Weld World (2017) 61:91-106
DOI 10.1007/540194-016-0394-9

@ CrossMark

RESEARCH PAPER

Engineering approach to assess residual stresses

in welded components

Dirk Schroepfer'

- Arne Kromm' - Thomas Kannengiesser1

Received: 2 November 2015 / Accepted: 27 October 2016 /Published online: 1 December 2016

© International Institute of Welding 2016

Abstract Present trends to lightweight design lead to an
expanding relevance of high-strength fine-grained structural
steels especially in mobile crane constructions. With growing
material strength, the challenge for welding fabrication in-
creases, since high loading capacities and safety requirements
have to be accomplished. The utilisation of the high strength
potential often requires complex constructions associated with
high restraint conditions while welding. Increased residual
stresses may occur due to superimposing reaction and restraint
stresses, which have to be quantified and evaluated to ensure
the safety and integrity of high-strength steel constructions.
Particularly, the scope of residual stresses has to be taken into
account for different effects in the HAZ, notches, weld and
base metal. Commonly, conservative assumptions of residual
stresses lead to distinct underestimations of the load bearing
capacity particularly for welded high-strength steel construc-
tions. This study concludes results of recent works of the
researchers regarding the complex interaction among heat
control, material and restraint intensity on the residual stress
state in welded components. These analyses are extended by
further experiments. Based on the obtained major effects, an
approach for a welding residual stress assessment regarding
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component design according to prevailing standards for crane
construction, an important application for high-strength steels,
is presented.
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Nomenclature

a Crack length

A Cross section of the plate

b Width of the plate

d Thickness of the plate

E Heat input

fi Characteristic load

F; Load

F, Reaction force transverse to weld

Fyend Transverse reaction force after cooling to RT

h Height

hwon Height of the weld at layer n

hwrot  Height of the root weld

K; Crack driving force

L Length

Ly Length of the weld

M, Reaction moment of x-axis

My ena  Reaction moment after cooling to RT

R Specific strength/characteristic resistance
Rpy Restraint intensity transverse to the weld
Rpy1 Local restraint intensity

Rgy> Structural restraint intensity

Rpys Nominal restraint intensity

R Stress ratio with superimposed reaction stress
Sk Load action at section k

t Time

tw Welding time
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T Temperature

Tra Reference temperature

T; Interpass temperature

T, Preheating temperature

T Working temperature

Vi Hoisting speed

Wy Section modulus

x,y,z  Coordinates

w Characteristic factor for limit weld stress

Ym Resistance coefficient

Yn Risk coefficient

Yp Partial safety factors

Atg)s Cooling time of the weld from 800 to 500 °C
AY) Local material properties

o Stress

OEd Reference stress level

Ohs Hot spot stress

0 Resulting design stress at a specific location 1
oy Stresses at specific location from load actions Sy
o2 Stresses at specific location from local effects
Om Mean stress

Omax Maximum stress

Omin Minimum stress

OMx Bending stress

Onlp Nonlinear stress peak

Onom Nominal stress

o, Load induced stress

oy Reaction stress transverse to weld

Oy.end Transverse reaction stress after cooling to RT
Oy, top Total reaction stress on the top of the plate
oy Residual stress transverse to weld

0y ave Average residual stress transverse to weld
Oynaz  Residual stress level transverse to weld in HAZ
Oymax ~ Maximum residual stress transverse to weld
ogwm  Residual stress level transverse to weld in WM
o' 01 including welding stresses

o'y oy; including welding stresses

op o, including welding stresses

0'm Mean stress with superimposed reaction stress
o; Dynamic coefficients

1 Introduction

In a growing amount of industrial applications, high-strength
fine-grained structural steels with yield strengths from
690 MPa are applied. The increasing trend towards light-
weight design of today’s steel constructions involves specific
design solutions and economical aspects, like extensive reduc-
tions in weight and production costs, with increasing material
strength [1]. Actual preferential applications are for instance
mobile cranes or hydro power plants [2]. This leads to a wide
variety of high-strength base and filler materials provided by

@ Springer

the steel producers [3]. However, a sustainable and economic
application depends on the loading capacity and safety of
welded components. To meet the advanced requirements of
the mechanical properties in high-strength steel welds, the
application of suitable filler materials and a heat control in
an adequate working range (e.g. Afg/s-cooling time) is neces-
sary and sufficient hydrogen effusion and crack resistance
have to be provided [4]. In this context, the avoidance of
complex residual stress states is a considerable factor to in-
crease the cracking resistance.

In particular, the components’ safety and service life largely
depend on the residual stress state of the welds. In component
or repair welds, rigid restraint conditions are able to produce
high tensile stresses due to welding [5, 6]. This is a conse-
quence of the superposition of high reaction stresses due to
supporting effects and occurring restraint stresses due to the
inhomogeneous changes in the weld volume; see Fig. 1 [6].
High tensile residual stresses are known to compromise the
integrity of welded components by a higher cold cracking risk
and shorter lifetime to fracture [7]. Nevertheless, compressive
residual stresses are oppositely able to compensate this. It is,
therefore, important to avoid high tensile welding stresses in
the heat-affected zone (HAZ) as well, which may be particu-
larly critical due to degraded mechanical properties (grain
coarsening, softening, etc.). An avoidance of fractures due to
overloading is mainly achieved by an appropriate design.
Frequently, high tensile stresses are promoted by an applica-
tion of improper heat control and filler material under high
restraints regarding the construction [8, 9].

Recent analyses involved high-strength steel welding un-
der restraint conditions and showed significant influences of
these factors for global and local stresses due to welding [10,
12—14]. However, it is oftentimes impossible to take advan-
tage of all benefits from high-strength steels using prevailing
codes and standards, e.g. EC3 [15], concerning high-strength
steel processing. This is due to an insufficient quantitative
forecast of the magnitude and location of residual stresses,
e.g. the across-the-board assumption of residual stresses to
the amount of the yield strength. Hence, at the beginning of

Superimposed by &
Reaction stress /\
ayI 4

Restraint stress ~

Fig. 1 Superposition of local and global welding stresses due to restraint
intensity transverse to the weld [8, 10, 11]
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this study, the theoretical analysis of real components regard-
ing restraint is presented. Then, the investigations of the global
and local welding stresses are described by means of compo-
nent related weld tests. The restraint in the weld test was
realised transverse to the weld. Hence, the distinguished eval-
uations, subsequently, consider magnitude and location of
transverse welding stresses on the top side of the welds. This
is done according to the prominent regions in analogy to the
approaches of welded component assessment. From that,
statements regarding welding stress optimisation for high-
strength steel crane components can be elaborated.

2 Component transfer

In order to estimate the magnitude of each mentioned
effect, component-related butt joints were welded in
special in-house developed testing facilities. To maintain
the transferability of the weld test results to real com-
ponents, the restraint intensity of a typical welding ap-
plication in a mobile crane was analysed. The concept
of the restraint intensity was established by Satoh et al.
[11] for a quantification and comparison of restraint
conditions of different weld constructions. The restraint
intensity in weld transverse direction Ry is the compo-
nent stiffness towards the weld seam based on the seam
length Ly and can be estimated for simple butt joints
[6]; see Fig. 1. The restraint intensity determined in the
weld detail of the crawler crane superstructure is
Rpy = 1.5 kN/(mm mm) [12].

More severe testing conditions are represented in the
testing facilities. Since the restraint intensity is based on
the weld seam length Ly, a shorter weld increases the
intensity of restraint. The restraint intensity determina-
tion within the test setup in the testing facilities was
realised by the discretisation of the rigidity of the facil-
ity (nominal), the specimen dimensions (structural) and
the weld seam (local); see Fig. 2. Whereas the nominal
stiffness is constant for the testing facility, the restraint
intensity can be varied significantly by means of the
specimen dimensions (e.g. weld seam length and plate
thickness) and the rigidity of the testing facility. In this
study, the restraint intensity was varied from Rg, = 2 to
4 kN/(mm mm).

3 Component weld tests

Subsequently, in the component tests, V-groove butt joints
were automated multilayer MAG-welded at two different test-
ing facilities for two plate thickness classes of # = 8 and
20 mm with the 0.5-MN- and the 2-MN-testing facilities re-
spectively [12]. This allowed a simultaneous restraint while

Discretisation
Nominal Structural

Local !

F T T d : . ’“' i Iy i
Riy3 Rpy2 Rry1 3 BAM H B

Fig.2 Analytical determination of the restraint intensity [6] of the 2-MN-
testing facility with a clamped specimen

welding and cooling as well as an in situ observation of the
occurring reaction forces. High-strength quenched and tem-
pered fine-grained structural steels S960QL and S690QL, ac-
cording to EN 10025-6 [16], were analysed with similar high-
strength solid filler wires, according to EN ISO 16834-A [17].
The chemical composition and mechanical properties of the
test materials as well as the welding parameters are given in
[12], which also provides the variation of interpass tempera-
ture, heat input, steel grade and restraint intensity altered by
means of design of experiments (DoE). The restraint stresses
in the weld seam were analysed using mobile X-ray diffrac-
tion and the sin*W-method on the top surface of the plates with
applied restraint and after relaxation; see Fig. 3.

The welding process conditions were monitored in all weld
tests. Therefore, the heat input was determined by the mea-
surement of the actual values of welding current, voltage and
speed. The heat control was observed by means of tempera-
ture measurements with type-K-thermocouples (preheat and
interpass temperature) and with a two colour pyrometer direct-
ly on the weld seam (measuring range 350 to 1300 °C). Thus,
production-relevant process conditions (e.g. Atg/s-cooling
times) were maintained to provide the required micro structure
and weld properties; see Fig. 4.

1\

Reaction

Fig. 3 Residual stress analysis of clamped specimens
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Fig. 4 Heat control conditions
for S690QL: a contour plot of the
determined Afg/s-cooling times
vs. heat input and interpass
temperature and b microstructure
of weld and HAZ
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4 Weld stress analyses

The residual stress state of a welded component is subjected to
the complex interaction of its design, the welding process
conditions and the applied materials; see Fig. 5. This work
will review the results considering design and process condi-
tions [8] and the analysis taking into account the applied ma-
terials and the welding process [12]. Those analyses of the
previous works are extended by further experiments to satisfy
a complete effect analyses according to Fig. 5.

4.1 Effect of design and process conditions

In [8], the reaction force F() and temperature 7() were mon-
itored in high-strength steel welds by using the 0.5-MN-test-
ing facility. The effects of the process condition and the design
were analysed by the variation of heat control and restraint
intensity.

e Global reaction stresses

Following the evolution of the reaction force in Fig. 6a,
while preheating of the tack welded specimen, a compressive
reaction force persists. During root welding, a force buildup is
obvious due to the shrinkage of the already solidified inserted
weld metal, which generates transversal shrinking forces.
While the root weld is cooling down to interpass temperature,
the reaction force increases to a first maximum of F, = 58 kN

Design

Material strength,
toughness, transformation
plasticity

Shrinkage, restraint

Residual stress
state of welded
components

Process «— Phase transformation temperature, «—p Material
heat control, cooling time

Fig. 5 Complex interaction of influences on the residual stress state in a
welded component according to Karlsson [18]
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at 7; = 50 °C. A force reduction is initiated by welding of the
next layer due to local heat input combined with a transient
volume expansion of the weld area and, hence, a stress relief.
Again, cooling to 7; leads to a reaction force increase. This
force evolution with an increase of the force amplitude was
observed for every weld sequence. After the completion of the
weld and subsequent cooling to ambient temperature, a max-
imum reaction force of Fy cqq = 90 kN is reached. In Fig. 6b
reaction forces F(#) for weld tests using the 0.5-MN-testing
facility with different interpass temperatures of 7; = 50 °C and
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Fig. 6 Weld tests under defined restraint R, = 2 kN/(mm mm) in the 0.5-
MN-testing facility (S960QL, heat input £ = 0.6 kJ/mm, three runs,
preheat temperature 7, = 50 °C). a Reaction force Fy(#) and temperature
T(#) for interpass temperature 7; = 50 °C. b Comparison of Fy(f) for
different interpass temperatures 7; = 50 °C and 7; = 110 °C
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Fig. 7 Transverse reaction stress
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T; = 110 °C are shown. The two F(#) graphs exhibit the same
tendency. Though, a high interpass temperature (7; = 110 °C)
leads to a reduction of total welding time by 70% and a lower
level of the force amplitudes due to shorter cooling cycles. A
higher heat level thereby remains between each weld run and
causes decreased transverse shrinking forces and a reduced
reaction force after the last weld run. However, this leads to
a remarkable increase of the reaction force of Fy¢nq = 110 kN
after subsequent cooling to ambient temperature.

The resulting end reaction stresses 0Oy, enqg Were calculated
from each F .4 based on plate cross section and statistically
evaluated for the experimental design. These results are
shown in Fig. 7 by contour plots vs. temperature and heat
input. Varying the heat control between 7; = 50 and 110 °C,
E = 0.6 to 0.8 kJ/mm and the restraint intensity between
Rpy = 2 and 4 kN/(mm mm) by means of DoE resulted in a
major effect of the restraint intensity. A lower shrinkage re-
straint decreases the reactions stresses. Also, a reduced
interpass temperature leads to lower reaction stresses
(Fig. 7a). The effect of heat input is relatively small and not
statistically significant (Fig. 7b) in the analysed parameter
range.

*  Local restraint stresses
Local restraint stresses in the weld are due to the process

conditions and material behaviour. They are a result of the super-
position of three single components due to inhomogeneous

Fig. 8 Typical transverse
residual stress distributions
according to Nitschke-Pagel and
Wohlfahrt [19]

TensneI

A

A

0.6@®

2 3 4
Restraint intensity Rg, in kKN/(mm-mm)

temperature distributions in weld and HAZ, i.e. shrinkage stress-
es, quenching stresses and transformation stresses [19, 20].
Whereas shrinkage stresses are always present in welds,
quenching and transformation stresses are process and material
specific. Transformation stresses are caused by a restrained vol-
ume expansion during the transformation from austenite to fer-
rite, bainite or martensite. All areas with undergoing
austenisation are affected involving weld and HAZ.
Temperature gradients between the weld surface and the core
areas may cause additional quenching stresses. Note that these
three components are superimposed. Figure 8 shows typical
transverse residual stress profiles across the weld according to
common concepts [19]. These characteristic residual stress dis-
tributions are a consequence of the principal effect. The “M”-
form (a) and the “W”-form (c) are idealised cases. A thin cap
bead results in a homogeneous cooling and dominating compres-
sive stress at the weld centre line due to phase transformation (a).
In a bulky molten volume, an inhomogeneous transformation of
core and border areas is caused. The delayed transformation of
the core leads to characteristic tensile stress elevation at the sur-
face of the weld centre (c). Typical stress profiles of actual welds
are in-between of both cases. In case of Fig. 8b, additional
quenching stresses lead to a stress dip in the weld centre and
stress maxima next to the weld centre near the fusion line.
Primarily, residual stress measurements were performed at
free shrinking specimens, welded with varied heat control
parameters. Higher heat input and interpass temperature
values lead to larger heated volumes while welding. As a
result, a higher inhomogeneous shrinkage restraint occurs in
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Fig.9 Comparison of transverse residual stresses o(y) for two different
interpass temperatures 7; (S960QL, 0.5-MN-testing facility, after
relaxation, two runs, T, = 50 °C, E = 0.8 kJ/mm) [8]

combination with increasing tensile residual stresses [20].
Figure 9 shows the residual stress distributions for two welds,
where a different interpass temperature was applied. The re-
sidual stress maxima and the level of the weld at high interpass
temperature are significantly increased compared to weld at
low interpass temperature.

»  Superposition of local and global stresses

In Fig. 10a, transverse residual stress distributions of
specimens welded under free shrinkage and welded under
defined restraint (Rp, = 2 kN/(mm mm)) are compared.
Welding under additional restraint conditions causes an
increase of the residual stress profile due to the occurring
reaction stresses. Additional weld tests under a higher
restraint intensity (Rp, = 4 kN/(mm mm)) allowed a sta-
tistical evaluation of the effects of heat control and re-
straint condition on the transverse residual stress level.
These average tensile residual stresses in the weld metal
were calculated by Eq. 1 (y; = —6 mm, y, = +6 mm) [12].

1

Oils,avg(yl .. y2) = ((yz_y1)

Jhiozoas 1)

Fig. 10 a Transverse residual a
stress distributions oy(y) of 8 mm

thick S960QL specimens welded g Freaction
under free shrinkage and under <
restraint (Rpy = 2 kKN/(mm mm)) 2: 400
and b average transverse residual a2
; 2 200
stress 0"y w VS. interpass 5
temperature and restraint intensity g
at heat input £ = 0.6 kJ/mm §
@ -200
4
o
% -400
£ -8 6
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Fig. 10b shows the contour plot of the determined stress
levels as a function of interpass temperature and restraint in-
tensity at heat input £ = 0.6 kJ/mm. Obviously, not only the
increased restraint intensities cause higher stress levels but
also a growing influence of the interpass temperature.

4.2 Effect of material and process conditions

In [12], effects of process conditions and material were pri-
marily investigated. Therefore, the occurring welding stresses
in weld tests using the 0.5-MN- and the 2-MN-testing facili-
ties were analysed for two different steel grades with varied
heat control parameters. These investigations were extended
by additional component analyses in the present work to con-
clude a complete effect analysis.

e Global reaction stresses

Figure 11 shows the reaction stress buildup of two compo-
nent tests of S690QL welded with different interpass temper-
atures. The reaction forces were measured via load cells di-
rectly at the test frame of the 2-MN-testing facility. The mo-
mentary reaction stress was calculated based on the actual
weld height from a macrograph and the reaction force; see
Eq. 2:

oy(t) = }ijitz (2)

It is obvious that higher interpass temperatures lead to low-
er amplitudes of reaction stress in the component welds as
well; see Fig. 6. Comparing both tests, a 60 °C lower interpass
temperature results in a 15% lower end reaction stress after
cooling to ambient temperature. However, especially during
the cooling of the root weld to a reduced interpass tempera-
ture, high stresses could be reached due to the small load
bearing section. In this case, a reaction stress maximum of
approx. 140 MPa is gained. Note that this value is even higher
than the end reaction stress. In high-strength steel fabrication,
this behaviour is taken into account by the application of more
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Fig. 11 Comparison of reaction stresses o(¢) for two different interpass
temperatures 7; (S690QL, 2-MN-testing facility, nine runs, £ = 1.1 kJ/
mm, 7, = 120 °C)

ductile filler metals for the root to avoid its cracking. Thus, for
the component analyses of the S960QL with 20 mm plate
thickness, a lower strength solid wire G 46 according to EN
ISO 14341-A [21] was applied for the root weld.

Based on the results of [12], the variation of the factors was
extended to a parameter matrix by means of DoE. The result
of the statistic evaluation (variance analysis) of the end reac-
tion stresses for the complete parameter matrix is shown in
Fig. 12 for both materials, S690QL and S960QL. First, it
should be noted that the effect of interpass temperature and
heat input is significant in both steel grades, which agrees with
earlier studies [13, 14]; see also Fig. 6. Though, comparing the
contour plots of both materials, a remarkable increase of the
end reaction stresses in the welds of the lower strength steel
grade reveals for the whole parameter range. The reasons are a
different transformation behaviour of the weld metal and HAZ
heated above austenisation temperature and a different
resulting microstructure, pointed out in [12] and also in [22]
according to other recent works, e.g. [23].

e Local restraint stresses

Q

Fig. 12 End reaction stresses
Oy,end fOr component weld tests as
a function of interpass
temperatures and heat input, for
base material a S690QL and b
S960QL
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Fig. 13 Comparison of transverse residual stresses o™y (y) for two
different plate thicknesses # = 8 and 20 mm (S960QL, welded under
free shrinkage)

Comparing the residual stress distributions across the
welds of specimens in 8 and 20 mm thickness, a more com-
plex stress profile is obvious in the latter; see Fig. 13. Multiple
weld beads at the top of the weld and different conditions of
heat conduction in the through-thickness direction in thicker
plates lead to an extensive interaction of each effect due to
phase transformation, annealing and quenching. Thus, a com-
parison and evaluation of surface-near residual stresses are
more difficult in welds of thicker plates.

»  Superposition of local and global stresses

In Fig. 14, two transverse residual stress distributions
above the weld of S690QL specimens with different interpass
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Fig. 14 Comparison of transverse residual stresses 0™,(y) for different
interpass temperatures 7; (2-MN-testing facility, S690QL, six runs,
E=1.7kJ/mm, T, = 120 °C) [12]

temperatures are compared. From the stress distributions in
the weld metal, no significant differences can be found con-
sidering local residual stress maxima and magnitudes. Statistic
evaluations of the residual stress maxima and levels of both
analysed steel grades show a minor trend that higher interpass
temperatures effect increased and broader stress profiles at
high heat input [12].

However, the residual stress magnitude of the HAZ ex-
hibits a disproportionately high increase in the restrained test
specimens due to high interpass temperatures. Equation 1 was
used to quantify the residual stress magnitude of certain weld
areas according to [12]. For the quantification of the level of
the transverse residual stresses in the HAZ, the distance range
from the weld centre line of 15 to 30 mm was applied. The
determined values were statistically evaluated by means of
variance analysis of the parameter matrix of both steel grades.
The results are shown in Fig. 15 by contour plots of the aver-
age transverse residual stresses of the HAZ 0" jjo7 vs. heat
input and interpass temperature.

Fig. 16 Comparison of bending moments M,(¢) for S690QL component
weld tests with different interpass temperature at constant heat input
E=1.7kJ/mm

It is obvious that the application of a high heat input and a
low amount of weld beads respectively, leads to a significant
effect of the interpass temperature. In both steel grades, the
difference between the magnitudes of residual stresses in the
HAZ is about 100 MPa, whereas almost no difference could
be found for low heat input values. A possible cause for the
higher welding stresses in the HAZ is an increased reaction
moment. These bending moments are a result of the complete-
ly restrained specimen, which also results in hindered angular
distortion. The three-dimensional servo-hydraulically con-
trolled system of the 2-MN-testing facility allows a multiaxial
load analysis of the welded component [13]. Hence, the build-
up of the resulting bending moments was measured and is
shown for two weld tests with high heat input and different
interpass temperatures in Fig. 16.

Both graphs of the bending moments M, (f) are qualitative-
ly similar. It is obvious that already after the welding of the
root, a lower reaction moment appears in the specimen if a
higher interpass temperature was applied due to a shorter
cooling phase. While the cooling of the first filler bead, the
difference between both bending moments is approx.

Fig. 15 Average transverse a b °
residual stresses in the HAZ N\ 225 B
0"y 1Az, centre of component o S + < S .225
specimens (x = 0 mm) vs. £ 1807/ o y,a\l_g(—“s' . -30~)),,20° 1801 o y,av.g( )) .200
interpass temperature 71 and heat ~ in MPa in MPa D?I;g
input E, for base material a “5’ 160 for S690QL 1601 for S960QL 125
S690QL and b S960QL ® e PS 100

5 ’

g- 140 140 75

e
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Table 1 Resulting reaction stress on the top of weld of 2-MN-test
specimens of S690QL, £ = 1.7 kJ/mm

99
Unaffeclted % < Proportional increase
; due to global reaction stress
base material oy g

T;in °C Oy.end in MPa M, /W, in MPa Oy.10p in MPa
100 129 56 185
200 152 146 298

Section modulus Wy = b-h* % b =200 mm, 2 =20 mm

AM, = 0.5 kNm. However, welding of the second layer leads
to complete reduction of the reaction moment due to the heat
input at the top of the root weld. Analogous to the reaction
force buildup, this behaviour repeats for each weld sequence.
The ratio of bending moment increase to decrease in average
for each layer is greater than one. After welding of the top
layer in the weld of elevated interpass temperature, the bend-
ing moment is approx. AM, = 0.2 kNm higher. Cooling to
ambient temperature leads to an end reaction moment of
My eng = 1.95 kNm at high interpass temperature, compared
to My eng = 0.75 kNm at low interpass temperature. The bend-
ing moment is a result of the difference between the reaction
force of the top and the bottom of the weld. As a consequence,
the reaction stress at the top of the weld is higher for a positive
bending moment. The resulting total reaction stress of the
weld top site can be calculated by Eq. 3:

Oy top = % + AV‘/{.: (3)

In Table 1, the resulting local reaction stresses considering
hindered angular distortion oy, are shown for both compo-
nent welds of S690QL; see Fig. 16. The difference of the
reaction stress on top of the weld between both specimens is
approx. Aoy, = 113 MPa. This value is in good agreement
with the differences measured using X-ray diffraction analy-
ses in the HAZ; see Fig. 15a. Similar effects were found for
the higher strength steel S960QL shown in Fig. 15b.
Remarkably, the resulting reaction stresses and stress level in
the region of the HAZ are significantly decreased compared to
the S690QL steel grade [12] due to a different behaviour con-
sidering phase transformation.

4.3 Conclusion of the analyses

From the results, it can be stated that the common concepts for
residual stresses in welds are appropriate [20, 24]. However,
an improved assessment of the residual stresses especially in
welded components of high-strength steel is necessary.
Furthermore, the effects of design, material and process on
the residual stresses are subjected to a particular weld region;
see Fig. 17. The location of the highest residual stresses and
the combination of influence factors leading to critical values
have to be indicated. Thus, a simultaneous consideration of
the critical regions of the weld seam and the load type is

Increase due to high T;/ E, may
——P disproportionately increase
o-rs : s
y,HAZ under restraint condition

Increase due to high T;/ E, may
— shift from the weld to the HAZ
O °ymax under restraint condition

Weld Increase due to reaction stress
metal oS and high T;/ E, affected by trans-
yWH formation (Afgs), annealing and

quenching (multilayer welding)

Decreasing peak
temperature

Fig. 17 Schematic of different weld regions, major influences on the
residual stresses in a component weld

necessary. Particularly, the scope of residual stresses has to
be taken into account for the different effects in the HAZ, weld
metal, base metal and notches (e.g. fusion line). From the
analyses, the different effects for each zone in a welded com-
ponent can be concluded:

e Base material

The effect on the base material of welded components is
due to the global reaction stresses. The reaction stresses in-
crease if high preheat, interpass temperatures and high heat
inputs are applied. Increasing restraint intensities augment the
influence of heat control. The use of higher strength steel
grades in filler beads may lead to lower reaction stresses due
to an increased compensation of tensile stresses during phase
transformation.

*  Heat-affected zone

The transition from the weld metal to HAZ is characterised
by high residual stress gradients. Increasing transverse resid-
ual stresses were observed coming from the fusion line. After
a maximum, the residual stresses are declining towards the
base material stress level, which is primarily affected by glob-
al reaction stresses. Generally, the transverse residual
stress level was observed to be lower in the HAZ com-
pared to the weld metal. However, in welded compo-
nents, a superposition of the global reaction stresses and
increasing bending moments may occur if the lateral
and angular distortion of the weld is restrained. Then,
major effects are given by a high heat input and high
interpass temperature, especially in the case of the lower
strength steel grade S690QL. One consequence is a
disproportionally high increase of the residual stresses
in the HAZ, which was also shown for large component
tests by [10].
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*  Residual stress maxima

In prevailing standards and guidelines, the assumption of
maximum residual stresses on the amount of yield strength is
common. As shown, in high-strength steels, the highest ob-
served residual stresses on the surface of the top layer were not
higher than 50 to 70% for typical restraint intensities measured
with X-ray diffraction. The magnitude of the residual stress
maxima is rather affected by the factors discussed above.
Transverse residual stress profiles in steels with an undergoing
phase transformation are characterised by stress maxima in the
weld metal somewhat next to the weld centre line. The weld
centre line typically shows a stress dip due to quenching and
transformation stresses. If more than one cap bead is neces-
sary, these maxima occur next to the centre line of the last cap
bead. Cap beads welded before show rather lower secondary
maxima due to annealing effects. High interpass temperatures
and high heat inputs lead to increasing stress maxima magni-
tudes. Under restraint, the involved superposition of the reac-
tion stresses additionally intensifies the effect of heat control.
In thicker plates, where more than one cap bead is necessary, a
complex interaction of quenching, transformation and anneal-
ing due to bulky molten volumes occurs. Therefore, the resid-
ual stress maxima on the weld metal surface are difficult to
compare. Note that leaving the parameter range by means of
Atgs-cooling time may not only decrease the mechanical
properties of the weld but also generate higher stress maxima.
Since the stress maxima are located in the weld metal, usually
free from notches, it cannot be spoken of critical stresses due
to plastification effects during loading. However, as discussed
above, a disproportional high increase of the residual stresses
in the HAZ due to restraint conditions may lead to a shift of
the transverse residual stress maxima towards the fusion line
and HAZ. High residual stress magnitudes in the HAZ are
especially detrimental due to crack critical microstructures
(e.g. grain coarsening, softening).

e Fusion line

At the transition from the weld metal to HAZ, an avoidance
of high residual stresses is important as well. Since the role of
notches dominates mechanical behaviour of welded high-
strength steels, especially under cyclic load [25], high tensile
residual stresses may additionally cause disadvantageous ef-
fects considering the component lifetime.

o Weld metal

As discussed above, transverse residual stress levels in the
weld metal increase with high heat input and interpass tem-
perature. Restraint conditions of welded components, causing
reaction stress superposition, increase the effect of heat con-
trol. As for the residual stress maxima, the quantification of

@ Springer

the effect is more complex for thicker plates due to multilayer
welding.

5 Weld stress assessment

Finally, Fig. 18 schematically presents a concept for an eval-
uation of the analysed residual stresses. The derived state-
ments for the effects on the residual stress state are transferred
to the approaches of welded component assessment.
Consequently, global reaction stresses affecting components
are nominal stresses. A superposition with load-induced
stresses should be evaluated according to the nominal stress
approach [26]. With the analysis of average tensile residual
stresses, residual stress levels for different scopes could be
derived. These stress levels should be evaluated according to
the structural stress approach [27].

In some cases, a consideration of tensile residual stress
maxima is necessary, especially when they are located in crack
critical regions, for instance notches or detrimental micro-
structures of the HAZ. An unfavourable location of the stress
maxima may necessitate a highly conservative component
design. From this point of view, it is reasonable to take high
residual stress gradients into account, since they commonly
appear in transition regions of welds. Therefore, another pos-
sibility is a component assessment regarding the notch stress
approach [28]. The inclusion of residual stresses in the
strength assessment should consider quasi-static and dynamic
loads. Hence, diversified aspects regarding load, location and
different types of welding stresses should be provided by co-
efficients (e.g. stress concentration factors or notch factors).
With help of diversified welding stress analyses and evalua-
tions, an advanced optimisation of residual stresses due to

Residual
stress
evaluation

Fig. 18 Schematic evaluation of welding stresses by transferring the
given statements to the approaches of welded component assessment
according to Hobbacher [29]
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welding of high-strength steel components is achievable, in
order to take advantage of the technical and economic benefits
of those steel grades. The approach presented is based on the
design codes for the crane construction EN 13001 [30] and
mobile crane construction EN 13000 [30], since it is one of the
most important applications of high-strength fine-grained
structural steels.

5.1 Proof of strength in crane components

The design and assessment of components depends on
which load condition dominates. In mobile crane fabri-
cation, generally, a quasi-static load condition is as-
sumed according to EN 13000 [31] and FEM 5.004
[32]. Occurring regular dynamic loads are then consid-
ered applying dynamic coefficients dependent on the
load combination. If occasional loads from load combi-
nations (e.g. environmental effects) occur frequently
enough, then limit values for the design stress may be
calculated according to the nominal stress approach ap-
plying characteristic fatigue strength values according to
EN 13001 [30].

For the design of mobile crane structures [30—32], residual
stresses in welded components are only taken into account if
loads and stresses are transferred in transverse direction to the
weld. Therefore, Fig. 19 shows a flow chart for the proof of
strength of a critical location using the limit states method for
the design of a load bearing crane component. Individual char-
acteristic loads f; extended with the dynamic coefficients ¢;
and multiplied with partial safety factors y,, are combined to
load combinations Fj. Depending on safety restrictions, risk
coefficients v, have to be multiplied to the combined loads.
Based on that result, the determination of the load action Sy at
the specific section k can be conducted. The stress oy, for a
specific component is then calculated from the section specific
load actions. Additional stresses due to local influences o
(e.g. stress concentration and localised stress) may be
subjoined for the determination of the design stress o) at a
specific location /.

Instead of an over-the-board-assumption of residual stress-
es by safety factors, the realistic residual stress characteristics

and profiles should be taken into account. Therefore, residual
stress magnitudes and locations have to be quantified. For a
consideration and assessment of welding stresses in the com-
ponent design according to [30-32], the following approaches
are suggested:

5.2 Nominal stresses

As shown above in Figs. 7 and 13, the global reaction
forces in a welded component transverse to the weld
direction could be approximated by a function of the
restraint intensity and the heat control parameters for a
given material. A database would help derive good es-
timations, which could, e.g. be connected to numerical
determinations of the restraint intensity. Since the reac-
tion stresses in a weld are assumed to be constant
across the thickness, a consideration as nominal stresses
is suggested; see Fig. 20. In case of quasi-static load
condition, the design stress o'} can be calculated by a
superposition of the load-induced stress o and the re-
action forces; see Fig. 21a and Eq. 4.

FY(E’ Tp/i’RFY)

0'/1:0'S+ 1

=05+ 0y(E,Tpji,Rey)  (4)

Thus, the inclusion in beam modelling for assessment cal-
culation, e.g. for FEA, is practicable.

0, Load induced
Superimposed by " | /stress o A
reaction stres NS
Oy O}‘

Restraint stress

Fig. 20 Superposition of welding and load induced stress according to
nominal stress approach
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Fig.21 Superposition of welding a b C
and load induced stress according AC AC Ao o, ‘

to nominal stress approach for S —

Load induced o oA o
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stress O, m| ] . I

different load conditions, a quasi- /
static load, b cyclic load and ¢ /
crack in weld metal i

Reaction stress o, ¢

If reaction stresses are superimposed by cyclic loading, as
shown in Fig. 21b, not the stress range, but the stress ratio
(Eq. 5.1) and, therefore, the mean stress (Eq. 5.2) are affected:

’_ Omax 1 O—y

R _— 5.1
i —— (5.1)

0'm = Omax—Omin + Oy (5.2)

Thus, reaction stresses influence the lifetime of a
welded component. The lifetime is reduced due to the
mean stress effect. The sensitivity of specific materials
in the face of increased mean stresses can be derived from
Haigh-diagrams [33], which are also given in [30]. In case
of cracks in the weld, as shown in Fig. 21c, welding
stresses have to be considered in fracture mechanics.
Therein, reaction stresses directly superimpose load-
induced stresses and affect the crack driving force K as
primary stresses [34]. Corresponding to quasi-static and
cyclic load conditions, the knowledge about global
welding stresses is helpful for the determination of the
critical load and the residual lifetime respectively. In the
nominal stress approach, coefficients help to take local
influences, such as notches, surface conditions and mate-
rial, into account. However, local influences are not con-
sidered directly, which oftentimes results in conservative
designs. For assessments with improved precision, local
approaches are necessary [27, 28].

5.3 Local structural stresses

In analogy to the structural stress approaches, local residual
stresses can be considered, since whole regions are affected. If
the strength in a critical spot (referred as hot spot) should be
proven, the local welding stresses are of interest. In the case of
increased residual stress level in the surface near regions of the
HAZ, significant adverse effects on the design stress are ex-
pectable; see Figs. 14 and 15. For the strength assessment of a
welded component, a consideration as additional stresses due
to local influences 05, is necessary; see Fig. 19.

As shown in Fig. 22, the local effect of the increased resid-
ual stress level may be due to high reaction moments as a
result of the restrained angular distortion. Then, welding
stresses are observable due to a locally increased residual

@ Springer

stress level 0"y 4,0 (HAZ) from X-ray diffraction analyses as
well as bending moments oy, from global reaction force mea-
surements. Because of the application of average stresses in
the HAZ, the nonlinear stress peak oy, remains disregarded.
Moreover, the result is an additional stress increase due to
local influences o'5; at the specific section. This has to be
considered in the strength assessment of a high-strength steel
weld applying Egs. 6.1 to 6.4:

o1 =01+0y (6.1)
o"” = 03 + Oy ET /',RFy (62)
p/1
/ My (E7 TP/i’RFY)
021 = OMmx = T (6.3)
O-/HAZ = 05 + O-;S,HAZ (E, Tp/i,RFy) (64)

The local stress increase is a consequence of the
global forces and moments. Hence, an effect due to
the mean stress effect on the lifetime is given regarding
cyclic loading. The residual stress levels in the weld
metal in same direction as the load direction may be
taken also into account. Note that if no notch or critical
microstructure persists at the weld metal itself, effects of
stress concentration and local reduced mechanical prop-
erties can be excluded. Under the assumption of suffi-
cient toughness of the material, residual stress levels in

Resulting welding stress 5~ A o, Load
in the HAZ G55z ~ Grn .’ T induced
A stress

O-Mx ﬂl/ N \

Fig. 22 Superposition of welding and load induced stress according to
structural stress approach by consideration of locally increased residual
stress levels
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Fig. 23 Idealised schematic through thickness transverse residual stress
distribution of an unrestrained butt joint

steel welds are able to plasticify during the first loading,
since peak stresses reaching the yield strength, provided
that the residual stress distribution across the thickness
direction is self-equilibrating; see Fig. 23. Although
high-strength steels show a high yield ratio, as a rule,
the elevated yield strength and pronounced transforma-
tion stresses of high-strength steels lead to residual
stresses that are not on the amount of the yield strength.
However, overloading might lead to an earlier failure of
the component as a consequence of the decreased plas-
tic strain ratio.

Therefore, in the fracture mechanics, crack driving forces
are divided in primary and secondary stresses [34]. Primary
stresses arise from the applied mechanical loads (load induced
stress, reaction stress), and secondary stresses are due to local
residual stresses, which are self-equilibrating in the whole
structure. Hence, the effect of the secondary stresses frequent-
ly depends on if the residual stresses in the section containing
a crack are self-equilibrating, which is complicated to clarify.

Similar assumptions are made regarding cyclic loading of
welds. It is assumed that the mean stress effect and the residual
stress effect should be considered together [25]. With an in-
creasing strength of the base and weld metal, the effects vary,
since the ratio of the residual stress level to the yield strength
of the material decreases. Hence, it is suggested to divide
between local and global welding stresses according to their
origin. Note that the discussed residual stress level in the HAZ
should be taken into account, since they arise as a conse-
quence of the global bending moment. A redistribution of
stresses is then suppressed, especially in high-strength steels
due to the high yield strength. Also, detrimental microstruc-
tures might lead to a premature failure of the component,
particularly in combination with complex stress states. If, on
the other hand, local compressive residual stress levels occur,
beneficial effects considering the component performance in
0’1 may be contributed.

5.4 Local critical stress spots

Another consideration of o0, is due to local residual stress
maxima and the assessment of residual stresses in load critical
regions of the weld. This might be important in the case of the
following examples.

Load induced stressO'sA o”
y

A do7
i

E 5 ! rs
o, S| ] | O

rs

Resulting welding
stress at critical spots

<y

Fig. 24 Superposition of load induced stresses and stresses due to
welding by consideration of local tensile residual stress maxima and
material properties

For a local residual stress assessment of crane components,
the transverse residual stress distributions have to be taken
into account. However, an assessment of the residual stresses
alone is insufficient. The consideration of the local material
properties A(y) is necessary; see Egs. 7.1 to 7.3. Note that high
residual stress peaks in high-strength steels are usually due to
near-surface effects during cooling. As a consequence, the
maxima of transverse residual stresses are mainly located at
the weld metal; see Fig. 24. However, the fact that crack ini-
tiation typically starts from the surface, especially if defects
are present, this necessitates a high quality of the weld and its
surface [25, 33]. A superposition of high residual stresses and
stress intensifications due to local defects or a disadvanta-
geous design may lead to significant earlier failures of welded
components; see Eq. 7.4.

o't = o'u+ oy(A\() (7.1)

0',11 =05+ 0Oy ET /A,pr (72)
p/i

0-,21 = )\()/)'(O—Mx + Gnlp) (73)

0'rsmax = Os + A(y)o—;s,max (y) (74)

0'n = 05 +A(y)-oyy (7.5)

Special attention should be paid to the fusion line, since
fatigue behaviour in high-strength steel welds is dominated by
the notch effect; see Eq. 7.5. For a utilisation of the high-
strength steel potential in the face of cyclic loading, the quality
of the weld becomes the dominating factor due to the high-
yield ratio. As it has been shown above, the transition zone
from the weld metal to the HAZ is affected by high stress
gradients; see Fig. 24. Thus, the effective residual stress value
in the fusion line varies significantly from case to case. Hence,
a quantification and assessment is complex but recommend-
able. Generally, post-weld treatments are suggested to locally
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BM: S690QL
WM: matching
E=17kJmm
Toi =100 °C

Y

Fig. 25 Schematic for a quasi-static example calculation of the limit
design stress considering local structural stresses according to the
standards for mobile crane design

manipulate influences of notches and tensile residual stresses.
Though, the practicability depends on the time and cost effort
as well as accessibility of the weld seam.

In conservative assumptions in any load condition, the highest
residual stresses are on the amount of the yield strength and are

located at the fusion line. But, also high residual stresses in the
HAZ have to be judged conservatively, because of the locally
reduced mechanical properties due to a detrimental microstruc-
ture. A superposition of the mean stress effect and residual stress
effect leads to a parallel assessment of global welding and load-
induced stresses and local residual stresses respectively. Thus, the
consideration of both is necessary to supply any predictions
concerning cyclic design life [25].

5.5 Example calculation

A welded member of a mobile crane is subjected to a trans-
verse dead and hoist load; see Fig. 25. All loads are quasi-
static, tensile and normal to the weld cross section. In Table 2,
the maximum hoist load within the design stress is calculated
comparative according to [15, 30-32] and to the introduced
suggestion for local structural stresses; see Sect. 5.3. It is as-
sumed that the most unfavourable location in the welded
member is the HAZ. If the local residual stress level in the
HAZ in the design stress calculation is included, a consider-
ation of the local defects and residual stresses by a determina-
tion of the reference stress level ogq according to the concept
for the choice of steel grades for the avoidance of brittle frac-
ture in Eurocode 3 [15] is abdicable. Besides, this reference

Table 2 Example calculation of

the limit design stress according Parameter Approach
to the standards and the [15,30-32]
introduced approach for local
structural stresses Design stress o o'
F dead load 500 kN 500 kN
F> hoist load 660 kN 750 kN
Dynamic factors ¢, 1.23 1.23
(HC2, HD5, viy= 0.75 m/s)
Safety coefficients
(load combination A1)
Yp1 for the dead load 1.22 1.22%
Yp> for the hoist load 1.34 1.34%
Y for the risk (class 1, case 3) 1.1 1.1
Yo 610 kKN 610 kN
Y22l 1086 kN 1234 kKN
Load induced stress 0 =vn(YpiF'1 +Yp2P2f>)/A 466 MPa 507 MPa
(without local effects)
Residual stress level in - 120 MPa
HAZ 63147 (E, Tp/ivRFY)
0'1=0"11+ 0y 466 MPa 627 MPa
Limit design stress limo limo
Jy yield strength 690 MPa 690 MPa
Ym resistance coefficient 1.1 1.1
oy factor for limit weld stress 1.0 1.0
(normal stress, full penetration, tension)
Consideration of local defects 513 -
/ residual stresses by reference stress level (Tgg= —40 °C) ogq=0.75 * f,(£)
limo = Ry/vmm 466 MPa 627 MPa

# Checking of safety coefficients in terms of residual stress consideration; italic: results
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stress level concept was primarily developed for lower
strength steels and the maximum yield strength within this
concept is 690 MPa.

Hence, following the introduced approach, the limit design
stress lim o for the steel grade S690QL, welded with a
matching filler material, is increased. Taking into account
the toughness of the member, EN 13001 provides a calcula-
tion of different toughness parameters g; for an adequate
choice of the applied steel grade in order to avoid brittle
fracture.

The local and global stresses due to welding are therefore
included in the design stress o', by means of the residual stress
level in the HAZ 0" 1Az = 0'1az; see Eq. 6.4. It is supposed
that the welding residual stress level in the HAZ includes the
normal reaction stresses, Eq. 6.1, and bending stresses due to a
restrained angular distortion. As a result, the maximum hoist
load is 14% higher if calculated with local structural stresses
approach. Note that further examinations have to be done to
verify these calculations in several examples and also to check
the height of the partial safety factors for the dead or hoist
loads, by means of residual stress assessment.

6 Conclusions

In the present study, the interaction of the influence factors
(process, design, material) on the welding stresses in high-
strength steel components was investigated. Based on two
recent publications [8, 12], heat control, restraint intensity
and filler metal selection on local and global welding stresses
were further analysed. From studies of a real crane structure,
the experimental conditions were derived. Multilayer-MAG-
welds were conducted in butt joints under component-related
restraint in weld transverse direction. The observation of the
arising local and global welding stresses with special testing
facilities allowed their quantification and assessment regard-
ing the design of load-bearing crane components. From this
work, the following conclusions can be drawn:

1. Analyses of restraint conditions in real crane components
provide the transferability of observed effects in laborato-
ry experiments to realistic situations.

2. In the effect analyses of heat control, restraint intensity
and applied material on the local restraint stresses, global
reaction stresses and their superposition, varying results
dependent on the weld region were observed. High heat
input, interpass temperatures, restraint intensities and
transformation start temperatures of the filler metal gen-
erally lead to higher global reaction forces.

3. The same trend was observed for the local residual stress-
es, due to the superposition with global reaction stresses.
High restraints augment the effect of heat control param-
eters. In addition, the increase of the plate thickness has to

be taken into account due to the altered thermal conduc-
tion and residual stress distributions.

4. Elevated interpass temperatures associated with a high
level of heat input are especially able to increase the
welding stresses in critical regions of the weld under high
restraint conditions. This may be detrimental in the face of
overloading and premature failure considering lifetime.

5. Based on the technical guidelines for the design of crane
components, an engineering approach was conducted to
assess the welding stresses. The distinction of the scope of
the residual stresses in a component weld allowed the
consideration of the nominal and structural stresses and
critical stress spots. For the latter, local material properties
have to be taken into account.

6. The consideration of global welding and load-induced
stresses by o'y and of the local restraint stresses and ma-
terial properties 0’5 (A(y)) allows a precise strength assess-
ment by means of fitness for purpose designing high-
strength steel crane components. Calculations including
a superposition of those stresses and loads in critical re-
gions might prevent too conservative assumptions as well
as dangerous underestimations.

A first comparative calculation regarding crane component
design showed an increased utilisation of a welded high-
strength steel member using the introduced approach consid-
ering local structural stresses. In a next step, investigations
regarding verification of these calculations and of the partial
safety factors have to be performed at a number of typical
samples.
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