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Abstract 

The highest strength structural steels belong to the quenched and tempered group (Q+T). 
By increasing the strength of structural steels, the welding lobe becomes narrow. During 
the planning of the welding technology for a quenched and tempered high strength steel an 
extremely narrow welding lobe should be defined. The welding technology can be success-
fully planned on the basis of the optimal t8.5/5 cooling time range. In this paper welding 
experiments are presented to describe the effect of technological parameters (preheat-
ing/interpass temperature, linear energy) on joint properties, whilst the new development 
tendencies of high strength structural steels are also highlighted. 

Keywords: high strength steel, welding lobe, weldability difficulties, cooling time 

1. Introduction 

Increasing the strength of structural steels is a basic goal of steel producers. During the 
design of a welded structure weight reduction is often the optimization criterion, especially 
in case of mobile structures, where energy-saving is in focus with regard to its environmen-
tal and cost-saving aspects. The possibly thinner cross section is further advantage of high 
strength steels since they are material-saving and make possible the reduction of production 
time. Nowadays, there is a growing tendency for the application of higher strength steels (at 
least higher than S360N) in case of engineering structures, even considered conservative in 
terms of the applied materials, such as bridges, where the motivation of a slim built-up is 
often just an aesthetic criterion. 
By increasing the strength, the welding lobe is becoming narrow, which can only be kept 
by severe production requirements and distinguished quality assurance. In the first part of 
this paper the property and production technology of the highest strength structural steels 
(quenched and tempered) are discussed. Then, the new tendencies of the development of 
this steel group are also presented. In the second part, a series of welding experiments is 
demonstrated, where the effect of welding parameters on joint properties is analysed. Thus, 
experiments will be presented for the effect of preheating, interpass temperature and linear 
energy. The core of the evaluation is the examination of the limits of t8.5/5 cooling time. 
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2. High strength structural steels 

2.1. Development of structural steels 

The history of the development of structural steels by considering the strength increasing 
method is presented in Figure 1. 

 
Figure 1 Development of structural steels [7] 

By the use of normalizing process, the yield strength is maximized in 460 MPa, thus new 
methods have been developed since the seventies, when quenched and tempered (Q+T) 
group appeared. With this heat treatment process, combined with alloying components, the 
maximal yield strength can reach 1300 MPa. On the other hand, it should not be ignored 
that filler metals are not available, up to now, for this extreme strength, only if 15-20% 
undermatching is allowed. It is important to note that applying undermatching during the 
selection of the filler metal may have some additional positive effects (residual stress, fa-
tigue properties etc.) [1]. Due to the abovementioned causes, instead of S1100Q and 
S1300Q, the S960Q is more widespread, which can be welded by matched electrodes, as 
well. 
By the recent development of the thermomechanical (TM) process (blue colour in Figure 
1), the yield strength of TM steels have approached (Q+T) steels, thus it is worth examining 
this group by the upcoming welding researches. 

2.2. Production process of (Q+T) high strength steel 

The production process of (Q+T) high strength steels is presented in Figure 2. 

 
Figure 2 Production process of (Q+T) high strength steel 
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After a hot rolling above A3 temperature, slow cooling rate is generated until the plate 
cools down to room temperature. Then, the hot rolled plate is reheated above A3 tempera-
ture, and held there for a short period, while the microstructure in the whole cross section 
transforms to austenite. After that a quenching process takes place, when an extreme high 
cooling rate is applied, which can be achieved by water quenching [12]. In order to realize 
the quenched condition in the whole cross section, alloying components (Cr, Mo) are added 
to the steel, which move the CCT curves to the right. Microalloying elements (Ti, Nb, V) 
are also used in order to ensure and preserve the fine grain microstructure. Then, in the 
tempering cycle (HTT: high temperature tempering) of the heat treatment process the plate 
is heated under A1 temperature, which is followed by a slow cooling process. An optical 
microscope photo is presented in Figure 3 about the non-equilibrium, quasi-quenched (low 
carbon content) and tempered microstructure, which has outstanding strength and sufficient 
toughness properties.  

 
Figure 3 Non-equilibrium microstructure of a S960QL (WELDOX 960 by SSAB), 

N=1000x, 2% HNO3 

Nowadays during the development of structural steels, the strength increase is not the only 
challenge, since the steel producers have various solutions for that. The real difficulty is the 
preservation of toughness and ductility, and the improvement of weldability. In the follow-
ing two subchapters, two innovative high strength steels will be introduced, which may be 
an alternative choice for the above-mentioned (Q+T) steels. 

2.3. Direct quenched high strength steels 

Direct quenched high strength steels, marked with QC by the producer, have been recently 
developed by RUUKKI [8]. These steels are marked with green in Figure 1. During the 
production process, an intensive cooling is applied directly after the hot rolling, resulting a 
quenched microstructure. This is the first heating cycle, which is followed by a low temper-
ature tempering (LTT), with much lower temperature than A1. Therefore the microstructure 
of QC steels builds up from martensite and bainite, and rarely contains precipitates. Their 
carbon equivalent (CEV) is lower than that of the traditional (Q+T) steels due to the lack of 
chrome and molybdenum components, which is advantageous in terms of weldability. Dur-
ing their production the lower energy consumption (2 heat cycles instead of 3, and LTT 
instead of HTT) and the reduced number and extent of alloying elements have a cost-saving 
effect. Besides the abovementioned numerous advantages, it is important to highlight their 
unfavourable properties, as well.  Since the considerable part of the microstructure is mar-
tensite, the part of heat affected zone, heated between 450 °C and A3, significantly loses its 
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strength due to the tempering of martensite. Therefore the t8.5/5 cooling time should be max-
imized in 4 s according the producers [8]. It can only be extended (maximally to 15 s) if the 
design requirements allow undermatching; nevertheless, the strength and toughness of the 
weld and HAZ will be much lower than these properties of the base metal. 

2.4. Innovative solution by harmonizing the different strength increasing 
methods 

By the improvement of the thermomechanical treatment (TM), combined with several heat 
treatment technologies (bright annealing and tempering after TM rolling), the yield strength 
can reach the level of (Q+T) steels, as it is seen in Figure 1. Due to this compound produc-
tion process, applied by VOESTALPINE [11], the strength and toughness of the steel can 
be outstanding and their weldability is also better owing to the lower carbon equivalent. 
The application of these TM high strength steels (named to alform960 by the producer) can 
have a good effect on the productivity, because the allowable t8.5/5 cooling time range can 
be extended to 5-20 s for S960Q (according to the steel producer), instead of 5-15 s (or 6-
10 s as it is presented later). 

3. Technological criteria’s for the welding of AHSS 

3.1. Weldability in terms of steel components 

On the basis of the carbon content and carbon equivalent the Graville diagram (Figure 4) 
divides structural steels into three groups. Steels falling into area I can be welded without 
any problems and special precautions. Steels belonging to area II can be welded using from 
below limited heat input, while the welding of the steels from area III can be carried out by 
controlled linear heat input with simultaneous preheating [1]. 

 
Figure 4 Weldability of structural steels by the Graville diagram  

(Symbols of each steel category mark the exact content given by the real material         
certificates of several steel producers) 



  GMAW experiments for AHSS   

13 

According to the classification of the Graville diagram preheating and controlled linear heat 
input should be used for the welding of (Q+T) high strength steels. By considering these 
technological criteria the risk of cold cracking can be reduced, and the welded joint has 
better toughness and strength. The determination of linear energy and preheating tempera-
ture is the most important task of engineers during planning the welding technology of 
AHSS. The linear energy should be continuously kept in a low and constant value in order 
to preserve the unique mechanical properties of high strength steels; however, it results low 
productivity [13]. 

3.2. Definition of t8.5/5 cooling time 

The effect of linear heat input and preheating temperature can be analysed by the critical 
t8.5/5 cooling time range, which is extremely narrow in case of (Q+T) high strength steels. 
The behaviour of the cooling curve in this temperature interval (A3 to 500 °C, simplified to 
850-500 °C) is decisive for the final microstructure and mechanical properties. The cooling 
time can be calculated on the surface of the plate in the centreline of the weld by the equa-
tions listed below [5]. When heat convection is dominant and heat conductivity is less sig-
nificant (thin plates), the 2D model can be used: 
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When 3D thermal conductivity is dominant (thick plates), it is advised to use the 3D model 
below: 
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There is an equation for thickness limit in order to decide which formula (1 or 2) should be 

used: 
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Because the difference between the 2D and 3D model is too sharp, a 2.5D model was im-

proved for medium thickness plates [5]: 
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If the plate thickness is lower than 10 mm 2D model should be used: 
 

lim,1 10 s mm . (6) 
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The limit between 2.5D and 3D model is not an exact value, but a function, which can be 
calculated as follows. 
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The meaning of the different symbols in equations (1)-(7) are given in Table 1. 

Table 1 Definition of symbols of t8.5/5 equations 

Marking λ cp ρ T0 ϕ Ev v s 

Name 
thermal 
conduc-

tivity 

thermal 
capaci-

ty 

mass 
density 

preheating 
tempera-

ture 

heat 
flux 

linear 
heat 
input 

weld-
ing 

speed 

plate 
thick
ness 

Unit of 
measure-

ment  
Kmm

W


 

Kg

J


 

3mm

g  ºC W 
mm

kJ  
s

mm  mm 

Besides the equations, which are really useful during the determination of welding parame-
ters, a set of thermo-elements can be also used for checking the real t8.5/5 cooling time dur-
ing the welding. With its help, our decision about the selected 2D, 2.5D or 3D model can be 
guided. 

3.3. Welding lobe for a (Q+T) high strength steel 

The welding lobe can be determined on the basis of the optimal t8.5/5 cooling range, which 
becomes narrower by the increasing strength. The suggested cooling time range by a steel 
producer (SSAB) for a S355 mild steel is 2 to 80 s, whilst in case of a S960Q high strength 
steel it reduces to 5-15 s. On the basis of some practical experiences the optimal t8.5/5 range 
is even narrower, 6-10 s for S960Q [6]. The welding lobe for S960Q (s=15 mm. CET=0.37, 
single side butt weld) is presented in Figure 5.  

 
Figure 5 Welding lobe for S960Q (s= 15 mm, CET=0.37, single side butt weld) 
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It was prepared on the basis of WELDCALC software, and was improved according to our 
previous examinations [3, 4].  The orange line marks the minimum preheating temperature 
according to CET, and the black one is the upper limit of interpass temperature. Lines 
marked with blue and red describe the set of linear energy and preheating points belonging 
to the upper and lower limit of t8.5/5 cooling time. The area bordered by the four curves is 
the welding lobe. If the linear energy and preheating temperature are selected from outside 
the black and red curves, strength and toughness will be lower than the required values. If 
the selected parameters are lower than the parameter combinations, marked with orange and 
blue lines, the risk of cold cracking increases.  

4. Welding experiments for the analysis of technological parameters 

The motivation behind the welding experiments was to analyse the effect of welding pa-
rameters on the mechanical properties of high strength steel welded joints. Therefore, ex-
periments will be presented for the determination of optimal t8.5/5 range, the role of preheat-
ing and interpass temperature, and the effect of increased linear energy. The welded joints 
were made by gas metal arc welding (GMAW, ISO 135) using M21 (82% Ar + 18% CO2) 
shielding gas. The plate thickness was 15 mm, and single side butt welds were prepared 
with V joint type. Welding parameters were registered by a monitoring system (HKS), and 
t8.5/5 cooling times were controlled by a thermo element measuring instrument. The tables 
of the registered parameters also include the calculated cooling times, which were defined 
by the 2D model, presented in the (1) equation, since the 2.5 model was not available in 
WELDCALC software, which was used for the calculations. 

4.1. Applied materials 

The base metal, WELDOX 960 (marked with S960QL in EN 10025-6) was the product of 
Swedish SSAB. The chemical composition is summarized in Table 2. 

Table 2 Chemical composition of base metal in mass percent 

WELDOX 960 
C Si Mn Cr Ni Mo 

0.17% 0.22% 1.26% 0.20% 0.05% 0.594% 
V Ti Cu Al Nb B 

0.045% 0.003% 0.01% 0.053% 0.014% 0.002% 

Besides the extreme fast cooling rate (see in Figure 2), alloying elements are also necessary 
for guaranteeing the outstanding yield strength. From the alloying elements, manganese 
increases the strength by substitutionally replacing Fe atoms. Chrome has an advantageous 
effect for the quenching by decreasing the critical cooling speed, hereby moving the CCT 
curves to the right. It is important to note that chrome converts into carbide by carbon at-
oms, which is also positive for strength. Molybdenum has a similar effect as chrome, sup-
plemented by its’ tempering resistance behaviour. From the micro-alloying elements, which 
are generally guaranteeing the fine grain microstructure, a special component, the boron 
should be highlighted. The effect of boron is really compounded and difficult to analyse 
due to its small content. Boron can also form carbide by carbon atoms, and hamper the 
precipitation of proeutectoide ferrite at the grain boundaries [7]. 
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The heat treatment method of (Q+T) high strength steels, described in 2.2, can not be re-
peated after the welding; therefore, the chemical composition of the filler metal must be 
different from the base metal, as it is shown in Table 3. 

Table 3 Chemical composition of filler metal in mass percent 

UNION X96 
C Si Mn Cr Ni Mo 

0.11% 0.76% 1.90% 0.35% 2.23% 0.57% 
V Ti Cu Al Zr B 

0.004% 0.057% 0.002% 0.002% 0.001% 0.000% 

Besides the higher silicon, manganese and chrome content, the steel should be alloyed by a 
relatively high amount of nickel, which significantly increases the strength, whilst the elon-
gation and toughness hardly reduces [16]. 
The mechanical properties of base and filler metals are summarized in Table 4. Since the 
certification of the filler metal did not include the results of material tests, the minimum 
required values of the governing standard are given in Table. The base metals are indexed, 
because they were cut from different plates for the simple reason that the experiments were 
not carried out at the same time. 

Table 4 Mechanical properties of base metals 

 RP0.2 Rm A5 KV (-40ºC) 
 MPa MPa % J 

WELDOX 9601 1007 1045 16 68 
WELDOX 9602 1003 1061 16 79 
UNION X96* 930 980 14 40 

 *Standard minimum values in EN 16834-A 

4.2. Definition of optimal t8.5/5 cooling time range 

In the first experiment two cases were examined. 

Table 5 Welding parameters 

A 
Pass 

number 
Tpre/interpass 

[°C] 
v 

[cm/min] 
I 

[A] 
U 

[V] 
Ev 

[J/mm] 
t8,5/5 
[s] 

root 190 18 117 18.5 600 5.5 
2 150 41 247 24.6 700 6 

3-9 150 55 285 27.8 700 5 
B 

root 190 18 117 18.5 600 5.5 
2 150 41 247 24.6 700 6 

3-7 150 38 289 27.7 1000 10 
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In case A the linear energy was set to 700 J/mm for the filler passes, which results the low-
er limit (5-6 s) of the allowed t8.5/5 cooling time. In case B the linear energy was increased 
to 1000 J/mm, hereby the cooling time was 10 s. The linear energy was changed by the 
welding speed, which was a constant value thanks to a welding robot type ABB IRB1600, 
used for this experiment. The macroscopic pictures of welded joints are presented in Figure 
6. It can be seen that in case B (picture on the right) the weld built up from less welding 
passes, and the heat affected zone is much extended. 

 

     

Figure 6 Macro-photos about the joints (left: A case, right: B case) 

Transverse tensile tests were made according to EN 896. The average tensile strength of the 
specimens, taken from joint A, was 1030 MPa, whilst this value was just 977 MPa in case 
of B. The tensile strength of base metal (WELDOX 9601) was 1045 MPa. According to EN 
15614-1 the tensile strength of the test specimen should not be less than the corresponding 
specified minimum value for the parent metal, which is 980 MPa in this case (according to 
EN 10025-6). Summarizing the results, it can be concluded that with lower linear energy 
when the critical cooling time is approaching to the lower limit, the joint can surely fulfil 
the requirements. In case the upper limit (10 s) is continuously applied in all welding pass-
es, there is a high risk that the tensile strength will be under the required minimum 
980 MPa. 
Impact tests (EN 875) were also done by using Charpy V-notch specimens. According to 
EN 15614-1, the average value of the three specimens (VWT: notch in weld, VHT: notch in 
HAZ) shall meet the specified minimum value of base material standard, which is 30 J at -
40 °C. The standard also approves when one individual value under this limit (it should be 
at least 70% of that), if the requirement for the average is fulfilled. The results of Charpy 
tests are summarized in Table 6. It can be seen that both joints successfully fulfilled the 
standard requirements, although in case B, when higher linear energy was set, the tough-
ness reduced to 37 J. 

Table 6 Results of Charpy-V test 

 A B 
VWT 1/0 45 J 42 J 
VHT 1/1 48 J 37 J 

 
Hardness tests were also performed (EN 1043-1), using HV10 method. For (Q+T) high 
strength steels belonging to the 3rd steel group, according to CR ISO 15608, the permitted 
maximum hardness value is 450 HV for non-heat treated joints. In case A, where the risk of 
large hardness values in heat affected zone was higher due to the lower linear energy, the 
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maximum hardness was 413 HV. In case B lower maximum hardness values were meas-
ured, and the extension of the softened zone was larger. 

4.3. Effect of preheating and interpass temperatures 

4.3.1. Role of preheating 
The role of preheating is to avoid cold cracking. According to EN 1011-2 the minimum 
preheating temperature for high strength steels can be calculated by the following equation: 

  0.35697 160 62 53 32 328
35
comb

pre d v

s
T CET th H CET E

             
 

,

 (8) 

where 
 

 
10 20 40

Mn Mo Cr Cu Ni
CET C

 
   

.

 (9) 

In the equation scomb means the combined plate thickness, which is 30 mm in this case. By 
replacing the values of the chemical composition (listed in Table 2) to Eq (9) and setting 
the linear energy Ev to 600 J, the minimum preheating temperature is 130 °C. By consider-
ing the optimal t8.5/5 cooling time range, it is advised to increase this temperature; otherwise 
we can easily get under the suggested minimum 5-6 s. Therefore during our experiments 
the preheating temperature was set to 190°C  
In the following part, let us present the effect of the preheating temperature to the harden-
ability of high strength steel. In order to avoid the tempering effect of the filler passes we 
prepared just root welds. An example for the measurement method is presented in Figure 7. 

 

Figure 7 Hardness indentations across the root 

Figure 8 summarizes the results of the hardness tests, where hardness series of the full joint 
were also done at root side. It becomes obvious that there is no relevant difference between 
the root hardness of a full joint, whether it is made with or without preheating. It is the 
consequence of the tempering effect of filler passes. When only the root was prepared, a 
significant difference was noticed. If the root was welded without any preheating, the hard-
ness peaks in HAZ and the weld, approached the limit of 450 HV, which increase the risk 
of cold cracks. When the root was welded with 190 °C preheating, the maximum hardness 
values were around 400 HV. It is interesting to note that in case of a multi-pass weld, the 
extension of the tempering effect can reduce the hardness peak by 100 HV, and significant-
ly softens the heat affected zone. 
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Figure 8 Effect of preheating on hardenability of root side 

4.3.2. Limitation of interpass temperature 
From the welding lobe, presented in Figure 5, it can be seen that the interpass temperature 
should be strictly limited in order to guarantee the required strength and toughness of the 
welded joint. According to the manufacturer’s experience [6], the interpass temperature 
should be limited in 150 °C, which was also kept our experiments presented in 4.2. In terms 
of the productivity, there is a demand from the manufacturers to increase this temperature. 
Therefore an experiment is presented in this subchapter when the interpass temperature is 
limited to 250 °C. In this case, manual welding was used; therefore, the deviation of the 
welding parameters can be noticed in Table 7. 

Table 7 Welding parameters 

Pass 
number 

Tpre/interpass 
[°C] 

v 
[cm/min]

I 
[A] 

U 
[V] 

Ev 
[J/mm]

t8.5/5 
[s] 

Calculated Measured 

Root 190 17.01 113 17.5 600 5.5  
2 250 48.23 241 27.3 700 8  
3 250 64.32 304 30.3 700 9  
4 250 51.47 291 29.7 800 12  
5 250 45.28 280 29.5 900 14  
6 250 37.91 271 29.8 1000 19 10.7 
7 250 42.71 259 28.2 800 12  
8 250 42.76 286 29.7 1000 17  
9 250 41.93 271 30.0 900 16  

Tensile tests were similarly performed as in 4.2. The mechanical properties of the base 
metal can be found in Table 4 as WELDOX 9602. The average tensile strength of the spec-
imens was 1019 MPa, which is not significantly lower than the tensile strength of joints 
made with the stricter interpass temperature limit (4.1, case A). 
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The results of Charpy-V test are summarized in Table 8, where it can be concluded that the 
absorbed energy values safely fulfilled all requirements of the governing standard. 
Figure 9 shows the hardness distribution in the welded joints at the face and root side. The 
examined joint was compared with another joint welded with lower interpass temperature 
(150 °C).  

Table 8 Results of Charpy-V test 

Specimen symbol KV [J] Average KV [J] 
VWT-1 45 

43 VWT-2 47 
VWT-3 38 
VHT-1 42 

44 VHT-2 54 
VHT-3 36 

On the face side there is no difference between the hardness peaks of the two joints, how-
ever the softened zone had lower hardness when higher interpass temperature was used. 
With regard to the root side, the difference is more significant as it is shown on the right 
diagram. 
Summarizing the results of material tests, it can be concluded that by setting a higher in-
terpass temperature (250 °C instead of 150 °C), the strength slightly decreases and the min-
imum values of hardness are lower in both sides, although the requirements of the govern-
ing standard (EN 15614-1) can be fulfilled. 
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Figure 9 Hardness values in face (left) and root side (right) 

4.4. Effect of the linear heat input 

In the previous chapters it was presented that controlled and low linear energy shall be set 
to (Q+T) high strength steels, otherwise strength and toughness of the welded joint will lag 
behind the demanded values. In case of these experiments presented in this subchapter, 
relatively high linear energy was used. The parameters in Tables 9 and 10 are likely to 
result good toughness for mild steels, but they are not ideal for high strength steels, as it is 
shown later. In the first experiment the linear energy was slightly higher than 1000 J/mm, 
while the interpass temperature was limited just to 250 °C instead of 150 °C. In Table 9 it 
can be seen that the calculated t8.5/5 cooling time values are off the optimal range. 
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The welding parameters of the second experiment are summarized in Table 10. In this case, 
the joint was welded just from five welding passes by using a waving technique, which 
shall be absolutely avoided for the welding of high strength steels. It is important to note 
that there is a significant difference between the calculated and measured cooling time 
values. On the basis of our experiments, the (1)-(7) equations for the determination of t8.5/5 
cooling time estimates adequately the measured values in the area of 5-20 s, which is rele-
vant for high strength steels. 

Table 9 Welding parameters, 1st experiment 

Pass 
number 

Tpre/interpass 
[°C] 

v 
[cm/min]

I 
[A] 

U 
[V] 

Ev 
[J/mm]

t8.5/5 
[s] 

Calculated Measured 
Root 190 15.64 116 17.1 600 6  

2 250 45.45 237 25.4 600 8  
3 250 37.64 298 30.6 1200 25  
4 250 43.62 325 31.2 1100 23 17 
5 250 38.79 321 31.2 1200 28  
6 250 37.05 279 29.0 1000 20  
7 250 39.92 285 29.5 1000 19  

Table 10 Welding parameters, 2nd experiment 

Pass 
number 

Tpre/interpass 
[°C] 

v 
[cm/min]

I 
[A] 

U 
[V] 

Ev 
[J/mm]

t8.5/5 
[s] 

Calculated Measured 

Root 190 19.1 113 17.5 500 5 6 
2 250 37.2 230 25.7 800 11  
3 250 50.5 314 31.3 900 16  
4 250 30 324 31.0 1600 47 17 
5 250 26 310 31.1 1800 56 28 

 
In Figure 11 the macroscopic pictures of the two joints are presented. The right joint, weld-
ed with five passes, has extremely large heat affected zones, especially on the root side due 
to the tempering effect of the filler passes. 
 

     
 Figure 11 Macro-photos about the joints (left: 1st joint, 2nd joint)  
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The average tensile strength of the specimens taken from the first joint is 992 MPa, which 
is rather close to the required 980 MPa minimum value. In the second case, the tensile 
strength is much lower, namely 951 MPa, although more significant softening was ex-
pected. 
With regard to the results of the Charpy-V test, a significant decrease of toughness was 
measured, especially in the heat affected zone of the second experiment, where only one of 
the specimens fulfilled the 30 J requirement. In case of the first experiment, the HAZ was 
critical again, although the average value was above the required minimum Charpy energy. 

Table 11 Results of Charpy-V test 

Specimen symbol 
KV [J] Average KV [J] KV [J] Average KV [J] 

1st experiment 2nd experiment 
VWT-1 41 

41 
39 

38 VWT-2 42 37 
VWT-3 40 38 
VHT-1 53 

38 
27 

26 VHT-2 33 22 
VHT-3 28 30 

 * Red coloured values are under the required 30 J 
 
In Figure 11 the hardness of these two experiments were compared to an ideal joint, which 
was welded in nine welding passes with low linear energy and severely limited interpass 
temperature.  
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Figure 11 Hardness values in face (left) and root side (right) 

On the face side the hardness curves of the first experiment and the ideal joint were similar; 
however, in case of the second experiment, welded in five passes, significant hardness 
peaks were not measured, and the hardness was often under the base metal value. In the 
right diagram the hardness of the root side is presented. In this case, all measured hardness 
values are under the hardness of the base metal, and only a softened area can be noticed in 
the heat affected zones. This softened zone has the lowest hardness (236 HV instead of 
350 HV of base metal) in case of the second experiment. 
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5. Summary 

The highest strength structural steels belong to the quenched and tempered group, although 
there are new developments of steel producers, which even combine thermomechanical 
rolling with different heat treatments. 
The welding technology planning for (Q+T) high strength steels can be successful if weld-
ing parameters are selected on the basis of the optimal t8.5/5 cooling time range. By increas-
ing the strength of structural steels, the welding lobe becomes narrow, as it was presented 
in this paper. 
It is important to note that within the optimal cooling time range (6-10 s for S960Q) the 
lowest possible linear energy (500-700 J) results the best mechanical properties; although, 
the hardness peak can be even above 400 HV in this case. Generally, the upper limit of 
linear energy, which gives acceptable mechanical properties, is 900-1000 J/mm. When 
larger linear energy is set, the tensile strength and Charpy-V energy reduces under the re-
quired minimum values. 
The necessity of preheating can be verified by the experiment, when only root pass was 
welded without preheating. In this case, the measured maximum hardness value approached 
the allowed 450 HV limit in the weld and heat affected zones, which increases the risk of 
cold cracking. 
The necessity of the stricter 150 °C interpass temperature was not unambiguously verified 
(material tests safely fulfilled the standard requirements), while the strength of the joint was 
slightly lower and there was a larger extension of softened area in the heat affected zone. 
In case of the multipass weld, the hardness of the root side significantly decreases due to 
the tempering effect of filler passes. 
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