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Abstract To reach the goal of weight reduction, modern
thermo-mechanically processed micro-alloy steels are increasingly used to replace carbon-manganese structural steels. The
processing window for welding these newer materials is much
smaller, so it is important to accurately determine the rate of
heat input, the t8/5-value (cooling rate) and also to ensure that
the desired cooling rate is achieved in production. Variations
in the welding process, welding parameters welded joint configuration, welding position, and layer structure change the
rate of heat input into the component. At the same time, the
arcing efficiency is affected by configuration and position. In
combination, these parameters can affect the cooling behavior
by more than 60%. Various welding processes and parameters
are analyzed and the potential errors are discussed. Following
this, the impact of these errors is illustrated with reference to
practical measurements. The summation of the possible errors
shows that it is difficult in practice to achieve the desired
mechanical and metallurgical characteristics, as well as theoretically predicting these values, and also calculating or simulating properties such as distortion, microstructure, or residual stresses. The work presented here, together with recommendations for adjustment of published efficiency values as
well form factors to calculate the t8/5-value (cooling rate), is
expected to make a significant contribution to improve the
quality of welded joints.
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1 Introduction and state of the art
1.1 Calculation and influence of the cooling time
Modern high-performance materials have an enormous potential for lightweight construction. During production of
thermo-mechanically processed micro-alloy steels, their specific material properties are adjusted by applying special
temperature-time regimes and mechanical processing. It is
not possible to replicate this treatment during welding. The
weld thermal cycle inevitably leads to a degradation of the
material properties. As a consequence, these materials can
be welded only in a very narrow parameter window. In practice, this is specified by a defined t8/5-value [1, 2]. To predict
the cooling rate that will be achieved as a result of the welding
process, in current practice, a distinction is made depending
on the welded sheet thickness in two-dimensional (Eq. 1) and
three-dimensional (Eq. 2) heat dissipation [3].
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List of symbols:
t8/5 [s] Cooling time between T = 800 °C and T = 500 °C
E [kJ/mm] Energy by unit length
E ¼ U *I=vw

ð3Þ
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η Thermal efficiency of the welding process
U [V] Voltage
I [A]Current
PW [W] Welding power
tW [s] Welding time
vW [mm/s] Welding speed
d [mm] Thickness of the plate
F2 Form factor for two-dimensional heat dissipation
F3 Form factor for three-dimensional heat dissipation
T0 [°C]Starting temperature of the component
Calculation of the t8/5-value requires the efficiency of the
process, the form factors with respect to the weld geometry
(F2, F3), plate thickness, preheat temperature T0, and welding
performance and welding energy E. In particular, there is a
high potential for error in the values that are assigned to efficiency and form factor. There is also scope for significant error
when measuring the welding power. These effects are analyzed in more detail below.

1.2 Influence of the efficiency
Thermal efficiency is used in welding procedures to calculate the energy per unit length of weld. For this purpose, values published in standards [1, 2, 4] as well as
data from published literature are used. These values of
efficiency are however fixed, strictly defined for each
welding process and independent of welding parameters.
A classification into different power ranges or subgroups
of the respective welding process does not normally take
place. Recent research [5] has shown that the rate of heat
input into the component greatly varies as a function of
the welding parameter settings and physical conditions [3,
5]. Thus, for example, GTAW welding has a span in the
absolute values of about 15% between different output
setting values. An analysis of the literature evaluating
the average efficiency of the GTAW-process [6–9] an

Table 1

Correction factors in relation to the seam geometry [4]

average value of about η = 0.72 is described. Compared
to the efficiency described in the standard of η = 0.60 [1],
calorimetric analyses conducted by the current authors
show an average value of η = 0.75.
For the GMAW-process, the standard [1] as well as the
literature [7, 10–13] describe an average efficiency of about
η = 0.80. Recent calorimetric research [5] shows a significant
influence on the efficiency depending on the metal transfer
mode. The actual efficiency varies between η = 0.65 and
η = 0.90.
Using incorrect values of efficiency in the calculation of the
t8/5-value (Eqs. 1 and 2) will clearly result in significant errors
that can be readily avoided.

1.3 Influence of the part geometry
According to DIN EN1011-2 [4], aspects of the part geometry such as sheet thickness, welding seam geometry, and
partially buildup sequence are considered by using correction factors. Just like calculating the t8/5-values even with
the correction factors by the seam geometry F2 and F3 are
separated by the welded sheet thickness and the ratio of heat
input in two- or three-dimensional heat dissipation
(Table 1). The correction factors for all types of seam geometries are referenced to bead on plate welds, for which a
value of 1.0 is set.
In particular, when using fillet welds, the details are very
vague. Differentiation between opening angle, gap width, or
any other geometric parameters are not normally considered. The possible influence of the welding position on the
rate of heat input and cooling time is also ignored. There
have been few studies concerned with the influence of the
welding seam geometry [10, 14] and welding position [15]
on such factors.
Recent studies [5, 16] measuring levels of emissions, heat
conduction, and convection energy of the arc have shown that
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up to 15% of the welding electrical power are transferred by
the welding arc to the environment. If the arc is enclosed
through the weld geometry or by the welding position, a part
of this otherwise Blost^ energy will be absorbed by the component. The proportion and the influencing factors for the
additional rate of heat input into the component are unknown
at present.

components. For example, the 1870 g clamping system is
made of copper and the 390 g pumps and pipes are made of
plastic. Since all parts in the calorimeter vessel (1 ... n)
absorb heat, their warming must be taken into account
(Eq. 5). From the ratio of introduced amount of heat and
the expended electrical work, the efficiency of the welding
process is finally calculated (Eq. 6).

1.4 Influence of the welding power

QCal ¼ ∑ ðm*c*ΔT Þ

n

Several methods exist for calculating the welding electrical
power input [17]. Various values for the welding power can
be determined for the same welding process, which has a high
potential for error or highly imprecise results. The correct
method of calculation, the welding power for all processes,
and conditions are shown in Eq. 4.
Pw ¼

1 * tw
∫ UðtÞ* IðtÞdt
tw 0

ð5Þ

1

ð4Þ

To summarize, it can be stated that the calculation of the
t8/5-values using Eqs. 1 or 2 is affected by three significant
uncertainties. Firstly, the efficiency is fixed depending on
the welding process, without taking different process states
or metal transfer modes into account. Secondly, there are
undefined variations in the selection of a correction factor
for the weld geometry. The welding position is completely
disregarded. Additionally, the measurement and calculation
of the welding electrical power has a high potential for error,
whereby deviations of up to 70% have been determined [18,
19]. These sources of error can prevent the accurate estimation of heat input into the component. Consequently, in industrial practice, the heat input is usually determined experimentally by thermocouple-based measurements of the real
t8/5 values.

2 Measurement and experimental technology

ηeff ¼

QBM þ QCal
QBM þ QCal
¼
*
* tE
PW t W
t W * t1E ∫0 U * I * dt

List of symbols:
Qcal [J] Measured heat value in the calorimeter
n Number of specific parts in the calorimeter vessel
M [g] Mass of the specific part in the calorimeter vessel
c [J/(g*K)] Specific heat capacity of the specific part in the
calorimeter vessel
ΔT [K] Temperature difference in the calorimeter vessel
QBM [J] Measured heat in the base material (welded
component)
tE [s] Time of the last measurement (end time)
To examine the influence of various welding positions, the
device is rotatable mounted (Fig. 2). The rotation from position PA to PC takes place along the longitudinal axis of the
weld. Basically, a rotation of 360 ° is possible, which is reproducible to 2 ° accuracy by using an integrated angular scale.
Due to the continuously rising water level used by this method, the welding positions PD and PE (overhead) are not feasible because the water would impede the welding process.
To analyze the influence of different welding seam geometries and types of joint, the clamping system is flexible
(Fig. 2). The following welding seam geometries are analyzable with the adapted calorimetric system:
–
–

bead on plate
lap joint

2.1 Determination of the heat input—calorimetry
A difference-temperature calorimeter with water as calorimeter medium (Fig. 1) has been developed to perform comparative studies on various welding processes and process conditions with defined welding positions and alterable joint
geometries.
In an upwardly open, thermally insulated vessel, the
welding sample is clamped at a defined angle. The welding
torch is mechanized and moved parallel to the sample surface and the water level raises simultaneous with the
welding torch position. Afterwards, the resulting temperature difference ΔT before and after welding is analyzed,
accounting for the various mass and materials of all

ð6Þ

Fig. 1 Calorimeter method at TU Chemnitz
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Fig. 2 Principle of the turning
and clamping function

–
–

B135^) and GTAW processes (ISO 4063:2010 reference number B114^) are listed in Table 2.

I-, V- and HV-shape joint
fillet weld/ corner joint.

2.2 Welding parameter for GTAW and GMAW

2.3 Measurement of the cooling rate - t8/5-value

Arc welding processes are categorized into two groups. The
energy transfer of processes with non-consumable electrodes
takes place via the arc. Using processes with consumable
electrodes the energy transfer is via the arc and also the molten
filler material. The filler material changes the emissions, heat
conduction, and convection energy of the arc as well as the arc
temperature. Because of these differences, representatives of
both groups have been analyzed in this project. Process parameters for the GMAW (ISO 4063:2010 reference number

The measurement of actual cooling rate was carried out by
using K-type thermocouples (T = −200...1250 °C, wire diameter 2 × 0.6 mm). Measuring the cooling rate was performed
by immersing the thermocouple in the still liquid weld pool
immediately after the welding process. Since the measurement
position in relation to the weld was not perfectly consistent
due to manual immersion of the thermocouples, multiple thermocouple measurements were performed per weld, as shown
in Fig. 3.

Table 2

Process parameter for the analyzed GMAW and GTAW processes

Reference parameter

GMAW B135^

Reference parameter

GTAW B14^

Wire feed speed
Arc type
Gas type
Gas volume

10 m/min
standard spray arc
82% Ar, 18% CO2
15 l/min

Welding current
Polarity
Gas type
Gas volume

200 A
negative
Argon
12 l/min

Distance contact Tube
Welding speed
Torch position
Filler wire
Diameter of filler wire
Base material

18 mm
70 cm/min
neutral in the gap
G3Si1 (1.5125)
d = 1.2 mm
EN 10025–2 S235JR(1.0038)

Distance of electrode
Welding speed
torch position
Diameter of electrode
Angle of electrode
Base material
Thickness base material
Welding position

4 mm
30 cm/min
neutral in the gap
3.2 mm
20°
EN 10025–2 S235JR(1.0038)
5 mm
PA
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Fig. 3 Positioning of the thermocouples in the weld seam

2.4 Measurement procedure
To assess representative results, at least three measurements
per parameter setting have been performed with the calorimetric system and with the immersing thermocouples in the weld
pool. Based on this set of experiments, standard deviations
have been calculated.

3 Discussion of potentials for errors
3.1 Deviations due to efficiency
The efficiency of welding processes is dependent on a number
of process parameters and it cannot be accurately defined as a
static value. For this reason, modification of the standards
which use this factor may be necessary. [20, 21] Using the
GTAW process as an example, DIN EN1011-1 specifies ηeff
=0.60. However, a comparison between the work reported by
the authors, and existing published results [5] on the efficiency
gave identical results. The average arc efficiency of the
GTAW process varies around ηeff = 0.75. The arc efficiency
decreases with increasing welding current, increasing electrode distance and increasing positive polarity of the electrode.
Fig. 4 Analyzed welded joint
configurations
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By increasing the gas flow or changing the gas mixture composition by adding more helium to the argon shielding gas, the
arc efficiency of the GTAW welding process increases. In
addition, some dependence on the base material was detected.
A dependence of the absolute rate of heat input into the component by the component thickness was not determined. [20,
21].
Similarly the effective efficiency of the GMAW process is
not a global value of ηth = 0.80, as specified in DIN EN 10111 [1]. Rather, a classification according to the type of arc is
advisable [20, 21]:
–
–
–

Short arc ηeff = 0.85
Pulsed arc ηeff = 0.77
Spray arc ηeff = 0.70

The difference between thermal efficiency and effective
efficiency is the used amount of heat that is uses as input
parameter. For the thermal efficiency, the whole heat input
inclusive of heat losses due to spatter, spillings, metal vaporization, and heat losses of the welding arc is calculated in
relation to the welding electrical energy. By using exact measured values for the real transferred heat into the welded part
(by calorimetry) in relation to the measured electrical power,
the result is more precise and the term effective efficiency was
introduced. [20, 21].
Factors that reduce the effective efficiency are [20, 21]:
–
–

Increasing the welding current
Increasing the welding voltage
Factors that increase the effective efficiency are [20, 21]:

–
–
–

Increasing the amount of shielding gas
Increase in the helium or CO2 content in the shielding gas
Increase in the contact tube to workpiece distance
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Fig. 5 Influence of the welded
joint configuration on the
efficiency of GMAW (Parameter:
GMAW, see Table 2; BM: EN
10025 t = 5…15 mm, PAposition)

It was further noted that modern heat-reduced GMAW
short arc processes have a slightly higher effective efficiency
than classical standard GMAW processes. However, the more
decisive parameter is the required welding power, which is
considerably lower in heat-reduced GMAW processes. Thus,
the absolute rate of heat input into the component, calculated
by the multiplication of the welding power with the efficiency
of the process and welding time, decreases. [20, 21].
3.2 Influence of the welded joint configurations
The influence of different welded joint configurations (Fig. 4)
on the efficiency and the rate of heat input of GTAW and
GMAW processes have been analyzed. Due to the synchronously rising water level within the calorimetric measurement
system, the I- and V-shaped joints need to be protected from
water in the weld zone. Cover plates were welded on the
bottom side of the joint configurations, with thicknesses between 1…5 mm depending on the transferred energy input per
unit length.

Fig. 6 Influence of the welded
joint configuration on the
efficiency of GTAW (Parameter:
GTAW, see Table 2)

The rate of heat input (Eq. 7) is calculated by the multiplication of the average welding power (Eq. 4) with the efficiency of the welding process (Eq. 6).
Pinput ¼ PW * ηeff

ð7Þ

In contrast to the GTAW process, energy transfer within the
GMAW process takes place via the welding arc as well as by
the short circuit and by the energy transfer of the molten filler
material (GTAW just by the welding arc). This is the main
reason why the influence of the welding seam geometry has
a greater influence on the GMAW process. Figure 5 shows
that the actual rate of heat input into the component can be
increased up to 25% when the welded joint configuration is
changed. When changing between similar joint geometries
with the GTAW process, the measured rate of heat input increased by only 7% (Fig. 6).
Since the welding power remains virtually unchanged, the
increase of the rate of heat input into the component must be
explained by the increase in efficiency. In comparison
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Fig. 7 Influence of the welded
joint configuration on the cooling
rate t8/5 of GMAW (Parameter:
GMAW, see Table 2; BM: EN
10025 t = 5…10 mm, PAposition)

between a bead on plate weld and a V-seam weld the efficiency of GMAW increases by more than 15%. This indicates that
increasingly more energy of the welding process, especially
the welding arc, is absorbed by the weld edges in the form of
thermal conduction and thermal radiant energy. This increase
is much higher than in GTAW (about 5%).
When considering (Fig. 7), the measured cooling time (t8/
5, from T = 800 °C to T = 500 °C) of different GMAW joint
configurations reduces to less than half when the joint design
changes from a bead on plate weld to a HV-shape joint.
As the results of the increased efficiency show, a major
influencing factor is the change of surface area that is affected
by the welding arc when using different joint configurations.
On one hand, the heat absorption into the component can take
place into several directions. On the other hand, linking of the
Table 3

welding process in direction of the center of the component is
better. The energy transport is not only a heat transfer mode
from the top surface to the center but also due to weld flanks
into the component. This causes a reduction of the t8/5-value.
This is why for example with the HV-shape joint, the energy
can distribute better into the component in comparison to the
bead on plate weld. This is the reason why the t8/5-value is
only 50% of the bead on plate weld.
The actual information contained in the standards [4] indicates, for example, a potential bandwidth of the form factor F2
of 0.67...0.90 for fillet welds. As a result of several sample
calculations using the values from the standard [4], it was not
possible to accurately calculate the t8/5-value for the experimental cases in this study. For this reason, Table 3 describes a
proposal for a necessary adaption of valid regulations [4] in

Proposal for the adaption of form factors (F2 and F3) into one common form factor F in the standard [4]

welding seam geometry

Form factor F2 and F3
DIN EN 1011-2

adaption

bead on plate

1.00

1.00

interlayer

0.90

0.85

fillet weld - edge

0.67…0.90

0.60

fillet weld - T-Joint

0.45…0.67

0.50
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Fig. 8 Influence of the welding
position on the efficiency of
GMAW (Parameter: GMAW, see
Table 2; BM: EN 10025 t = 8 mm,
fillet weld- edge)

order to achieve a simplification and systematization. The
suggestion is that a classification into two- and threedimensional form factors is not necessary.
3.3 Influence of the welding position
When the welding position is changed from PA- to PC-position, there is an increase in both the efficiency and the percentage of welding power which is converted into real heat in the
component (rate of heat input). In this specific case, the difference of the efficiency between the PA and PB (60 °) position is more than 12%, as shown in Fig. 8. For GTAW, this
difference is about 5%.
The experiments show that the increased heat is increasingly absorbed by the component and weld flanks. In this case,
the rate of heat input in the component increases by 25%. An
explanation of this fact can provide the analysis of heat flow
behavior of the component in various welding positions.
Naturally, a warm medium is moving upwards. Due to the
additional gas flow of the welding process, the arc energy is
transported not only in the form of radiant energy, but also

Fig. 9 Influence of the welding
position on the cooling rate t8/5 of
GMAW (Parameter: GMAW, see
Table 2; BM: EN 10025 t = 8 mm,
fillet weld-edge)

convectively by the shielding gas and atmosphere. Compared
to the PA position, the contact area between the component
and heated gas increases, so more energy can be absorbed by
the entire component.
Despite the unchanged component geometry and constant
welding parameters, the rate of heat input increases when
changing the welding position from PA to PC. At the same
time, the cooling time increases from t8/5 = 2.9 s to t8/
5 = 4.4 s when the welding position changes from PA to
PC-position (see Fig. 8). Since the rate of heat input in the
component increases by 15% and in addition the cooling time
increases more than 50%, it seems that the warming was mainly locally improved. The effect is a better warming or
Breheating^ of the joining zone by the encapsulation of the
welding process due to the changed welding position.
In the literature and in the actual standards [4], no correction factors exist with respect to the welding position.
However, Fig. 9 illustrates that the welding position has a
significant influence on the cooling time of the component.
For this reason, it is recommended to introduce a correction
factor with respect to the welding position in addition to the
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Table 4 Proposal for the
adaption of the position
factor in the standard [4]
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Welding position

Position factor

PA
PB

1,0
1,3

PC

1,5

correction factors with respect to the welded joint configuration. A first proposal for the necessary adaption or integration
of a position factor can be seen in Table 4.
3.4 Influence of interlayers
The investigations in relationship to the layer structure were
carried out exclusively with the GMAW process.
Figure 10 clearly shows that as the layers build upwards in
the predetermined V- welding seam geometry, there is a decrease in efficiency and thus the proportion of welding power
which is converted into heat within the component. Compared
between root and top layer, the efficiency of η = 0.82 (root
pass) drops to η = 0.70 (top layer).
This confirms the results of previous work that the thermal
conduction and radiant energy from the welding arc can be
better absorbed by the weld edges if the weld zone is enclosed
by the component or welded joint configuration. In direct
comparison to the results shown in Fig. 5, the root layer has
the same efficiency value as the V-shape joint (t = 15 mm and
α = 60 °), and the top layer produces an identical result to the
bead on plate weld.

4 Summary
The results show that the energy and power of heat input into
the component depends on a number of parameters and cannot
be accurately calculated by using the details given in the current standards [4].
Fig. 10 Influence of the
interlayer on the efficiency of
GMAW (Parameter: GMAW, see
Table 2; BM: EN
10025 t = 15 mm, V-shape joint
α = 60 °, PA-position)

Practical measurement and calculation methods of welding
power were analyzed and their potential for errors determined.
Deviations of up to 70% were determined in the current work
[18, 19].
Depending on the welding process parameters, deviations
in efficiency up to 20% can occur [20, 21]. In addition,
welding processes with non-consumable electrodes have an
efficiency up to 25% higher than described in the current
standards [1, 2]. It has also been found that welding processes
with consumable electrodes should be categorized depending
on the type of arc (short arc ηeff = 0.85, pulsed arc ηeff = 0.77,
spray arc ηeff = 0.70) [20, 21]. The static value of η = 0.80 [1,
2] should be adjusted accordingly.
The welding seam geometry has a significant influence on
the efficiency, rate of heat input into the component also the
cooling time. For example, when using GMAW and comparing the efficiency between a bead on plate weld ηeff = 0.70
and an HV-seam ηeff = 0.85, the relative proportion of the rate
of heat input into the component increases by more than 20%.
However, the cooling time from T = 800…500 °C (t8/5-value)
decreases to less than half. As a result, the adaption of the
correction factors regarding to the welding seam geometries
is necessary, as demonstrated in Table 3.
The welding position also has a significant effect: Using
GMAW, the efficiency increases by about 12% when changing the welding position from PA- to PC-position. In this case,
the rate of heat input to the component increases by 25%. At
the same time, the cooling time (t8/5- value) increases by more
than 50%. For this reason, it is recommended to introduce
another correction factor (Table 4) in the standards [4] with
respect to the welding position, in addition to the correction
factors with respect to the welded joint configuration.
Finally, an analysis of the layered V-joint multi-pass structure showed a decrease in efficiency from the root pass to the
top layer, and thus, a decrease in the proportion of the welding
power that is converted into heat within the component. The
results were in good correlation to the individual efficiencies
obtained in single-pass welds.
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