rate. On a microscale level, Rappaz et al.

[10] and Kou [11] derived hot cracking criteria dur-
ing solidification including microstructural effects. A
mass balance was evaluated over the liquid and solid
phases, which accounts for the tensile deformation of
the solid skeleton perpendicular to the growing den-
drites and for induced inter-dendritic liquid feeding. A
phase field model, coupling a thermodynamic and kine-
matic data, can be used to simulate the microstructural
evolution in the weld fusion zone. However, multi-
scale models, which are able to bridge the length scales
and can comprehensively explain the occurrence of
hot cracking, are rarely reported. Wang et al. [12]
presented a study on the mechanism of solidification
crack formation on a macroscale and microscale. How-
ever, the microstructural analysis is still continuum
based without considering the phase evolution and
element diffusion.

In this study, TRIP and DP steels were laser-welded
with the same heat input and under the same constrain-
ing conditions. A multi-scale modelling approach was
used to couple the features of the marco-welding pro-
cess with microstructural evolution. An FE model was
constructed to simulate the thermal field during weld-
ing. The predicted transient temperature was compared
and validated with measured data. The transient tem-
perature profiles in the weld fusion zone were extracted
and applied as boundary conditions to a phase field
model. The phase evolution and elemental partitioning
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of the TRIP and DP steels during weld solidification
were obtained. The pressure drop at the inter-dendritic
regions during solidification is evaluated and discussed.
Element concentration at the grain boundary was also
examined. The multi-scale models applied in this study
provide an enhanced understanding of hot cracking in
TRIP and DP steels during weld solidification.

Materials and properties

Two types of AHSS, a TRIP and a DP steel, were exam-
ined. The chemical compositions of these two steels are
given in Table 1.

The temperature-dependent thermal properties, i.e.
density, conductivity and specific heat capacity, were
calculated using the JMatPro® software. Properties of
TRIP and DP steels based on the chemical composi-
tion given in Table 1 are shown in Figure 1. The DP
steel has a consistently higher density than the TRIP
steel. The heat conductivity of the DP steels is larger
than that of the TRIP steel below 1000 K, and becomes
similar above 1000 K. The specific heat capacity of these
two steels is similar until the solidus temperature. The
TRIP steel shows a slightly higher specific heat capac-
ity due to the latent heat during the solid-liquid phase
transformation.

Welding of TRIP and DP steels

Bead-on-plate welding experiments were performed
using a 3kW Nd:YAG laser with a power of 1100 W
and welding speed of 10 mms~!. Rectangular TRIP
and DP steel sheets, with a dimension of 90 x 45 mm?
and a thickness of 1.25 mm, were used. The laser beam
was in focus on the sample top surface with a spot

Table 1. Chemical compositions of TRIP and DP steels (in wt-%,
with Fe balance).

C Mn Si P Al
TRIP 0.19 1.63 0.35 0.089 1.1
DP 0.15 23 0.1 0.01 0.03
8.0 44 _14
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784 —— Conductivity, 10W/m K el P
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diameter of 0.6 mm. One edge of the sheet was fixed by
clamps. The distance of the laser beam from the free
edge was set to 9 mm. Transient temperature was mea-
sured by spot-welded K-type thermocouples at three
positions in the heat-affected zone on both sides of the
weld. Detailed information for welding set-up can be
found elsewhere [13]. For each of the steels, five experi-
ments were repeated. After welding, optical microscopy
analysis was carried out.

FE model

A 3D FE model was constructed [14,15] using a com-
mercial software COMSOL™. The heat balance during
welding was simulated including the heat input, heat
transfer and heat loss. The heat input was applied as
a volumetric conical heat source with a Gaussian dis-
tribution. The heat transfer in the sheet was governed
by the temperature-dependent thermal properties. The
latent heats due to phase transformations were included
in the specific heat capacity. The heat loss was modelled
by means of a surface film boundary condition. Room
temperature Ty was considered as a reference temper-
ature. The governing equations for the FE model are
given below

aT
,OCPE + V(—=kVT)=Q (1)
qo="h-(To—T) (2)

where p, Cy, k, Q, qo and h are the density, specific heat
capacity, thermal conductivity, input heat flux, output
heat flux and heat transfer coefficient.

Phase field model

A phase field modelling approach was applied in this
study to simulate the microstructural evolution dur-
ing solidification. The software MICRESS® is based
on the phase field concept for multi-phase systems
[16], which is coupled to the thermodynamic database
TCFE6 to obtain the equilibrium phase boundaries,
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Figure 1. Temperature-dependent thermal properties of (a) the TRIP and (b) the DP steel with chemical compositions defined in

Table 1.
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Table 2. Energy parameters for liquid-to-§-ferrite phase
interaction.

Surface energy 16x 107" Jm~2
Kinetic coefficient 73x 107" m* (Js) !
Static anisotropy coefficient 0.45

Kinetic anisotropy coefficient 0.3

and to the mobility database MOB2 to obtain the dif-
fusion coefhicients [17]. The solidification microstruc-
tures were simulated while cooling the liquid phases of
the TRIP and DP steels with the compositions men-
tioned in Table 1. Simulations were carried out on a
two-dimensional 400 x 200 grid with a grid spacing of
0.5 um. The energy parameters for the phase interac-
tion [18] used in this simulation are listed in Table 2.
As this study focused on the evolution of the weld
mushy zone (semi-solid region), only liquid and
5-ferrite were considered.

The initial concentration of the components was set
to be the equilibrium in the liquid phase. Six nuclei of
8-ferrite with a radius of 0.5 pum were equally placed at
the bottom edge of the computational domain. Dur-
ing solidification, the system underwent a liquid-to-
solid reaction based on the local thermodynamic and
chemical conditions.

For the boundary conditions, transient temperature
profiles at the fusion boundaries from the FE model
were applied to the bottom edge of the domain. A ther-
mal gradient was defined according to the temperature
difference between the fusion and the weld centre line.
No latent heat was assumed here as the FE model has
already considered this aspect through incorporation
in the specific heat capacity. The initial temperature at
the bottom edge was given as the liquidus temperature.
The boundary conditions for the phase and concentra-
tion were set to be symmetrical. The interface thickness
was assumed to be 3 um. The time evolution is calcu-
lated by a set of phase field equations deduced by the
minimisation of the free energy functional

Ga =D, Mup ()03 () Kas + %\/mm AGG,T))
(3)

2
Kop = ¢p V2o — ¢o Vs + (%) (P — Bp) (4)
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where ¢ is a phase field parameter, 7 is the interface
thickness, Myp is the mobility of the interface as a
function of the interface orientation, described by the
normal vector 7. 0}, is the anisotropic surface stiffness,
Kgp is related to the local curvature of the interface,
AG is the thermodynamic driving force as a function
of temperature T and local chemical composition ¢.

Results

TRIP and DP steels were laser-welded with the same
heat input and under the same constraining conditions.
Samples were cut from the welded sheets and evaluated
by optical microscopy. Figure 2(a,b) shows the top sur-
faces of these samples etched with 5% nital. The crack
was observed along the weld centre line in all TRIP
samples, whereas for the DP samples, no cracks were
detected. As the laser beam provides a highly concen-
trated heat flux and locally applied at the weld centre,
a high thermal gradient is expected in transverse direc-
tion, and directional solidification is observed for the
TRIP and DP steels. A magnified microstructure on the
top surface of the DP steel is shown in Figure 2(c). The
primary dendrite arm spacing is between 15 and 20 um
using a line intercept method.

Figure 3(a) shows the temperature distribution pre-
dicted from the FE model when the heat source has
progressed to the middle of the DP steel sheet. As the
laser flux is locally applied travelling along the weld cen-
tre line, a double ellipsoid shape of the weld fusion zone
is generated. Figure 3(b) shows the time-temperature
profiles during welding of the DP steel, i.e. at 1.5 and
4mm from the weld centre line on the free edge side,
and at 2.5mm from the weld centre line on the fixed
edge side. The dotted lines show the experimental mea-
surements, whereas the solid lines show the numerical
predictions. Overall, a very good agreement has been
achieved between the experiment and simulation in the
heating and cooling stages at these three locations. The
maximum temperature deviation is below 4%. Temper-
ature validation for welding of TRIP steel has also been
achieved within 3% maximum temperature deviation.

Figure 4(a) shows the simulated time-temperature
profiles of the TRIP and DP steels at the weld centre

Figure 2. Microstructures on the top surfaces of (a) the TRIP, (b) the DP steel and (c) magnified microstructure of the DP steel after

laser welding.
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Figure 3. (a) Temperature (K) distribution in the DP steel predicted from the FE model, (b) transient temperature validation at three
locations on both sides of the weld (B: on the free edge side, T: on the fixed edge side).
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Figure 4. (a) Simulated time-temperature profiles of the TRIP and the DP steel at the weld centre line, (b) schematic of the phase

field region modelled.

line. The solid lines represent the TRIP steel, whereas
the dotted lines represent the DP steel. As the same
welding parameters and similar high temperature ther-
mal properties of these two materials were applied, the
time—temperature profiles almost coincide with each
other. The phase field model was constructed to simu-
late transverse solidification perpendicular to the weld
fusion boundary towards the weld centre line, as shown
schematically in Figure 4(b). The boundary conditions
applied were extracted from the FE model, i.e. temper-
ature, thermal gradient and cooling rate. The temper-
ature at the bottom edge of the computational domain
is pre-defined to be 1780 K with a thermal gradient of
140 K mm ™! to the top edge. The cooling rate at the bot-
tom edge is set to be 800 Ks™!. The cooling time for
the system is set to be 0.5s, and the thermal gradient
eventually reduces to 35 Kmm™!.

Figure 5 shows the phase evolution of the DP steel
during solidification up to 0.13 s. Red represents the lig-
uid phase, blue represents the grain boundary and yel-
low represents the §-ferrite phase. Six nuclei of §-ferrite

were pre-defined at the bottom edge of the domain
to simulate the experimental welding conditions. After
0.05 s, primary dendritic arms are growing towards the
top edge, and secondary dendritic arms are formed
in the horizontal direction. At 0.1s, the solid-liquid
interface reaches two-thirds of the domain. The den-
drites remain parallel with each other, while the inter-
dendritic spacing has reduced. At 0.13 s, the dendritic
tips reach the top edge, which represents the weld centre
line.

Figure 6 shows the simulated microstructure when
the dendritic tips reach the weld centre line of the
TRIP and the DP steel. After the integration of the
solid phases over the domain, the TRIP steel reaches
a solid fraction of 93.7%, while the DP steel reaches a
solid fraction of 96.3%. A lower solid fraction present
in the TRIP steel implies that the TRIP steel has a
broader solidification range than the DP steel. The
solid-liquid interface velocities are calculated to be
1.428 and 1.538 mms~! for the TRIP and DP steels,
respectively.
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Figure 5. Phase evolution of the DP steel during solidification up to 0.13 s (red: liquid, blue: grain boundary and yellow: 5-ferrite).
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Figure 6. Phase distributions in the TRIP and the DP steel when
the dendritic tips reach the weld centre line.
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Figure 7. Phase distributions along a vertical grain boundary
for the TRIP and the DP steel (number ‘0’, ‘1, ‘—1' represent
liquid, 5-ferrite and grain boundary).

Figure 7 shows the phase distributions along a ver-
tical grain boundary of the TRIP and DP steels. Com-
pared with the DP steel, the TRIP steel has more liquid

Figure 8. Distribution of phosphorus (wt-%) in the TRIP and the
DP steel when the dendritic tips reach the weld centre line.

pockets due to coalescence of the secondary dendrite
arms . Liquid will be enriched during solidification due
to element partitioning. The liquid channel length of
the TRIP and DP steels are 194 and 20 pm, respectively.
It should be mentioned that the temperature difference
between the root and the tip of the dendrite for the
TRIP steel is 28 K, which is much greater than that of
the DP steel (2 K).

Figure 8 shows the distribution of phosphorus (P)
when the dendritic tips reach the weld centre line. The
TRIP steel shows a much higher concentration of phos-
phorus at the grain boundaries, up to 0.55 wt-%, while
its original composition in the base material is 0.089 wt-
%. Phosphorus concentration in the DP steel grain
boundary peaks at 0.06 wt-%, which is much lower than
that in the TRIP steel.

Discussion

Results show that the TRIP steel is cracking during laser
welding, while no cracks are found in the DP steel with
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the same heat input and under the same constraining
conditions. The reasons are discussed as follows.

Solidification range

In order to achieve required mechanical properties, the
TRIP and DP steels contain alloying elements. Table 1
shows that carbon, manganese and silicon contents are
similar for these two steels. However, the TRIP steel
has a higher content of phosphorus (9 times) and alu-
minium (36 times) than the DP steel. Phosphorus is
added to increase the amount of austenite retained at
room temperature. Aluminium is insoluble in cemen-
tite and is added to retard its formation. This increased
amount of phosphorus and aluminium in the TRIP
steel leads to a broader solidification range than the DP
steel. Figure 9 shows the liquid fraction as a function of
temperature for these two steels.

Compared with the DP steel, the TRIP steel shows
a slower solid-liquid interface velocity under identical
welding conditions. Enrichment at the interface leads
to solute drag and subsequently results in difference in
interface velocities. According to Figure 9, the liquid is
undercooled to lower temperatures in the TRIP steel
than in the DP steel. This undercooling leads to the
increased partitioning of alloying elements, resulting in
sluggish interface migration.

Pressure drop

The Rappaz Drezet Gremaud (RDG) criterion [19] for
hot cracking in metallic alloys is based upon a mass bal-
ance performed over the liquid and solid phases, which
accounts for the tensile deformation of the solid skele-
ton perpendicular to the growing dendrites and for the
induced inter-dendritic liquid feeding.

Under the assumption that a steady state is reached
in the weld mushy zone, the liquid pressure drop
along a weld mushy zone consists of two contributions:
Apgpdue to the solidification shrinkage and Appec due

—TRIP
—DP
0.8

0.6 1

0.4 4

Liquid fracion, -

0.2 1

0.0 T T T T T T T T T
1600 1620 1640 1660 1680 1700 1720 1740 1760 1780 1800

Temperature, K

Figure 9. Liquid fraction as a function of temperature for the
TRIP and the DP steel.

to deformation. The two contributions can be written

as
1801 (1+ B)Bé
reel |:UT,3A + T] (5)

Ty 24T
with A = / ! fs—z an
T (1—f5)

Ti;
Tig 2 [, fidT
pe [T
Tcg (1 _fS)

where A is the dendrite arm spacing, u is the viscosity,
v is the interface velocity, 8 is the shrinkage factor, & is
the strain rate, f; is the solid fraction and G is the ther-
mal gradient, which is the temperature difference from
the dendritic root to tip (Tcg and Tj;q) over the liquid
channel length L.

As the solid dendrites grow from both sides of the
weld, a closed semi-solid region is formed when the
dendritic tips coalesce at the weld centre line. A pres-
sure drop from the dendritic tip to the root is generated
in the absence of extra liquid feeding the channels.

The coalescence temperatures of the TRIP and DP
steels are 1668 and 1696 K, respectively. The interface
velocity, dendrite arm spacing and channel length are
derived from the phase field results. The shrinkage fac-
tor is calculated based on the density difference of the
solid and liquid (4.3%), whereas the viscosity of liq-
uid steel (0.005Pas) is taken from the literature [20].
The pressure drop due to solidification shrinkage is
121.7 kPa for the TRIP and 6.7 kPa for the DP steels. A
larger pressure drop is associated with a higher suscep-
tibility for hot cracking.

The thermal expansion coefficient above the solidus
temperature is assumed to be 3 x 107> K~! [13]. In
combination with the cooling rate, a strain rate based
on thermal contraction can be determined. The pres-
sure drop due to deformation is 819.5 kPa for the TRIP
and 3.5kPa for the DP steels. Combining the shrink-
age and deformation terms, the pressure drop for the
TRIP and DP steels is 941.2 kPa and 10.2 kPa, respec-
tively, indicating that the TRIP steel is more susceptible
to hot cracking, which is also experimentally confirmed
as shown in Figure 2.

Apsh + Apmec =

(6)

Phosphorus segregation

The phosphorus concentrations are predicted at grain
boundary up to 0.55wt-% for the TRIP steel and
0.06 wt-% for the DP steel, as shown in Figure 8. Both
of them are approximately six times higher than their
nominal concentrations. Phosphorus segregation at the
grain boundaries can lead to a steel embrittlement
[21-23]. During welding, a steep thermal gradient can
be generated due to a localised heat source, which leads
to considerable tensile stresses (up to the yield stress)
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in the weld fusion zone [24]. This tensile loading at the
brittle grain boundaries will increase the susceptibility
for hot cracking.

The aim of this study is to link the thermal field
during welding obtained from the FE models to the
development of the microstructures and the chemical
composition of the phase field models. In the FE model,
only the heat transfer was simulated and the transient
temperature profiles were validated with experimen-
tal measurements, while the physics of solid mechanics
was not included. However, welding numerical models
can be de-coupled, which implies that the stress/strain
field has limited back-influence on the temperature
field. Therefore, the thermal field predicted from the FE
model should be a valid input for the phase field model.
In the phase field model, only the thermal boundary
conditions were defined, without applying any mechan-
ical constraints. When calculating the pressure drop in
the inter-dendritic regions, the shrinkage term, which
results from density difference (related to temperature
or phase fraction), should be reliable. However, for the
deformation term, the strain rate was based only on
the thermal contraction. It is recommended for further
research to first validate the transient strain using an FE
model, and apply this as a mechanical boundary con-
dition to a phase field model. In summary, this study
bridges the macroscale thermal field with microscale
structural evolution, and shows the morphology during
weld solidification. The resultant pressure drop derived
in the inter-dendritic regions and phosphorus segrega-
tion at the grain boundaries explain the occurrence of
hot cracking.

Conclusion

In this study, laser welding was performed on the TRIP
and DP steels. Under the same heat input and mechani-
cal constraints, the TRIP steel has a higher hot cracking
susceptibility to the DP steel.

The thermal field in the weld fusion zone from a val-
idated FE model was applied as a boundary condition
to a phase field model coupling with a thermodynamic
and mobility database. Microstructural evolution dur-
ing weld solidification was obtained, i.e. inter-dendritic
arm spacing and element segregation, which provides
an enhanced understanding of the occurrence of hot
cracking.

The TRIP steel has a broader solidification range
than the DP steel. When the dendritic tips coalesce
with the weld centre line, the TRIP steel shows a higher
pressure drop for the solidification shrinkage and defor-
mation contribution, which explains why the TRIP steel
is more susceptible to hot cracking than the DP steel
when solidification is nearly complete.

The phosphorus concentration is predicted at grain
boundary up to 0.55% for the TRIP steel, which is
six times higher than the concentration in the base
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material. Segregation of phosphorus can lead to brit-
tle structures at the grain boundary, which increases
the hot cracking susceptibility during solidification as
a result of thermally induced tensile stress.
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