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Abstract: The research described in the article was concerned with the possibil-
ity of determining time t₈/₅ using the Finite Element Method. The research-re-
lated tests involved a joint made of AHSS S960QL using the PAW-MAG method. 
Values of time t₈/₅ were compared in relation to characteristic zones of the joint 
and constant heat input values. Differences in cooling rates related to the diver-
sified geometry of a joint and the asymmetric distribution of heat proved sig-
nificant. The research involved the identification of possibilities offered by the 
Finite Element Method involving space modelling in the examination of the 
thermal history of any welded joint area. The comparison of the analysed man-
ner of determining time t₈/₅ with traditional measurement and analytical meth-
ods revealed the significant advantage of the FEM consisting in the accurate and 
complete induction of a cycle in the entire cross-section of the joint in contrast 
with experimental contact and non-contact methods averaging the measure-
ment on the joint surface or only in the weld axis. In view of differences relat-
ed to time t₈/₅ reaching 1.5 seconds in the joint area and the very narrow range 
of the tolerance concerning the value of the cooling time of AHSS, the Finite El-
ement Method involving the use of space modelling was recognised as a neces-
sary tool when designing welded joints made of Advanced High Strength Steels.
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Introduction
The use of advanced materials in numerous 
structures favours the dynamic development of 
welding techniques [1, 2]. Presently used weld-
ing processes are characterised by a significant 
number of variables affecting the final result. 
More important welding process characteris-
tics include a heat input and a welding thermal 
cycle, affecting the structural transformations, 

properties as well as the stresses and strains of 
welded structures. The determination of tem-
perature changes at a predefined point of a joint 
using conventional measurements is a complex 
process supported by FEM-based computer-aid-
ed software applications dedicated to welding. 
On the basis of the adequate definition of all 
process components, the above-named soft-
ware programmes make it possible to identify 
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temperature distribution as well as determine 
stresses and strains in welded joints. A weld-
ing technology designed in the above-present-
ed manner only requires being subjected to a 
limited experiment verifying the correctness of 
calculations [3, 4].

Time t₈/₅ in the Analysis of Welding 
Thermal Cycles of AHSS
An important attribute conditioning the prop-
erties of welded joints is the time of cooling 
within the temperature range of 800°C to 500°C 
(t₈/₅). Depending on the dynamics of cooling, 
the temperature range of 800°C to 500°C is the 
range where varied structural transformations 
affecting joint properties take place. For each 
steel grade, some minimum and maximum val-
ues of t₈/₅ are allowed (Fig. 1). The range of rec-
ommended AHSS-related times t₈/₅ becomes 
visibly narrowed, primarily by reducing the 
maximum value, which results from the trans-
formations of the microstructure formed in 
steelmaking processes [5, 6].  

In cases of Advanced High Strength Steels 
(AHSS), not only time t₈/₅, but also the time of 
cooling from 500°C to 200°C is of particular 
importance due to the fact that the martensi-
tic transformation and martensite hardening 

occur in the lower range of the above-presented 
temperature range. For this reason, in the case 
under discussion the analysis of the welding 
thermal cycle should include the entire range 
of cooling temperature [7 ÷ 13]. Time t₈/₅ is af-
fected by thermal parameters of materials, joint 
geometry (particularly joint thickness), initial 
temperature and a heat input to the joint. A heat 
input can be identified experimentally based 
on measurements of temperature distribution 
in the joint during post-weld cooling, yet such 
an identification is a complex issue as the meth-
ods used for measurements of temperature dis-
tribution in joints (contact methods involving 
the use of thermocouples or contactless meth-
ods, e.g. pyrometric or thermovision) are en-
cumbered with errors related to measurement 
methods [14 ÷ 16]. Time t₈/₅ can also be deter-
mined analytically based on formulas taking 
into account welding parameters. The multi-
tude of mathematical dependences enabling 
the identification of cooling rates significantly 
limits the versatility of the method. 

Heat Distribution in PAW-MAG 
Hybrid Welding
The research involved tests aimed to demon-
strate the efficiency of the Finite Element Meth-
od in measurements of time t₈/₅. The tests 
involved the use of the simufact.welding soft-
ware programme being a specialised computa-
tional FEM environment dedicated to welding 
applications. The programme performs calcula-
tions for dynamically changing process heat pa-
rameters in transient conditions and, in doing 
so, takes into consideration complete temper-
ature-dependent material characteristics and 
phase transformations occurring at preset cool-
ing rates. In addition, the programme enables 
the definition of types and sizes of heat sourc-
es which can be concentrated in cases of laser 
and plasma welding processes or more dissi-
pated, e.g. double-ellipsoidal in cases of SMAW, 
GTAW and GMAW welding processes. The per-
formance of calculations required the creation 

Fig. 1. Recommended times t₈/₅ for fine-grained structural 
steels [6]
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of the 3D model of the joints using other pro-
grammes, i.e.:
 – SOLIDWORKS 2015 (CAD environment) – as 
regards the creation of 2D geometry based 
on the macroscopic photograph of a model 
welded joint;

 – midas NFX 2015 (FEM multi-task environ-
ment) – as regards the creation of three spa-
tial finite element meshes on the basis of flat 
geometry (two meshes for the sheets and one 
mesh for the weld).

The research-related tests involved the perfor-
mance of the simulation of heat distribution 
during PAW-MAG hybrid welding combining 
the processes of plasma arc welding (PAW) with 
GMAW. The PAW-MAG welding method is charac-
terised by high welding rates and the possibility 
of the single-layer welding of thick joints. The 
parameters adopted for individual heat sources 
were the following: plasma polarity: DC-; plas-
ma arc voltage: 28.0 V; plasma current: 340 A; 
plasma gas flow rate: 4.0 l/min; MAG polarity: 
DC+; MAG arc voltage: 33.0 V; MAG current: 345 A 
and filler metal wire (ϕ 1.0 mm) feeding rate: 
10 m/min. For a welding rate of 75 cm/min and 
the efficiency of both arcs being 80%, a heat in-
put to the joint amounted to 13.4 kJ/cm. The sim-
ulation was performed for a welded 
joint of a variable sheet thickness, 
characteristic of crane jib structures, 
where the lower, i.e., rounded part of 
the shape transmitting greater loads 
had a thickness of 7.0 mm, and the 
upper part, providing appropriate 
rigidity, had a thickness of 5.0 mm. 
The joint was subjected to V-bevel-
ling without a gap. The length of the 
joint amounted to 120.0 mm, where-
as the width of the sheets amount-
ed to 50.0 mm. Pre-heating was not 
applied.

The research involved the identi-
fication of a hybrid heat source com-
posed of plasma arc reproduced by 
the model of a concentrated source 

and MAG arc reproduced by the model of a con-
ventional source (double ellipsoid). For the con-
centrated source, the adopted diameter of the 
primary cylinder of concentrated heat amount-
ed to 4.0 mm, whereas the height amounted to 
7.5 mm (joint thickness). The diameter of heat 
effect cylinder amounted to 6.0 mm, whereas 
the depth of effect amounted to 3.0 mm. The 
adopted heat distribution amounted to 50/50 
for both cylinders.

The area width adopted for the conventional 
source amounted to 4.0 mm, the front part of 
the model amounted to 2.0 mm, whereas the rear 
part amounted to 6.0 mm. The identified depth 
of the temperature field amounted to 5.0 mm. It 
was decided that, due to the inclination of the 
MAG welding head in the direction of plasma arc, 
the distribution of heat would be greater in the 
front part of the model. Both heat sources were 
moved by 2.0 mm from the joint axis in the di-
rection of the thinner sheet and inclined by an 
angle of 12° so that arc would be concentrated 
on the thicker sheet. The distance between the 
heat sources amounted to 8.0 mm. The mate-
rial used in the tests corresponded (in terms of 
chemical composition and properties) to steel 
S960QL (belonging to AHSS).

Fig. 2. Geometry of the joint and method of the modelling the hybrid 
heat source: a) macroscopic image of the welded joint of 5.0 mm and 
7.0 mm thick sheets b) space model of the joint – the finite element 

mesh in the midas NFX software programme; c) definition of the weld-
ing process in the simufact.welding software programme allowing for 
support, the pressure of each of the welded plates and the appropriate 
trajectory for the heat source; d) geometry of the hybrid heat source
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The simulation involved a period 
of 100 seconds including the time 
of welding process and of cooling, 
where the time of welding amount-
ed to 10.3 s. The increase in the ac-
curacy of calculations required the 
double condensation of the finite el-
ement mesh around the heat source 
(Fig. 3). The analysis involved the 
cross-section of the joint at the half 
of its length; selected measurement 
points were located at two depths in 
the weld and HAZ (Fig. 4). The above 
named points were used to plot the 
curves of temperature in the function 
of time, which, in turn, were used to 
determine the vales of t₈/₅ in the in-
dividual areas of the joint (Table 1).

The simulation enabled the iden-
tification of cooling times within the 
temperature range of 800°C to 500°C 
in relation to the analysed points of 
the welded joint. The cooling times 
were restricted within the range of 
8.1 s to 9.6 s. The lowest value of t₈/₅ 
was observed in the weld axis in the 
thinner sheet. This fact can be attrib-
uted to the inclination of the weld-
ing head aimed at the more effective 
heating of the thicker sheet. The long-
est time t₈/₅ was identified in relation 
to the area distant from the fusion 

Fig. 3. Simulation of the hybrid welding of stainless steel 
S960QL joint using the simufact.welding software pro-

gramme and the condensation of the finite element mesh 
within the heat source

Fig. 4. Distribution of maximum temperatures in the 
welded joint and the measurement points for which the 

temperature values were recorded in the function of time

Table 1. Numbers of selected nodes and measurement points 
(in the parentheses) lying on the cross-section of the welded joint 

subjected to analysis (L - weld face area; G – weld root area; 
LW - fusion line area; LW + 2 mm - area approx. 2 mm away 

from the fusion line)

Sheet 
thickness,  

mm

Area subjected to analysis
Weld - axis Weld - LW HAZ

L G L G LW LW + 
2 mm

7,0 3 (9) 10 (21) 82 (7) 89 (22) 83 (11) 86 (23)
5,0 1 (29) 5 (41) 49 (32) 74 (43) 81 (36) 75 (44)

Table 2. Values of time t₈/₅ in the measurement points; L –weld face 
area; G – weld root area; LW – fusion line area; LW + 2 mm -  area 

approx. 2 mm away from the fusion line

Sheet 
thickness, 

mm

Area subjected to analysis
Weld - axis Weld - LW HAZ

L G L G LW LW + 
2 mm

7.0 8.3 8.5 9.4 8.9 9.4 9.6
5.0 8.1 8.6 8.7 8.6 8.8 9.0
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Fig. 5. Temperature changes in the weld axis #7/#5 - sheet thickness, 
mm; L – weld face area, G – weld root area
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line in the thicker sheet. The high 
value of t₈/₅ resulted from the greater 
amount of heat concentrated in the 
thicker material and the lower cool-
ing rate of the area distant from the 
weld. Because of the high gradient of 
temperature and intense bidirection-
al heat discharge to elements being 
joined, the joint area characterised by 
the fastest cooling was the weld cen-
tre. The increase in the distance from 
the weld axis was accompanied by the 
decrease in the cooling rate and the 
extension of t₈/₅, which significantly 
affected the character of structural 
transformations in these areas.

The methodology enabling the 
simulation of welding processes us-
ing space modelling was applied 
when implementing the process of 
PAW-MAG hybrid welding in industry. 
It was possible to observe a high co-
incidence of simulation results with 
technological data obtained when 
making a model joint in laboratory 
conditions as well as high accuracy 
and resolution of time t₈/₅ measure-
ment in relation to the cross-section of the 
welded joint (to be discussed in the subsequent 
article).

Summary
 – The numerical simulation of the thermal cy-

cle of PAW–MAG hybrid welding (character-
ised by the unique geometry of the weld pool) 
of Advanced High Strength Steels (AHSS) us-
ing space modelling is an effective tool in the 
analysis of the thermal history of any area of 
a complex-structured joint and can constitute 
the basis for the analysis of heat distribution, 
microstructure, properties, stresses and strains 
as well as can enable the assessment of weld-
ing technology parameters and, at the struc-
ture design stage, make it possible to identify 
the favourable variants of welded joints.

 – The advantage of the simulation of welding 
processes involving space modelling over con-
tact-based and contactless temperature meas-
urement method averaging measurements on 
the joint surface or only in the weld axis con-
sists in the precise and complex induction of 
a thermal cycle on the entire cross-section of 
a joint.

 – Time t₈/₅ amounted to 8.1 s ÷ 9.6 s; the time of 
further cooling within the temperature range 
of 500°C to 200°C was considerably longer, 
which significantly affected the character of 
transformations in the joint made of AHSS at 
temperatures below 500°C. 

 – The simulation of heat distribution during the 
PAW-MAG hybrid welding of AHSS, including 
the entire range of thermal cycle temperature 
from the welding temperature to the ambient 
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Fig. 6. Temperature changes in the weld at the fusion line; #7/#5 - 
sheet thickness; mm; L – weld face area, 

G – weld root area

Fig. 7. Temperature changes in the HAZ; #7/#5 - sheet thickness; mm; 
L – weld face area, LW – fusion line area
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temperature, constitutes a tool for the analy-
sis of diffusive and diffusionless transforma-
tions at temperatures below 500°C.

 – In view of time t₈/₅-related differences 
amounting to 1.5 s in the joint area and the 
narrow range of tolerances related to cool-
ing times of AHSS, the FEM involving space 
modelling should be recognised as an indis-
pensable tool when designing joints made of 
Advanced High Strength Steels.
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