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Abstract. Beside quenched and tempered (QT) high strength steels advanced technologies in steel 

manufacturing provide steels produced by the thermo-mechanical controlled process (TMCP) with 

yield strength of 960 MPa. These steels differ in the carbon and micro-alloying element content. 

With variation of heat control TIG-welded dummy seams on both steel types were performed. 

Analyses concerning microstructure and residual stress evolution due to welding showed typical 

stress distributions according to common concepts. Yet, the TMCP-steel shows higher residual 

stresses than the QT-steel. 

Introduction 

High strength steels with yield strengths ≥ 690 MPa are applied in modern steel structures by a con-

siderably increasing number of industry sectors, as a result of current trends towards lightweight 

structures. By reducing the wall thickness, remarkable weight savings and lower processing costs 

are achievable [1]. While quenched and tempered (QT) high strength steels were found for most 

applications in the past, steels produced by the thermo-mechanical controlled process (TMCP) are 

becoming increasingly important [2,3]. Mainly these steels differ in the manufacturing process and 

in the chemical composition. High strength QT-steels contain a carbon content of less than 0.2 % 

and are water quenched to obtain a transformation into martensite or bainite followed by a temper-

ing process [1]. In comparison TMCP-steels comprise less carbon but a higher content of micro-

alloying elements, which lead to a precipitation hardening effect [3]. 

Usually the TMCP-steels are provided with a mill scale. This oxide scale is formed at high tem-

peratures during the manufacturing process and consists of wustite (FeO), intermediate magnetite 

(Fe3O4) and hematite (Fe2O3) [4]. The elements vary depending on plate thickness, chemical com-

position and the cooling conditions. The oxygen in the scale is a surface active element [5-7]. When 

a surface active element is present in a molten pool, the surface tension gradient can change from 

negative to positive. As a result the cooler liquid metal of lower surface tension at the edge of the 

pool is pulled inward by the warmer liquid metal of higher surface tension. This fluid flow transfers 

heat to the weld root and a narrow and deep weld is formed [8,9]. In the absence of surface active 

elements, the surface tension of molten metal decreases with increasing temperature. A broad and 

shallow weld results [8,9]. 

The deeper molten zone may lead to an inhomogeneous cooling of the weld seam because of a 

larger heat affected area. Therefore, higher temperature of the core of a weld results in a delayed 

phase transformation compared to the surface zone. Thus, high tensile residual stresses can be gen-

erated on the surface zones of the weld seam [10]. In the prevailing standards EN 1011-1 [11] and 

EN 1090-2 [12] the removal of rust, oxides and scale at the welding area is prescribed, but an ex-

plicit reason is not given. Hence, in this present study correlation between the fluid flow induced by 

a mill scale and the transverse residual stresses in high strength steel welds are discussed. 
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Experimental 

Materials. For the analyses a QT-steel S960QL and a TMCP-steel S960MC showing a mill scale 

were used. The chemical compositions are provided in Table 1. The mechanical properties are 

shown in Table 2. The strength as well as the hardness of both steels are similar. Both test material 

plates have a thickness of 8 mm. The microstructures are shown in Fig. 1. Both structures contain 

bainite and tempered martensite. In the QT-steel S960QL fine dispersed carbides can be detected. 

Hard precipitates are present in the TMCP-steel S960MC. 

 

Table 1: Chemical compositions (wt %) of the test materials 

 C Si Mn N B Cr Cu Mo Nb V Ni Ti 

S960QL
a)
 0.12 0.23 1.27 0.008 0.0007 0.2 0.01 0.59 0.015 0.05 0.059 0.01 

S960MC
b)

 0.095 0.13 1.68 0.01 0.001 0.9 0.03 0.2 0.005 0.1 0.46 0.02 

a)
 EN 10025-6, 

b)
 EN 10149-2, 

c)
 EN 1011-2 

 

Table 2: Mechanical properties of the test materials 

 
Yield Strength Rp0.2 

[MPa] 

Ultimate Tensile Strength 

Rm [MPa] 

Total Elongation A 

[%] 

hardness 

[HV 10] 

S960QL
 

960
a)
 980 to 1150

a)
 min. 10

a)
 354 ± 3

c)
 

S960MC
 

960
b)

 980 to 1250
b)

 min. 7
b)

 335 ± 3
c)
 

a)
 EN 10025-6, 

b)
 EN 10149-2, 

c)
 hardness testing according to EN ISO 6507-1 

 

  

Fig. 1: Microstructure of the test materials after Beraha I etching: a) QT steel S960QL, b) TMCP 

steel S960MC 

 

Welding. Free shrinking weld tests were made by using the TIG-welding process. On the plates 

dummy seams were produced with a tungsten electrode (ø 4 mm) under argon atmosphere. The 

benefit of dummy seams is, that the formation of residual stresses can be analysed excluding the 

disturbing effect of mixing of filler and base materials. The dimensions of the plates were 

110 mm x 80 mm x 8 mm (length x width x thickness). The weld seams were applied centrically on 

the plates with a length of 80 mm. To accomplish a stable welding process, welding voltage and 

current were adjusted constant. Consequently the variation of heat input E was realised by a modifi-

cation of the welding speed v. Table 3 represents the welding parameters for the TIG-welded dum-

my seams and the experimentally determined ∆t8/5-cooling times. 

For the determination of the ∆t8/5-cooling times type-K thermo couples with a diameter of 

0.5 mm as well as a two colour pyrometer were used. The temperature was measured in the weld 

centre at the weld seam length of 55 mm. The local residual stresses in the weld seam area were 

measured via X-ray diffraction using the sin
2
ψ-method on the top surface. Table 4 contains some 

experimental details for the residual stress analysis. 
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Table 3: Welding parameters for the TIG-welded dummy seams on the steels S960QL and S960MC 

Test nr. 1 2 

Heat input E [kJ/mm] 0.5 0.9 

Welding voltage U [V] 12 12 

Welding current I [A] 275 275 

Welding speed v [mm/min] 400 220 

∆t8/5-cooling time for S960QL [s] 2.5 9.4 

∆t8/5-cooling time for S960MC [s] 3.0 7.9 

 

Table 4: Experimental details for the X-ray diffraction using the sin
2
ψ-method 

Radiation CrK
α

 

Power Current I = 6.7 mA, voltage U = 30 kV 

Collimator ø 2 mm 

Lattice plane Ferrite: 211 (2Θ0 = 156°) 

ψ-range -45° to 45° (6 steps)

Results and discussion 

Fluid flow in the weld pool. Fig. 2 presents the macrosections of the dummy seams of the QT-steel 

S960QL. Both pictures show a relatively wide and shallow weld. This can be explained with the 

models of Heiple et al. [8,9]. In the absence of oxygen (mill scale), the surface tension of molten 

metal decreases with increasing temperature. Therefore the surface tension will be greatest at the 

edge of the weld pool and the highest under the arc. The surface tension gradient produces fluid 

flow from the centre of the molten pool to the edge. 

 

 
Fig. 2: Macrosections of the TIG-welded dummy seams of the QT-steel S960QL: a) test nr. 1, 

∆t8/5 = 2.5 s, b) test nr. 2, ∆t8/5 = 9.4 s; fluid flow indicated by arrows 

 

For the dummy seams of the TMCP-steel S960MC with a mill scale, a different characteristic 

can be noticed, cp. Fig. 3. A narrower and deeper welded zone is formed compared to respective 

welds without mill scale influence. The oxygen in the scale changes the temperature dependence of 

the surface tension, so that the surface tension of the molten pool increases with increasing tempera-

ture [8,9]. The surface tension gradient produces fluid flow from the edge of the molten weld to the 

centre, associated with a deeper penetration. 

 

 
Fig. 3: Macrosections of the TIG-welded dummy seams of the TMCP-steel S960MC with a mill 

scale: a) test nr. 1, ∆t8/5 = 3.0 s, b) test nr. 2, ∆t8/5 = 7.9 s; fluid flow indicated by arrows 
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Phase transformation temperatures during cooling after welding. To observe the transfor-

mation temperatures for the martensite and bainite transformation at both steels, a Single Sensor 

Differential Thermal Analysis [13] was realized. In Table 4 the transformation temperatures for all 

dummy seams are listed, based on the cooling curves registered by the type-K thermo couples and 

the two colour pyrometer. The very short ∆t8/5-cooling times for test nr. 1 are indicating a martensit-

ic transformation. For test nr. 2 the higher transformation temperature corresponds to bainite. 

 

Table 5: Transformation start temperatures for TIG-welded dummy seams of both steels 

Test nr. and material ∆t8/5 [s] Start temperature [°C] Microstructure 

Test nr. 1 S960QL 2.5 442 ± 5 martensite 

Test nr. 2 S960QL 9.4 470 ± 5 martensite + bainite 

Test nr. 1 S960MC 3.0 441 ± 5 martensite 

Test nr. 2 S960MC 7.9 482 ± 5 marteniste + bainite 

 

Corresponding to the barely existing differences in the transformation temperatures, the same 

amounts of martensite, respectively bainite in the weld seams are assumed. 

 

Local Residual Stresses in the weld seam area. At first, the analyses are focused on relations 

between heat input and the transverse residual stresses σ
rs
y. Fig. 4a presents the transverse residual 

stress distributions σ
rs
y(y) for the TIG-welded dummy seams of the QT-steel S960QL for two dif-

ferent heat inputs E by varied welding speed v. Both graphs show tensile residual stresses in the 

heat affected zone (HAZ) due to inhomogeneous shrinking processes and lowered tensile residual 

stresses in the weld as a consequence of volume expansion during phase transformation [10,14]. For 

low heat input E of 0.5 kJ/mm a symmetrical distribution σ
rs
y(y) is shown with maximum tensile 

residual stresses σ
rs
y of about 250 MPa at y = ± 4 mm and compressive stresses σ

rs
y of -20 MPa at 

the weld centre (y = 0 mm). The tensile stresses rise to a maximum of about 400 MPa at y = 4 mm 

for the higher heat input E of 0.9 kJ/mm. In the weld tensile stresses up to 100 MPa can be local-

ized. Thus, a higher heat input increases the transverse residual stresses σ
rs
y in the HAZ. Further-

more, the shape of the stress distribution is getting wider. 

 

  
Fig. 4: Transverse residual stress distributions σ

rs
y(y) on the weld seam at seam centre for two dif-

ferent values of heat input E: a) QT-steel S960QL, b) TMCP-steel S960MC with a mill scale 

 

Fig. 4b shows the transverse residual stress distributions σ
rs
y(y) at the weld seam centre for the 

TIG-welded dummy seams of the TMCP-steel S960MC for two different heat inputs E by varied 

welding speed v. The small heat input E of 0.5 kJ/mm results in a typical distribution σ
rs
y(y) with the 

phase transformation effect. Maximum tensile residual stresses σ
rs
y of about 500 MPa at y = ± 2 mm 
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in the weld with a dip in the weld centre (y = 0 mm) is presented. The higher heat input E of 

0.9 kJ/mm leads to increased tensile stresses over the entire weld seam with a maximum of about 

700 MPa in the weld centre (y = 0 mm) and a wider stress distribution. It is remarkable that even for 

shorter ∆t8/5-cooling times of the TMCP-steel, higher residual stresses are generated. The reason is 

discussed below. 

 

Comparison of the residual stress distributions. In Fig. 5 the transverse residual stress distri-

butions σ
rs
y(y) for both steel types are compared for each heat input E. In both pictures the TMCP-

steel shows higher maximum tensile stresses. Moreover, for the QT-steel the maximum tensile 

stresses exist in the HAZ. Whereas, for the TMCP-steel those tensile stresses are located in the weld 

seam.  

 

  
Fig. 5: Comparison of transverse residual stresses σ

rs
y(y) on the weld seam for both steels (seam 

centre): a) E = 0.5 kJ/mm, b) E = 0.9 kJ/mm 

 

For the QT-steel the tensile stresses in the HAZ increase with increasing heat input E because of 

a larger volume of heated material and the involved inhomogeneous shrinking process. The main-

taining of the phase transformation effect in each case for the QT-steel in the weld can be associated 

with a homogenous transformation into martensite and small amounts of bainite [10,14]. 

The increased tensile stresses for the TMCP-steel over the entire weld are based on a different 

effect. For both steels the phase transformations take place at similar temperatures, cp. Table 5. 

Therefore, the reason for the significant difference in the distributions cannot be explained with 

different transformation temperatures. The deeper penetration of the molten bath for the TMCP-

steel, cp. Fig. 2 and Fig. 3, leads to an effect, which is described as inhomogeneous transformation 

[10]. A delayed phase transformation of the core of the weld results in high tensile stresses in the 

surface of the weld seam. 

Conclusions 

In the present study, the influence of heat input on local welding residual stresses in quenched and 

tempered and thermo-mechanically hot rolled high strength steels was analysed. The following con-

clusions can be drawn: 

1) The local residual stresses in the weld and the HAZ are influenced by the heat input. Higher 

heat input leads to an increase of the tensile residual stresses in the weld for the TMCP-steel 

and in the HAZ for the QT-steel as a consequence of a larger heat affected area and phase 

transformation effects. 

2) The results show that significant differences in the transverse residual stress distributions are 

present when comparing a QT-steel and a TMCP-steel showing a mill scale. The TMCP-steel 

shows considerably higher tensile residual stresses. 
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3) The fluid flow influenced by the elements present in the mill scale leads to a deeper penetration 

of the material. Consequently, the temperature distribution across the weld is altered leading to 

a larger heat affected area. 

4) The higher temperature gradient across the weld associated with the larger penetration depth in 

case of the mill scale led to inhomogeneous shrinkage and phase transformation, which can ex-

plain the increased tensile residual stresses in the surface of the weld and the HAZ. 

5) From viewpoint of welding a mill scale may considerably influence the fluid flow in the weld 

and therefore the temperature distribution, which in consequence may alter the residual stress 

distribution in the weld as well as the heat affected zone.  
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