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Influence of welding stresses on relief cracking during heat treatment
of a creep-resistant 13CrMoV steel: part I—effect of heat
control on welding stresses and stress relief cracking
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Abstract
The avoidance of failures during the fabrication or operation of petrochemical reactors made of creep-resistant, low-alloy steels as
13CrMoV9-10 requires still research despite over 60 years of international investigations in the field of stress relief cracking. The
quality of modern base materials and filler metals leads to the fact that previously known crack causes, such as impurities of S or
P, recede into the background. Rather, the causes are increasingly to be found in the fabrication process. Investigations on the
influence of heat control on the stresses in welded components and thus on the stress relief cracking sensitivity under realistic
manufacturing conditions are not yet available. This work is subdivided in two parts. Part 1 of this study focused on the effect of
heat control during submerged arc welding on the stresses. For this purpose, a testing facility was applied, which allows to
observe the forces and moments accumulating during welding or heat treatment in a component-like specimen under shrinkage
restraint. The stress acting in the specimen increases with higher preheat/interpass temperatures and higher heat input. During the
heat treatment, the stresses are relieved. Nevertheless, cracks are formed already during heating. The total crack length correlates
with the heat input.
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1 Introduction

In petrochemical reactors, e.g., for hydrocrackers and thick-
walled high-temperature hydrogen pressure vessels, low-al-
loy, bainitic Cr-Mo-(V)-steels are primarily applied. These
steels are characterized by their high-temperature strength,
good hydrogen pressure resistance, and long service life under
creep loads. For process temperatures of up to 482 °C and
hydrogen pressures of up to 34.5 MPa, necessary to produce
modern synthetic fuels, a modified conventional low-alloyed
2.25Cr-1Mo steel with 0.25% vanadium was developed [1].

Applied largely in petrochemical reactor construction since
the mid-1990s, this micro-alloyed steel 13CrMoV9-10 ex-
hibits significantly improved creep resistance at higher tem-
peratures and higher resistance to high-temperature hydrogen
attack [2]. However, the Vmodification of these modern steels
results in severe challenges regarding welding processing for
the usually very large components. Petrochemical reactors are
characterized by wall thicknesses of up to 475 mm, diameters
of up to 8 m, a length of up to 30 m, and weights of several
100 t, which leads to a fabrication in numerous individual
steps over a period of several months [1]. Additionally, a final
heat treatment of the complete vessel (PWHT) is applied after
completion of all welding steps in order to adjust the mechan-
ical properties in the weld metal and the heat-affected zone
(HAZ) as well as to reduce welding-related structural and
residual stresses. Due to the low toughness, high hardness,
and high strength of the Cr-Mo-V joints in the as-welded state,
an extremely careful handling of the components is needed.

Even though a heat treatment operation will be carried out
very diligently, it is of utmost importance to take into account
the high sensitivity of this V-modified material towards stress
relief cracking (SRC). This kind of cracking can occur during
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intermediate annealing, PWHT, and during service. The crack
formation is also linked to technological phenomena in which
initially dissolved precipitates are precipitated again during
reheating and lead to differences in strength between the grain
interior and the grain boundaries [3, 4]. Hence, the formation
of cracks is essentially influenced by the interaction of ther-
mal, metallurgical, and mechanical factors also with regard to
welding-related stresses, which can already be critical during
production [5]. In general, the crack usually follows an inter-
granular path along the prior austenite grain boundaries
(PAGB) both transversely and longitudinally to the welding
direction.Metallurgical and thermal mechanisms of SRCwere
extensively studied in the last decade, e.g., [6–20]. Therefore,
part II of this study gives a review of studies and concepts
dealing with the prevention of SRC [21].

It remains to be noted that the procedures for testing mate-
rials prone to SRC are usually limited to single-pass welds and
the use of small-scale specimens. This generally precludes the
use of production-relevant welding technology and realistic
manufacturing conditions. Furthermore, it can be assumed
that diffusion processes, as they occur during carbide forma-
tion during PWHT, are induced both thermally and mechani-
cally, which should require a complete representation of the
real manufacturing process in the laboratory. However, previ-
ous investigations have concentrated primarily on the influ-
ence and interaction of thermal and metallurgical factors and
have neglected the mechanical influence of structural shrink-
age restraint, which is present above all in thick-walled pipe
constructions. Due to new, micro-alloyed material concepts
with a very high degree of purity, previously known SRC
causes, such as the embrittlement of the PAGB by phosphorus
or sulfur segregation, are no longer the dominant factor. The
influence of temperature control during welding on the
resulting component stress as well as crack formation during
stress-relief heat treatment under consideration of realistic
manufacturing conditions, in particular the structural shrink-
age restraint, has not yet been investigated.

Several studies on welding of structural steel welds under
severe restraint conditions revealed significant effects and in-
teractions regarding heat control, welding process, and the
restraint of the weld [22, 23]. It was mainly observed that
the occurring reaction forces and bending moments as well
as the resulting stress distribution in the welded components
increase as the restraint of the lateral and angular shrinkage
intensifies. Particularly under high restraints typically found in
the welded structures of for example petrochemical reactors,
high bending stresses as a result of a build-up of unequal
shrinkage forces over the welding seam height may lead to
critical local mechanical loads in the weld seam and in the
HAZ during welding and after cooling of the weld [24]. For
high-strength structural steels, these studies have shown an
understanding of how the critical transient loads during mul-
tilayer welding and the resulting residual stresses can be taken

into account by adequately adapting heat control, welding
process, and welding consumables applied [24–26].
Therefore, it is necessary to transfer these findings to the
SRC behavior of modern V-modified Cr-Mo-steels in order
to obtain a profound understanding of the interaction with the
mechanical influences during welding of real components.
Part I of this study is thus concerned with the forces and
stresses that occur during welding, cooling, and subsequent
heat treatment.

2 Experimental procedure

The welding tests performed in this study were carried out on
the low-alloy, carbide-forming, creep-resistant pressure vessel
steel 13CrMoV9-10 (material number, 1.7703) using a
welding filler of the same type1. Tables 1 and 2 show the
chemical composition and its mechanical properties.

The submerged arc tandemwelding process with solid wire
electrodes in multilayer welding was used for the tests. All
tests were carried out using the “Union S 1 CrMo 2 V”-wire
electrode in combination with the “UV 430 TTR-W1”-
welding flux. The wire electrode has a diameter of 4 mm.
The agglomerated fluoride-based welding flux was re-dried
at 350 °C for 10 h before welding. The main components of
the flux, the chemical composition of the wire electrode, and
the weld metal as well as the mechanical properties of the pure
weld metal are listed in Tables 3, 4, and 5. The mechanical
properties of the weld metal are not affected by heat treatment
times longer than 8 h.

An industrial submerged arc welding (SAW) machine with
tandemwelding head was used. The test welds were produced
by varying the heat control, in particular the preheat/interpass
temperature and the heat input per unit length. The effective
thermal power of the heat source was kept constant, and the
adjustment of the heat input per unit length was carried out by
varying the welding speed. This made it possible to adjust the
deposition rate and thus the weld bead volume with almost
constant arc characteristics and unaffected burn-off loss of the
alloying elements. For the welding tests, the design of exper-
iments (DoE) is used in the form of a central composite design
as shown in Fig. 1. The use of DoE makes it possible to
minimize the scope of the experiments through the structured
setup, the targeted combination of factors, and the statistical

1 ISO 24598-A—S Z CrMoV2, ISO 24598-B—SU 2C1MV

Table 1 Chemical composition of 13CrMoV9-10 (spark emission spec-
trometric analysis) in wt.%

C Si Mn Cr Cu Mo Ni Ti V Nb Fe

0.12 0.08 0.51 2.29 0.11 0.98 0.12 < 0.01 0.30 0.03 Balance
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evaluation, and at the same time to determine as precisely as
possible the cause-effect relationships between the influencing
factors and the target variables.

The preheat and interpass temperature was varied in the
range of 220 ± 40 °C in accordance with the limit values in
API Technical Report 934-B [27] and the processing recom-
mendations of the filler metal manufacturer. The heat input per
unit length was varied in a parameter window of 35 ± 15 kJ/
cm. This results in a non-orthogonal test plan with two inde-
pendent parameters and two measurements (one repetition) at
the central point (see Fig. 1). To avoid systematic errors, the
experimental plan was randomized. In this way, external in-
fluences that cannot be controlled are statistically distributed
and are not registered as actual influencing factors. Note that
statistical analysis of the reaction stresses was limited to the
inner parameter window (points a, c, e, g, and i in Fig. 1). This
is because an adapted heat input was used for the outer pa-
rameter window in the root area of the joint. A summary of the
welding parameters can be found in Table 6.

The welding tests were performed in a special test fa-
cility [28, 29] with a maximum load spectrum of 2 MN
(tension or compression) (Fig. 1). The component load,
i.e., the reaction forces and bending moments, is
impressed or recorded during welding by six independent-
ly operating hydraulic cylinders. Thus, for example, the
influence of process parameters on the resulting compo-
nent load or the effect of stress-relieving treatments can
be observed and evaluated online. Manufacturing condi-
tions or processes can thus be transferred to the laboratory
scale. The operating modes “displacement control” and
“load control” are available for component simulation. If
the system is in “displacement control,” the free expan-
sion of the clamped specimen is restrained, and the heat
input of the welding process results in reaction forces and
bending moments in the overall system. If the system is in
“load control,” the change in length of the specimen is

adjusted while maintaining the forces and bending mo-
ments applied. Both types of control were used in the
investigations carried out here. The reaction forces are
registered via the elastic expansion of the piston rods by
means of strain gauges. The reaction moment around the
longitudinal axis of the weld (Mx) is calculated using the
lever arms specified by the design [28]. The bending mo-
ment Mx results from non-uniform transverse shrinkage
forces in plate thickness direction.

Two plates each with the dimensions 980 mm (l) ×
250 mm (w) × 20 mm (h) were joined. The free clamping
length, i.e., the distance between the clamping jaws, was
lfree = 672 mm. The specimen halves were fixed centrally
in the 2-MN test system by means of a hydraulic clamping
system. Preparation of the flank angle of 2° was carried out
by flame cutting and final grinding. The gap between the
flanks was 32 mm and prepared due to tack welding of a
backing and run-on/off tabs after clamping of the speci-
mens. The restraint intensity of the weld setup (stiffness
of the weld surrounding related to the length of the welded
joint) was determined to be RFy = 2.74 kN/(mm·mm) [30].
In this context, it was also possible to analytically deter-
mine the degree of bending restraint of the test setup and it
is approximately RMx = 6.4 kNm/(°/mm) [23].

The temperature profile during welding was recorded contin-
uously, transverse to theweld seam, in the center of the specimen
using four thermocouples. The distance of the thermocouples to
the weld metal was 15 mm, 40 mm, 60 mm, and 100 mm.

Temperature control during preheating, dehydrogena-
tion heat treatment (DHT; 350 °C for 2 h), and stress-
relieving (PWHT, 705 °C for 8 h) was carried out by an
additional thermocouple on the bottom side of the speci-
men (specimen center, 15 mm adjacent to the weld flank).
These heat treatments were implemented using encased
heating mats on the top and bottom of the specimens.
The temperature control for the tests is exemplarily shown
in Fig. 2 including details of the DHT and the PWHT. As
can be seen, the temperatures are very close to the target
values. Apart from slight overshoots in the beginning of
each holding cycle, the derivation is just about 1–2 K.
Welding, DHT, and subsequent PWHT took about 2 days
for each test. The individual test steps are implemented as
given in Table 7.

Table 2 Mechanical properties of
13CrMoV9-10 (hardened +
tempered)

Temperature in
°C

Rolling
direction

Yield
strength

Rp0.2 inMPa

Tensile
strength

Rm in MPa

Elongation at
fracture

A5 in %

Reduction of
area

Z in %

RT Longitudinal 609 714 24 80

450 491 574 20 79

RT Transverse 621 726 22 77

450 494 576 19 77

Table 3 Main components of the welding flux (UV 430 TTR-W) in
wt.%

SiO2+TiO2 CaO+MgO Al2O3+MnO CaF2

16 40 13 26
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During preheating, welding, and DHT, the system was op-
erated in “displacement control” to simulate the joining of two
ring segments of a pressure vessel by the restrained expansion
and shrinkage [1]. In real component welds, the ring segments
impede the expansion of the locally heated weld area. After
the DHT, the specimen cools down to ambient temperature
with shrinkage restraint.

The stress-relief heat treatment usually takes place after
completion of the vessel. The entire pressure vessel is then
heat-treated in a large furnace (thicknesses up to 475 mm,
diameter up to 8 m, length up to 30 m, and a weight of several
100 t). Due to the almost homogeneous and slow heating, the
vessel can expand freely, whereby the global reaction stresses
resulting from the welding process remain until the necessary
hot yield strength is reached. Nevertheless, local residual
stress peaks reaching the hot yield strength during heating
can relax. To simulate the actual behavior during fabrication,
the 2-MN test system was operated in “load control” during
the heating and cooling phases of the PWHT. This compen-
sated for the temperature-induced expansion of the weld area
and maintained the load level resulting from the welding pro-
cess up to the prescribed annealing temperature of 705 °C.
After reaching the target temperature, the test system switched
to “displacement control,”which enabled the global relaxation
of the welded joint. To characterize the influence of the heat
control on the microstructure, metallographic examinations
were carried out using light microscopy. The microscopy sam-
ples were taken from similar positions within the individual
welded specimens. Nital was used as etchant. Occurring SRC
was detected by magnetic particle inspection following ISO
17638 after cutting off the run-on/off tabs. As the weld surface
structure led to several misinterpretations, the weld reinforce-
ment was milled off to allow for crack evaluation.

3 Results and discussion

3.1 Influence of heat control on the weld build-up
and microstructure

Figure 3 shows the macro-sections of the weld seams as a
function of the heat input per unit length and the preheat/
interpass temperature. The subfigures are arranged following
the DoE test matrix in Fig. 1 using the same labeling (a)–(i).
The interpass boundaries are marked by black lines in the
macro-sections. The build-up of the weld seam, the micro-
structure, and the characteristics of the HAZ are predominant-
ly determined by the level of the heat input per unit length.
When welding with low heat input per unit length, the weld
seam consists of many narrow beads, characterized by numer-
ous reheated zones and a small proportion of non-
recrystallized microstructure (Fig. 3a, d, g). When the heat
input per unit length increases, the individual weld beads be-
come larger what leads to a growing proportion of uninflu-
enced, coarse microstructure in the filler layers. On the other
hand, with the highest heat input per unit length of 50 kJ/cm,
almost the entire previously welded beads are being tempered.
Due to this, the proportion of the non-recrystallized micro-
structure decreases, so that the weld seam has a large propor-
tion of fine-grained microstructure. Nevertheless, the fine-
grained microstructure is limited to the lower half of the weld
metal. The capping runs are characterized by coarse columnar
grains which reach into the center of the weld metal due to the
high penetration caused by the high heat input (Fig. 3f). The
HAZ of the base material is characterized by a narrow band
which widens as the heat input per unit length increases.
Details about the microstructure of the HAZ are presented in
part II of this work [21].

Table 5 Mechanical properties for the weld metal, wire/flux combination: Union S 1 CrMo 2 V1 + UV 430 TTR-W (manufacturer’s specification for
single-wire welding on alternating current)

Heat treatment Temperature in °C Yield strength
Rp0.2 in MPa

Tensile strength
Rm in MPa

Elongation at fracture
A5 in %

Impact absorbed energy KV in J

− 20 °C − 30 °C

705 °C/10 h RT 415 600 18 100 54

482 365 450 16 – –

705 °C/30 h RT 415 600 20 100 54

482 365 450 16 – –

1 ISO 24598-A—S Z CrMoV2, ISO 24598-B—SU 2C1MV

Table 4 Chemical composition of the filler wire in wt.%

C Si Mn Cr Cu Mo Ni Ti V Nb Fe

Union S1 CrMo 2 V1 0.09 0.04 1.24 2.39 0.01 1.01 0.02 0.001 0.26 0.015 Balance

1 ISO 24598-A—S Z CrMoV2, ISO 24598-B—SU 2C1MV
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3.2 Reaction forces and bending moments
during welding

Figure 4 shows, exemplarily, the reaction force and the tem-
perature of four individual tests during the simulated
manufacturing process in the 2-MN test facility. The PWHT
is not shown here as the intention is to illustrate the load
occurring prior to the stress-relief treatment. The force curves
show alternating tensile and compressive forces due to the
cyclic heat input of welding as it is typical for high-strength
steel welds [31]. While the heat input during deposition of the
individual runs induced compressive forces due to local ex-
pansion of the material, each cooling to interpass temperature
led to tensile forces which became highest after the comple-
tion of the last run. The local heating during subsequent DHT
induced compressive forces which turned into tension after
final cooling. Despite similar characteristics of the different
tests, a specific reaction force for each parameter combination

is present after cooling to ambient temperature. A detailed
explanation of the phenomena during preheating (I), welding
(II), and DHT (III) can be found in [29]. The results of the
individual tests are summarized below using a contour dia-
gram based on the regression analysis.

The effect of the preheat/interpass temperature (T(p,i) in °C)
and the heat input per unit length (E in kJ/cm) on the reaction
force can be assessed and quantified by means of statistical
evaluation. From the reaction force, the resulting transverse
stress σy (in MPa) is obtained by relating the reaction force Fy
(in N) to the plate cross-section A (in mm2) (Eq. 1).

σy ¼ Fy

A
ð1Þ

Figure 5 (left) shows the resulting contour diagram. The
greatest effect on the transverse stress is due to the
interpass temperature, which is due to the temperature field
expansion and the temperature level increase. The effect of
the heat input per unit length is due to the disproportion-
ately changing heat transfer into the base material by the
melting filler wire but has a significantly lower effect on
the transverse stresses.

In multilayer welding, the heterogeneous shrinkage of the
weld metal also leads to eccentric forces which would cause
distortion in non-restrained shrinking specimens. In this study,
the restraint results in bending moments around the weld lon-
gitudinal axis instead. The bending moment shown in Fig. 6 is
caused by the asymmetrical weld metal deposition and the
resulting temperature field. Similar to the reaction force, the
cyclic heat input leads to characteristic curves depending on
the welding parameters. Specific bending moments were pres-
ent after DHT and cooling to ambient temperature. For a de-
tailed explanation of the formation of the bending moment

Fig. 1 Schematic representation of the central composite experimental design (left); 2-MN test facility with specimen detail (right)

Table 6 Parameters for SAW tandem process

Wire 1 Wire 2

Type of current DC AC

Wire diameter 4 mm 4 mm

Voltage 30 V 32 V

Current 600 A 550 A

Heat input 18 kW 17.6 kW

Torch angle 6° backhand 6° forehand

Torch distance 18 mm

Welding speed 0.42–0.85 m/min

Heat input per unit length 20–50 kJ/cm

Preheat/interpass temperature 180–260 °C

Weld World (2020) 64:807–817 811



during preheating (I), welding (II), and DHT (III), reference is
made to [29].

From the bending momentMx (in Nm), the resulting bend-
ing stress σB,Mx (in MPa) can be calculated by taking into
account the section modulus WB (in m3) of the plate cross-

section (Eq. 2). The resulting bending stress after welding and
cooling to ambient temperature is mainly influenced by the
heat input per unit length. The preheat and interpass tempera-
tures, on the other hand, have almost no effect and no signif-
icant influence on the bending stresses, as the contour diagram

Fig. 2 Temperature control during the simulated manufacturing process
in the 2-MN test facility: I tacking + preheating, II welding, III DHT, IV
cooling to ambient temperature, and V PWHT (heating (a), holding (b),

cooling (c)). Details of the DHT and PWHT (lower subfigures). Data
exemplarily for center point test, preheating/interpass temperature
220 °C and heat input per unit length 35 kJ/cm (cf. Fig. 1)

Table 7 Simulated manufacturing steps according to Fig. 2

Step Operation mode

I Tacking + preheating Tack welding and subsequent heating to the individual preheating temperature Displacement control

II Welding Welding following the individual interpass temperature Displacement control

III DHT 350 °C for 2 h Displacement control

IV Cooling Cooling to ambient temperature Displacement control

V PWHT

(a) Heating to 705 °C by 60 K/h Load control

(b) Holding at 705 °C for 8 h Displacement control

(c) Cooling to ambient temperature by 60 K/h Load control

Weld World (2020) 64:807–817812



Fig. 4 Reaction force and temperature during preheating, welding, and DHT (tests a, c, g, and i cf. Fig. 1). PWHT not included

Fig. 3 Overview of the macro-sections of the welded joints as a function of the heat control (etchant: Nital)

Weld World (2020) 64:807–817 813



in Fig. 5 (right) shows by means of the almost vertical contour
lines.

σB;Mx ¼ Mx

WB
ð2Þ

The heat input per unit length (E in kJ/cm) and the preheat/
interpass temperature (T(p,i) in °C) show a differing effect on
the transverse stresses and the bending stresses. Provided a
homogeneous temperature distribution in the thickness direc-
tion, the preheat/interpass temperature has a particular effect
on the transverse stress, while the heat input per unit length
has mainly an effect on the bending stress. The reason is that
an increase in the preheat/interpass temperature solely affects
the temperature level in the entire specimen cross-section but
not the temperature distribution (no gradient), so that the
bending stress remains virtually unaffected. On the other
hand, the highly localized heat input per unit length results
in localized heating of the specimen and leads to asymmetrical
expansion or shrinkage, which primarily affects the bending
stress. However, an increase in both parameters results in an
increase in the resulting load on the welded structure.

The total reaction stress is simply calculated as the sum of
the transverse stresses and the bending stresses resulting from
the reaction forces and bending moments due to welding. The
calculated contour diagram is shown in Fig. 7. The measured
values are also included. The total reaction stress varies within
the inner parameter window (cf. Fig. 1) by approx. 35% over
the heat input per unit length and by 7% over the preheat/
interpass temperature.

The final PWHTserves to relax the welding induced stress-
es to the level of the hot yield strength at 705 °C of about

190MPa. Despite the load is maintained during heating (“load
control,” cf. Table 7), local stress peaks are nevertheless re-
lieved before the holding temperature is reached. However,
stress relief cracks in the heat-affected zone occurred in all
experiments as a result of the PWHT under restraint.

3.3 Influence of heat control on the formation
of stress relief cracks

The cracks that occurred during the PWHT were detected
with the help of magnetic particle crack detection. Note
that no other types of cracks were found on the surface.
The influence of heat control on the formation of stress
relief cracks is evaluated based on the cumulative crack
length. This is the sum of the length of all visually de-
tected cracks opened to the surface. The results are given
in Fig. 7 (right) ordered by the reaction stress found for
every test. Two tests (c and f) with the highest loads
resulted in the highest cumulative crack lengths. In both
cases, the heat input and at the same time the preheat/
interpass temperatures were high. Also, test b with the
highest preheat/interpass temperature of 260 °C resulted
in increased cracking even though the reaction stress is in
the lower range. Other parameter sets showing lower heat
input or lower interpass temperature or both were accom-
panied by less cracking. It becomes clear that the param-
eter combinations located in the upper right corner of the
DoE (cf. Fig. 1 b, c, f) are most prone to SRC within this
study. High heat input per unit length and/or high
preheating/interpass temperature resulted in an increase
in the cumulative crack length. At the same time, those

Fig. 5 Effect of the heat input per unit length E and the preheat/interpass
temperature T(p,i) on the reaction stress σy [MPa] after welding and DHT
prior to PWHT, linear regression, R2 = 99.94% (left), and effect of the
heat input per unit length and the preheat/intermediate layer temperature

on the bending stress σB,Mx after welding and DHT prior to PWHT, linear
regression, R2 = 99.96% (right). Based on the inner parameter window
(cf. Fig. 1, points a, c, e, g, and i)

Weld World (2020) 64:807–817814



parameters led in tendency to an increase of the reaction
stress when welding under restraint. Besides the load,
mainly the microstructure and the associated mechanical
properties are responsible for SRC. Their influence is
discussed in part II of this study [21].

4 Conclusions

1. Under defined restraint, the heat control has a sig-
nificant effect on the reaction forces and bending
moments occurring during and after welding. High
preheat/interpass temperatures lead to a significant
increase of the respective transverse stresses after
subsequent cooling to ambient temperature. On the
other hand, an increase in the heat input per unit
length is rather affecting the bending stresses.

Higher heat input per unit length leads to an in-
crease of the bending stresses.

2. The total reaction stress, as the sum of the trans-
verse and bending stresses, can thus be influenced
by the heat control. In the parameter field studied,
the influence of the heat input per unit length dom-
inates over the preheat/interpass temperature, which
is due to the large proportion of bending stresses in
the total reaction stress.

3. Stress relief cracks in the heat-affected zone oc-
curred in all experiments as a result of the PWHT
under restraint.

4. The heat control during welding influences the SRC for-
mation during the PWHT. The cumulative crack length, as
a measure of the sensitivity to SRC, was most pronounced
with high heat input and high preheating/interpass
temperatures.

Fig. 6 Reaction moment and temperature during preheating, welding, and DHT (tests a, c, g, and i cf. Fig. 1). PWHT not included

Weld World (2020) 64:807–817 815



Fig. 7 Effect of the heat input per unit length E and the preheat/interpass
temperature T(p,i) on the total reaction stress σ2MN prior to PWHT, linear
regression, R2 = 99.69%. The actual measured reaction stress is indicated

for the inner window (cf. Fig. 1 a, c, e, g, i) of the DoE (left). Cumulative
crack length dependent on the reaction stress (right), parameter set indi-
cated by a–h according to Fig. 1

Weld World (2020) 64:807–817816
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