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Abstract

The purpose of this paper is to present the course of a thermal cycle induced by welding in characteristic points in a joint and
demonstrate the capabilities of simulation techniques with regard to thermal analysis of welding. Hybrid plasma-arc welding
(HPAW) tests were conducted on samples of advanced high-strength steel (AHSS). Welding FEM analysis was carried out.
Cooling time was determined for characteristic zones in the joint. The results of the simulation were then juxtaposed with the
experimental data. Considerable diversification of the tg/s and tg,3 times was observed for the analysed areas in the joint. The
description of the thermal cycle presented in this paper questions the validity of analysing the changes occurring in the HAZ with
the use of conventional TTT diagrams, extending the analysis of thermal conditions of a produced joint by new techniques of

numerical prediction of thermal history of HPAW.
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1 Introduction

Numerical simulations provide information on physical phe-
nomena which can be obtained in an experiment limited to the
revision of calculations. This was confirmed by Stix et al. [1]
who used in their research a specialist dedicated software—
simufact.welding. Such applications have built-in functions
responsible for defining heat sources, trajectories, fastening
devices, multi-phase materials, etc. Methods of precise repre-
sentation of different heat sources are still being researched.
Wau et al. [2] proposed a new improved numerical model of a
plasma heat source that encompassed the specificity of energy
transfer within a stream of plasma gas.

Simulations in welding take into consideration every aspect
of production of joints, along with their properties. It is pos-
sible to conduct an analysis of metal and heat dispersion in the
weld pool during GMAW, which was done by Cheon et al. [3],
or during HPAW (for heat sources aligned centrically along a
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single axis), which was done by Liu et al. [4]. Simulations of
hybrid welding process focus mainly on the GMAW process-
es as well as the ones in which laser is used (hybrid laser-arc or
arc-laser welding, depending on the order of heat sources).
One example of such an experiment is the analysis of stresses
and strains which was conducted by Zhan et al. [5], who were
investigating the use of HALW process in terms of welding
the Ni-Fe (invar36) alloy.

Simulations of the strength of welded joints that take into
consideration the changes in the HAZ strength resulting from
annealing and tempering are also conducted. Maurer, Panda,
and Mochizuki et al. [6—8] performed quasi-static simulations
of a HAZ with a diversified microstructure, which allowed
them to determine the influence of a relative thickness of the
tempered zone on the properties of the joints.

On the basis of a simulation, Goldak et al. [9] showed that
when the amount of supplied heat is constant, one can find a
correlation between welding speed and the thermal effect that
can be observed in the HAZ.

Simulations can also be a source of data that can be
used for training artificial neural networks. Yu and
Krajewski et al. [10, 11] created such a network that
was later used for the prediction of hardness on the basis
of technological parameters.

The number of works dedicated to HPAW process simula-
tions is scarce. So far, this issue has been taken up by Nowacki
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et al. [12] who made an attempt to determine thermal cycle
conditions. There is a need to extend the knowledge
concerning simulations of hybrid welding that makes use of
a complex heat source, i.e. one that includes a plasma source
and a classical one.

The subject area of high-efficiency welding of advanced
high-strength steels is one of the mainstream issues in contem-
porary welding. It encompasses questions related to the
weldability of advanced high-strength steel (AHSS) and the
possibilities for employing innovative welding technologies
in the process of joining thereof.

Specific processability and performance of such materials
can be obtained by proper doping and complex heat and
thermo-mechanical treatment (Fig. 1) [13].

AHSS can also include second-generation steels that are
characterised not only by their high strength but also by their
very high plasticity. The steels encompass duplex type ferritic-
austenitic steels with the addition of manganese as an ingre-
dient that stabilises austenite as well as steels with the TWIN
and TRIP effects. The third-generation AHSSs that are cur-
rently being developed are characterised by a more advanta-
geous strength-plasticity ratio than the first-generation steels
and by a lower price than the second-generation AHSS
[14-18].

AHSSs are used when the mass-loading capacity ratio
is of high importance for the attractiveness of a construc-
tion. Welding is considered a natural method of joining in
this area; however, the negative influence of supplied heat
on the properties of steel prone to annealing constitutes a
major disadvantage [19-21]. The parameter that
characterises the amount of heat supplied into the joint
is the cooling time in the temperature range between
800 and 500 °C, marked as tg/s. In the case of advanced

high-strength steels, the span of tg/5s values becomes sig-
nificantly limited, edging towards low values. The struc-
ture of AHSS—shaped in the complex process of thermo-
mechanical treatment—should remain as unspoilt by the
welding heat as possible (Fig. 2) [22-27].

Such a situation triggers the development of welding
techniques, and it consists in decreasing the amount of
supplied heat while keeping the weld metal fusion coeffi-
cient at a high level. In recent years, a lot of processes
that maximise electrode fusion have emerged. In effect,
high welding speeds can be obtained, which results in
the production of more favourable properties of the joints.
Another step on the way to improve the thermal balance is
combining different welding processes within a single
head. A combination of a high-energy laser or plasma
heat source with a source that would ensure efficient fill-
ing of the weld groove in the GMAW process seems to be
the only way to fulfil the increasingly strict requirements.
In hybrid processes, it is possible to obtain extremely high
welding speeds while at the same time reducing the num-
ber of runs to a single one, even when the thickness of a
material exceeds 10 mm [28, 29]

2 Prediction of cooling time of a welded joint

The analysis of the capabilities of simulation methods in terms
of prediction of cooling time of a HPAW joint was based on
seven experiments that involved welding model joints and
making an attempt at modelling the whole process.

Model butt joints were made from S960QL and S1300QL
steels (Table 1) and bevelled so as to produce a single 20° V
groove. Nonlinear thermal characteristics of materials based
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Fig. 1 The mechanisms of heat treatment and thermo-mechanical treatment of selected grades of steels that are currently in production
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on temperature and multi-phase composition were applied
(Fig. 3).

The joints were made at the robotized hybrid welding sys-
tem shown in Fig. 4.

In order to determine the thermal conditions necessary to
ensure appropriate fusion, low range of welding parameters
was employed, so that minimal amount of supplied heat was
generated. The values of thermal heating 7, and welding
speed vy, and the amount of supplied heat Q. are shown in
the table below (Table 2).

The simulation was conducted on the basis of the geometry
obtained from microsections of welded joints. Temperature
analysis was done within the area of cross-section divided into
a mesh of reference points (Fig. 5).

The heat sources were defined as a well-known heat source
models. First (used for GMAW process), double-ellipsoidal
shaped Goldak’s and second, used for Plasma—two connect-
ed Pavelic’s disc shaped models [30] (Fig. 6).

For each sample series, a different heat source geometry
was used; it corresponded to the thermal power of the arc and
the geometry of the pool (Table 3). The parameters described
in Table 3 have been selected experimentally. Their values
reflect the thermal effect visible on cross-sections of welded
joints.

3 Results

The simulations were carried out in accordance with the plan
presented in the paper, taking into consideration the phenom-
enon of weld overlap (Fig. 7).

Tensile strength R,,, N/mm®

Fusion zone was represented as a diagram of maximum
temperature value on the cross-section, located midway along
the length of the joint. In this case, the white area representing
the temperature that exceeds melting point marks the bound-
ary of the weld (Fig. 8).

The simulation method made is possible to characterise
thermal history in any given point in the joint. After delineat-
ing the fusion line for each sample, temperature changes in the
HAZ were investigated. A point located 2 mm from fusion
line and 3 mm beneath the surface of the plate was adopted as
a representative spot (Fig. 9).

It is possible to determine the tg/5 time in the point analysed
in Fig. 9 only for the B18-30 sample that was welded with
twice as high heat input than the previous one. In order to
make it possible to compare the processes, the tg;3 times were
determined as well.

Depending on the amount of heat supplied, the maximum
temperatures (660 — 1040 °C) change and so does the cooling
dynamics in the temperature range of 600 — 300 °C
(10 — 24.5 s). Consequently, the HAZ becomes narrower
and moves towards the fusion line.

Figure 9 shows slight disparities between the A (S960QL)
and B (S1300QL) samples resulting from their having differ-
ent thicknesses, material properties, and interpolations made
between the mesh nodes where the analysed point was
located.

The thermal history of the following characteristic points in
the joints was analysed:

* FZ — point no. 1 located on the axis of the joint (fusion
zone) above 1510 °C;

Table 1 Properties of the

analysed materials Steel name

Producer name

Yield strength, min MPa
Tensile strength, MPa
Elongation, %

S960QL S1300QL

XABO® 960 ThyssenKrupp WELDOX 1300 E SSAB
960 1300

980-1150 1400-1700

12 8
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Fig. 3 Implemented in FEM environment, temperature-based nonlinear,
thermal characteristics of multi-phase materials. a) Thermal conductivity.
b) Specific heat

* FL — fusion line of the temperature of 1510 °C;

* SZ — annealed soft zone in the temperature range of
600 — 700 °C;

e PM - an area of partly decrystallised parent material, lo-
cated right outside the HAZ below 500 °C.

The points were selected considering the shifting maxi-
mum temperature fields (Fig. 10) that moved due to varying
amount of supplied heat. Since only minor differences were
observed in the cooling dynamics of the A and B samples
(Fig. 9), it were the S1300QL (B) samples that underwent
further analyses.

@ Springer

Fig. 4 Schemes of the robotic welding station (a) and HPAW hybrid
welding head (b) used in research. 1: HPAW welding head; 2: robotized
manipulator; 3: plasma and shielding gas cylinders; 4: manipulator power
source and control panel; 5: plasma power source; 6: welding table; 7:
GMAW power source; 8: arcs positioning system (constant magnetic
field generator); 9: plasma torch; 10: GMAW torch

The determinable tg/5 time comprises the weld as well as a
narrow adjacent zone. Figure 9 shows that in order to register a
temperature exceeding 800 °C at a distance of 2 mm from the
fusion line, it is necessary to supply a considerable amount of
heat into the joint. In our case, it was possible when welding
parameters generated the amount of heat that exceeded 9 kJ/
cm. Obtaining such temperature in the soft zone seems diffi-
cult to achieve.



Weld World (2019) 63:1065-1073

1069

Table 2 The parameters of hybrid welding process for the analysed
joints

Sample Base material 0., kJ/em Ty, °C Vy, CM/Min
A6-20 S960QL #10.0 6 20 70

B6-20 S13000QL #9.5 6 20 70
A8-100 S960QL #10.0 8 100 85
B8-100 S13000QL #9.5 8 100 85
A9-180 S960QL #10.0 9 180 100
B9-180 S13000QL #9.5 9 180 100
B18-30 S13000QL #9.5 18 35.0 50

A temperature that is easier to obtain in the whole HAZ is
the temperature of 600 °C. It is high enough to trigger the
tempering of martensite which is the main structural ingredi-
ent in AHSS of MART type. In order to quantify cooling
dynamics in the HAZ in martensitic steels, it is more accurate
to consider cooling time in a lower range of temperatures, i.e.
up to 300 °C which is the borderline temperature for low-
temperature tempering that the steel underwent in the
manufacturing process. The tg/3 time is more adequate for

a) gn
p—

b)

weld

I plate02

Fig. 5 An example of a finite element mesh created on the basis of the
B9-180 joint (a) and the boundary conditions of simulation (b) min.
element size, 0.5 mm; clamping force z-direction, 50 N

other AHSS presented in this paper, whose martensitic struc-
ture is prone to annealing (Fig. 1).

Obtaining a thorough joint penetration for the HPAW pro-
cess when the tg/s time is lower than 10 s (as it is recommend-
ed) proves impossible. It is only possible to obtain such a
value in case of multi-pass GMAW. This process, however,
is not recommended due to the destructive influence the com-
plex thermal cycle has on the strength of a joint. It is important
to determine welding parameters that guarantee obtaining an
appropriate joint without supplying too much heat in a very
precise way. The problem can be solved by computer simula-
tions. Further research on hybrid heat source is needed in
order to fully reproduce the actual welding conditions.

4 Summary

Having analysed the results of the experiments, the following
conclusions were drawn:

(1) Simulation methods allow to characterise the thermal
cycle in any given point in the weld, with the use of
any given geometry of the welded joint and a wide range
of more or less complex heat sources. Therefore, it is
possible to examine the complete thermal history of the
joint area and to interpret the phenomena occurring in its
structure correctly.

(2) A parameter characterising the structure of the HAZ in
MART steel and its proneness to tempering in a direct
way is the tg/3 time. Contrary to the tg/5 time, the tg ;3 time
can be determined in the whole HAZ and has a more
stable cooling dynamics.

(3) The minimum range of welding parameters for the
analysed joint geometry was established. The parameters
generate slightly different cooling times when entered
into the software than the cooling times observed in the
experiment. It is due to the fact that it is difficult to
estimate the amount of heat supplied solely on the basis
of'the values of voltage and current parameters registered
by the welding devices. In order to determine the values
of these parameters in an unambiguous way, it is neces-
sary to establish the thermal characteristics of a hybrid
heat source in an experiment, which will be the object of
further research.

(4) When appropriate material definitions are employed, i.e.
ones including temperature characteristics of a multi-
phase structure, it is possible to visualise such properties
of a joint as phase composition, hardness, state of stress-
es, and strains, and to shape them depending on welding
parameters. Due to specialist welding FEM software, it is
possible to determine optimum parameters in welding
advanced construction materials using modern, highly
efficient methods.
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a)

Samplo10 - Modol view

Fig. 6 Hybrid heat model employed in the simulation. Characteristic dimensions (a) and an image of the heat source as defined in the simufact.welding
software (b)

Table 3  Heat source parameters for each sample series. Constant factor=0.8. Other plasma parameters: P, power; ¢,, cylinder radius; S,
parameters for plasma process: cylinder heat fraction = 0.8; efficiency = heat source radius; Sy, surface depth; and GMAW: ay, front length; a,, rear
0.8; cylinder depth (cd) =10 mm; and for GMAW: heat front scaling length; b, width; d, depth (Fig. 6a)

Series PW ¢, mm S,, mm Sg, mm ap mm a, mm b, mm d, mm
Plasma GMAW

620 4744 1.3 2.6 0.8 2.6 5.0 3.6 5.0

8-100 6720 14 2.8 0.9 2.8 55 3.8 6.0

9-180 8189 1.5 3.0 1.0 3.0 6.0 4.0 7.0

18-30 8016 1.5 3.0 1.0 3.0 6.0 4.0 7.0

Fig. 7 The result of the numerical simulation of welding the B9-180 refinement” increasing mesh density around the moving heat source
sample. [sometric view of the welded fragment of the joint (a) and section (min. element size, 0.25 mm)
view (b) showing the pool of molten metal and executed function “mesh

@ Springer
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Fig. 8 A comparison of fusion
determined by means of FEM
juxtaposed with the actual fusion
in the B9-180 sample

Fig. 9 Temperature course for the
point located 2 mm from fusion
line and 3 mm beneath the surface
of the plate
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Fig. 10 Temperature course for 2000
characteristic points in the joints

of S1300QL (B6-20 and B8-180) 1900
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