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Correlating welding reaction stresses and weld process conditions
for high-strength steel S960QL
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Abstract As a result of current trends towards lightweight
design, a growing amount of high-strength steels with yield
strengths above 690 MPa is applied. In comparison to the
weld process of lower-strength steels, small working ranges
have to be achieved with respect to a special microstructure
and high yield ratio. However, the sustainable and economic
application of these steels depends on the loading capacity and
the safety of welds when designing weld constructions. For
these demands, a precise knowledge of welding stress level
and distribution is essential. Therefore, the present study is
concerned with the interaction between heat control (interpass
temperature and heat input) and local as well as global stresses
in high-strength steel welds. Specimens were multirun welded
under defined restraint conditions in a special test facility
(controlled tensile weldability (CTW) test) to consider global
restraint. For the comparison concerning local residual stress-
es, free shrinkage test welds were performed as well. The
evaluation shows a significant influence of the interpass tem-
perature on the global reaction forces. Furthermore, increased
heat input and high interpass temperatures cause higher tensile
residual stresses. This occurred in the weld area of both free
shrinkage test specimen and CTW test specimen.
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High-strength steels . Process parameters

1 Introduction

In an increasing number of industries, high-strength fine-
grained structural steels are applied in modern steel construc-
tions [1, 2]. Today’s steel market provides a wide range of
weldable high-strength base materials. High savings in weight
and production costs are possible, depending on the material
strength [3, 4]. For an economical application of these steels,
the exhaustion of load capacity and simultaneous consider-
ation of advanced safety requirements are necessary. Hence,
the major objectives of the weld heat control are the compli-
ance of the required microstructure and properties as well as
sufficient hydrogen effusion and the avoidance of any crack
initiations. Therefore, the cooling time from 800 °C to 500 °C
(Δt8/5 cooling time) is broadly accepted as a practical indica-
tor [5]. In order to estimate the weld thermal cycle, many
empirical approaches, e.g. based on the carbon equivalent and
testing methods, were developed [6]. In addition to the met-
allurgical aspects, a reduction of residual stresses improves
crack prevention as well. This reduction can be accomplished
by an appropriate heat control before, during and after welding
[7]. Therefore, a detailed forecast of welding stresses is nec-
essary, especially when welding high-strength steels. So far,
most research activities are concerned with residual stress
characteristics in welds of free-shrinking laboratory samples
[8]. However, estimating welding stresses requires a sufficient
knowledge about the interaction between heat control, mate-
rial and restraint of surrounding structures [7, 9, 10]. Avoiding
crack critical reaction stresses and providing adequate me-
chanical properties depend on adequate heat control parame-
ters. The influence of restraint conditions on the stress devel-
opment was analysed in several numerical and experimental
works. These studies revealed a high effect of restraint inten-
sity and component dimensions on reaction stresses in welded
structures [11, 12]. Therein, local residual stresses are
superimposed by global reaction stresses due to the additional
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external shrinkage restraint, cp. Fig. 1. Depending on the
stiffness of weld constructions, the magnitude of maximum
residual stresses in the weld seam area can attain a crack
critical level [11, 13]. For that purpose, analyses considering
the interaction between heat control and stress build-up level
were realised by [14].

In most cases, expected welding stresses are considered via
global safety factors in the prevailing standard and technical
guidelines, e.g. EN 1011-2 [6] and EC 3 [15]. Continuative
studies for further improvements of this issue are missing so
far. Hence, this present study is concerned with the influence
of the weld thermal cycle on the stresses in high-strength steel
welds considering effects due to an external restraint.

2 Experimental

As test material, plates of high-strength quenched and tem-
pered fine-grained structural steel EN 10025-6 S960QL [16]
with a thickness of 8 mm were used. The filler material was
the similar high-strength solid wire according to ISO 16834-
A-G 89 6 M Mn4Ni2CrMo [17]. The chemical composition
and mechanical properties are given in Tables 1 and 2. All
welds were accomplished with an automatedMAGmultilayer
welding process. The welding parameters are shown in
Table 3.

Initially, free shrinkage weld tests were made. Thus, the
influence of heat control parameters on cooling rates and local
residual stresses was investigated. Moreover, these specimens
were tested according to ISO 15614-1 [18] to ensure the
required mechanical properties of the weld. To realise an

implementation of a defined restraint in transverse direction
during welding and cooling, the specimens were clamped into
the controlled tensile weldability (CTW) test facility (Figs. 2
and 3). For comparison reasons, considering resulting global
restraints in different weld constructions, the restraint intensity
RFy was established. The restraint intensity in weld transverse
direction RFy is the component stiffness towards the weld
seam based on the seam length. It can be estimated for simple
butt joints according to [19]. The restraint intensity was kept
constant RFy=2 kN/(mm·mm) in all CTW tests.

Additionally, run-on/off plates were attached to the speci-
mens to minimise influences of instable arc conditions during
ignition and shut-off. The variation of heat control was
realised by a modification of the interpass temperature Ti
and heat input E using design of experiments (cp. Table 4).
The heat input was modified via welding speed to achieve a
preferably constant heat output if possible. Though, weld
current and voltage were merely adjusted to accomplish a
stable welding process (cp. Table 3). Regarding production-
relevant process conditions, the Δt8/5 cooling times had to be
considered while selecting heat control parameters.

During all weld tests, preheat and interpass temperatures
were observed using type K thermocouples attached 10 mm
adjacent to the weld seam. In addition, the interpass temper-
ature was monitored with a contact thermocouple on the weld.
The determination of the Δt8/5 cooling times was realised by
an optical temperature measurement at the weld layer surface
using a two-colour pyrometer (measuring range 350 to
1,300 °C). Furthermore, in the CTW tests, the reaction force
was measured in real time while welding and cooling to
ambient temperature. The local residual stresses in the weld

Fig. 1 Welding stresses as a
result of local and global restraint
[11]

Table 1 Chemical compositions of test materials (spark emission spectroscopy)

Element (%)a C Si Mn B Cr Cu Mo Nb V Ni Ti CETd

Base materialb 0.12 0.23 1.27 0.0007 0.20 0.01 0.59 0.015 0.050 0.059 0.01 0.32

Filler materialc 0.11 0.71 1.47 0.0010 0.35 0.11 0.62 0.001 0.002 2.21 0.03 0.40

a Residual Fe
b EN 10025-6 S960QL [16]
c EN ISO 16834-A-G 89 6 M Mn4Ni2CrMo [17]
d EN 1011-2 [6]
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seam area were measured via X-ray diffraction using the sin2ψ
method on the top surface after cooling to ambient temperature.
Specimens from CTW tests were declamped before residual
stress measurements, because of accessibility reasons.

3 Results

3.1 Δt8/5 cooling times

Figure 4a presents a statistical evaluation of the determined
Δt8/5 cooling times within the analysed working range. By use
of design of experiments, an efficient evaluation of the effects
and interaction of the factors is possible. Within these statis-
tical analyses, the p value is a coefficient used to quantify the
effect significance of each factor. If p>0.05, the particular
factor has a significant effect since it exceeds the level of
significance of 5 %. It is obvious that the Δt8/5 cooling times
are significantly affected by both parameters interpass tem-
perature Ti and heat input E. Also, an interaction of both
parameters Ti ·E was observed. Hence, the effect of the
interpass temperature on theΔt8/5 cooling time increases with
higher values of the heat input (cp. Fig. 4b). However, these
determinedΔt8/5 cooling times are divergent compared to the
results of empirical relations for Δt8/5 cooling time forecast,
used in the prevailing technical guidelines and standards (e.g.
EN 1011-2 [6]). The measured Δt8/5 cooling time is on
average 2 s longer, apparently due to different specimen
dimensions and conditions of heat conduction in the present
case of weld test specimen. Moreover, from the applicatory
point of view, it can be said that the Δt8/5 cooling time is
affected by the heat input rather than by the interpass temper-
ature. Within this working range, the following functional
relation persists:

Δt8=5 ¼ 0:31þ 6:86E−0:097T i þ 0:22E�T i

Δt8=5 in s; E in kJ=mm; T i in �C
� �

:

3.2 Reaction forces and stresses

In Fig. 5, the reaction force Fy(t) and temperature T(t) are
shown for the CTW test R4. Starting at the root, the reaction
force is Fy=−2.4 kN, since the preheating of the tack-welded
specimen causes a low initially compressive force. A consid-
erable force build-up can be observed during the root-runweld
because the already inserted solidified weld metal generates
transversal shrinking forces. The reaction force increases fur-
ther as the temperature is decreasing during cooling to
interpass temperature. At Ti=50 °C, a first maximum of Fy=
59 kN due to restrained shrinkage occurs. During welding of
the next run, the reaction force decreases because a local heat
input combined with stress relief and a partial fusion of the
root weld occurs. Subsequent cooling to Ti leads to a new
continuous increase of the reaction force. During welding and
subsequent cooling of the top layer, a similar development
appears. But a maximum reaction force of Fy, end=90 kN was
measured at ambient temperature. Moreover, the amplitude of
the transient reaction force reduction is a result of the welding
heat input. This amplitude increases with each layer. Also, the
rise of the reaction force during subsequent cooling to
interpass temperature grows with every weld sequence.

Figure 6a shows reaction forces Fy(t) for CTW tests with
interpass temperatures of Ti=50 °C and Ti=110 °C. The two
Fy(t) graphs exhibit the same tendency. Obviously, the in-
creased interpass temperature of Ti=110 °C leads to a reduc-
tion of total welding timeΔtW by 71 %. A comparison of the
amplitudes of reaction forces at the particular weld sequence

Table 2 Mechanical properties of the test materials

Property Yield strength
Rp0,2 (MPa)

Tensile strength
Rm (MPa)

Elongation at
fracture A5 (%)

Contraction at
fracture Z (%)

Impact toughness
Av at −40 °C (J)

Hardness
(HV10)

Base materiala 960 980 bis 1,150 Min. 12 – Min. 27 336c

Filler materialb 954 1,024 14.6 40.7 52 345

a EN 10025-6 S960QL [16], properties under standard
b EN ISO 16834-A-G 89 6 M Mn4Ni2CrMo [17], properties from producer test report
c Hardness testing

Table 3 Welding parameters

Weld preparation Welding current, voltage Welding speed Wire feed speed Shielding gas

V groove; 45° 240A±20 A, 23V±1.5 V 390 mm/min to 550 mm/min 6 m/min to 7 m/min ISO 14175–M21–ArC–18 [22]
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reveals further quantitative deviations of the Fy(t) graphs.
These force amplitudes are much smaller while welding with
increased interpass temperature, since shorter cooling phases
are involved. This causes a higher remaining heat between the
weld runs. Hence, the reduction of transverse shrinking forces is
comparatively low at the particular weld sequence. Remarkably,
at the beginning of subsequent cooling of the top layer to
ambient temperature, the reaction force is about ΔFy=15 kN
lower while welding with higher interpass temperature. But, it is
assumed that this specimen contains a higher total heat quantity
after the top layer weld run due to shorter cooling phases. Hence,
an increased reaction force and, accordingly, reaction stress after
cooling to ambient temperature results. In this case, at compar-
atively low restraint intensity, the increase approximates 20 %.

Furthermore, Fig. 6b shows the influence of the heat input E
on the reaction force Fy(t) with a constant interpass temperature
Ti. Although only two instead of three runs were required to fill
up the weld seam, the end reaction force is slightly higher when
welding with increased heat input. Apparently, an increased
heat input leads to a steeper rising of the reaction force during
cooling to interpass temperature. Additionally, a higher total
heat quantity after the top lay weld run is presumed, which
induces higher transverse shrinking forces similar to the case of
increased interpass temperature. In Fig. 7a the statistical eval-
uation for the reaction stresses in weld transverse direction after
cooling to ambient temperature σy, end is presented by a contour
plot. These reaction stresses were calculated by means of the
measured reaction forces based on the specimen cross section

(A = 150mm • 8mm). The results are in accordance with earlier
research studies [11, 14, 23]. The end reaction stress is signif-
icantly influenced by the interpass temperature in the chosen
working range. Finally, Fig. 7b reveals that the highest influ-
ence of the interpass temperature on the end reactions stress σy,

end occurs at low heat input values respectively where more
weld-runs are required.

3.3 Local residual stresses in the weld seam area

Primarily, the analyses were focused on relations between
local transverse residual stresses σrs

y and heat control, since
global restraint conditions are applied in transverse direction
as well. In particular, high effects are presumed due to restraint
intensity. Figure 8 presents the transversal residual stress
distributions across the weld for two different interpass tem-
peratures at the centre line (x=0 mm) of the specimen welded
under free shrinkage (a) and the declamped CTW test speci-
men (b). Both graphs show typical transversal residual stress
distributions for steels including phase transformation effects
according to common concepts [20, 21]. The tensile stress
rises to a maximum of about 700 MPa (70 % of Rp0.2 of the
weld metal), if the high interpass temperature was used. Since
increased interpass temperature involves shorter cooling
phases, the remaining heat quantity in the weld is higher while
the top layer is welded (cp. Section 3.2 and Fig. 6a). In that
case, the subsequent cooling to ambient temperature causes an
increased inhomogeneous shrinkage restraint in the weld area.

Fig. 2 Specimen dimensions. a Weld run sequence, b free shrinkage weld, c CTW test specimen

Fig. 3 Test setup. a Free shrinkage weld test, b CTW test and schematic pattern of the test facility
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Table 4 Design of experiments
and process conditions for the
variation of heat control

Test no. 1 2 3 4 5 6 7 8

Preheat temperature Tp (°C) 50 50 50 50 50 50 50 50

Interpass temperature Ti (°C) 110 80 50 50 110 130 80 80

Heat input E (kJ/mm) 0.6 0.7 0.8 0.6 0.8 0.7 0.53 0.87

Free shrinkage F1 F2 F3 F4 F5 F6 F7 F8

CTW test R1 R2 R3 R4 R5 – – –

Fig. 4 Statistical evaluation of
Δt8/5 cooling times (model
quality R2=94.8 %, E is
significant (p<0.001), Ti is
significant (p<0.001), Ti ·E is
significant (p=0.031), level of
significance 5 %). aΔt8/5 cooling
times versus interpass
temperature Ti and heat input E, b
mean Δt8/5 cooling times versus
interpass temperature Ti for two
values of heat input E

Fig. 5 Reaction force Fy(t) and
temperature T(t) (number of runs
3, Tp=50 °C, Ti=50 °C, E=
0.6 kJ/mm, Δt8/5=6.4 s)
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Hence, the initiation of tensile stresses is corresponding. Fur-
thermore, cooling times above Δt8/5=10 s lead to increased
Ms and Mf temperatures. Around Δt8/5=15 s, the transforma-
tion temperatures are about 50 °C higher. Apparently, the
content of bainitic phase in the predominantly martensitic
microstructure of the weld metal grows above Δt8/5=10 s
and causes an additional increase of the residual stresses
according to previous studies [21].

A higher heat input similarly affects increased trans-
versal tensile stresses in the weld area (cp. Fig. 9). Fur-
thermore, the higher heat input causes an expansion of the
stress distribution profile. Though, this could be primarily
observed at free shrinkage test specimen (a). The reason is
a larger volume of heated material and, hence, an aug-
mentation of the involved inhomogeneous shrinking pro-
cess. The measurements of the free shrinkage specimen
are qualitatively consistent with the declamped CTW test

specimen measurements. Also, the quantitative deviation
is less than the measurement error. Since the superposi-
tion of global and local stresses at the CTW test spec-
imen was not measured due to accessibility reasons, the
effect of the restraint intensity could not been identified
at this point.

Furthermore, Fig. 10a reveals the effect of the heat
cycle by a statistical evaluation of the average transversal
tensile residual stresses over the weld seam area (y=−6 to
+6, x=0) σrs

y, avg(−6… +6) using a contour plot. The
maximum influence of the heat input occurred within
increased interpass temperatures, and the influence of
the interpass temperature rises with increasing heat input.
Both parameters have a significant effect similar to the
Δt8/5 cooling time (cp. Fig. 4). The relationship of the
maximum transversal tensile residual stress σrs

y, max to the
Δt8/5 cooling time shown in Fig. 10b reveals a linear

Fig. 6 Comparison of reaction force graphs Fy(t). a Fy(t) for two different interpass temperatures, E=0.6 kJ/mm. b Fy(t) for two different values of heat
input, Ti=50 °C

Fig. 7 Statistical evaluation of reaction stresses in weld transversal
direction due to restraint in the CTW test facility after cooling to ambient
temperature σy, end (model quality R2=69.67 %, E is not significant (p=
0.45), Ti is significant (p=0.002), Ti ·E is not significant, level of signif-

icance 5 %). a Reaction stresses σrs
y, end versus interpass temperature Ti

and heat input E. b Reaction stresses σrs
y, end versus interpass temperature

Ti for two values of heat input E
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correlation. However, a wide scatter is evident at the
maximum transverse tensile residual stresses. Apparently,
the residual stress distributions (cp. Figs. 8 and 9) exhibit
these deviations among the two maximum tensile stresses
in the weld seam as well as the measurement uncertainties
in the weld metal area.

3.4 Superposition of global and local stresses

In case of low restraint intensities, an elastic approach consid-
ering superposition of local and global stresses can be provid-
ed. Hence, it is assumed that the local transverse residual

stresses decrease by the amount of the global end reaction
stress while declamping the specimen welded under restraint
condition. In reverse, the local transverse residual stresses
measured at the declamped CTW test specimen can be
superimposed with the measured end reaction stress σy, end

[12]. This causes an offset in tensile direction, as long as there
is no plastic deformation. The resulting residual stresses
should not rise above the yield strength of the material. Fig-
ure 11 shows the residual stress distribution in weld transverse
direction for a CTW test specimen welded with E=0.7 kJ/mm
and Ti=80 °C and the assumed residual stress distributionwith
an offset of end reaction stress of σy, end=82 MPa.

Fig. 8 Transverse residual stresses σrs
y(y) on the weld seam at x=0 mm (seam centre) for two different interpass temperatures Ti, E=0.8 kJ/mm. a Free

shrinkage test specimen. b CTW test specimen, declamped

Fig. 9 Transverse residual stresses σrs
y(y) on the weld seam at x=0 mm (seam centre) for two different values of heat input E, Ti=110 °C. a Free

shrinkage test specimen. b CTW test specimen, declamped
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Finally, the statistically evaluated data of the average
transverse tensile residual stresses σrs

y, avg of the weld area
versus the interpass temperature for two different heat
input values are compared in Fig. 12. Figure 12a shows
the local stresses in the specimen welded under free
shrinkage condition. In Fig. 12b, the local stresses are
superimposed by the end reaction stress offset, measured
after the cooling of the CTW test specimen to ambient
temperature. It reveals a significant influence of the heat
input on local stresses in both test series, especially for
high interpass temperatures. Under restraint, however, the
influence of the interpass temperature on the local stresses
is considerably higher at low heat input. Though, com-
paratively low restraint intensities were present while
welding [10]. Further examinations should be made on
appropriate specimen and test facility dimensions as well
as higher restraint intensities.

Fig. 10 Statistical evaluation of transverse tensile residual stresses σrs
y(-

y) at weld seam area of free shrinkage test specimen (x=0 mm, seam
centre). aAverage stress σrs

y, avg(−6… +6) versus Ti and E (model quality

R2=80.2 %,E is significant (p<0.001), Ti is significant (p=0.001), Ti ·E is
significant (p=0.011), level of significance 5 %). bMaximum stress σrs

y,

max versusΔt8/5 cooling time, linear regression

Fig. 11 Transversal residual stress distribution σrs
y(y) at the weld seam

area of declamped CTW test specimen (x=0 mm, seam centre) for E=
0.7 kJ/mm and Ti=80 °C, plus offset of the end reaction stress σy, end due
to superposition (dashed line)

Fig. 12 Mean values of the average transverse tensile residual stress σrs
y,

avg(−6…+6) versus interpass temperature Ti for two values of heat input E
in the weld seam area for free shrinkage and declamped CTW test

specimens plus an offset of the particular end reaction stresses. a Speci-
men welded under free shrinkage conditions. b Declamped CTW test
specimen plus an offset of the particular end reaction stress σy, end
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4 Conclusions

In the present study, the influence of heat control on local and
global welding stresses in high-strength steel welds was
analysed by means of interpass temperature and heat input
variation. Free-shrinking multilayer welds were realised in
order to focus on cooling rates, mechanical properties and
local residual stresses. For the consideration of the global
restraint in welded structures, specimens were welded under
defined restraint intensity in weld transverse direction. The
following conclusions can be drawn:

1. The Δt8/5 cooling time is strongly influenced by the heat
control. Since the cooling rate primarily determines the
intended microstructure properties [5], it exhibits the at-
tainment of adequate strength and toughness. From the
applicatory point of view, theΔt8/5 cooling time is mostly
affected by the heat input in these analyses. However, it
cannot be used as an indicator for the level of reaction
forces and stresses.

2. The local residual stresses in the weld seam area are
influenced by the heat control. Furthermore, for the free
shrinkage test specimen, it was found that the magnitude
of the occurring transverse tensile residual stresses corre-
lates with the Δt8/5 cooling time.

3. The heat control directly influences the reaction stress in
weld transverse direction. A major dependence was ob-
served within the interpass temperature despite the com-
paratively low restraint intensity. High interpass tempera-
tures lead to increased reaction stresses.

4. The determined local stresses of the declamped CTW test
specimen were superimposed by an offset of the detected
global end reaction stress. This certainly revealed a higher
magnitude of transverse tensile residual stresses in the
weld seam area. Furthermore, the influence of the
interpass temperature on transverse residual stresses is
notably higher at low heat input in restraint welds. Nev-
ertheless, in this case, comparatively low restraint inten-
sities were attendant.

In future experiments, using increased specimen dimen-
sions and restraint intensities, the complex interaction between
heat control and welding reaction stresses should be further
analysed. Those results could help in deriving improved heat
control concepts and recommendations for existing technical
guidelines dealing with the safety and processing of high-
strength structural steel welding.
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