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Abwkorrigiert [%] Korrigierte Abweichung 
  Corrected deviation 

CET [%] Kohlenstoffäquivalent 
  Carbon equivalent 

E [kJ/ cm] Streckenenergie 
  Energy-per-unit length 

F [N] Kraft 
  Force 

G [1] Korngröße 
  Grain size 

HD [cm3/ 100g] Wasserstoffgehalt des Schweißgutes 
  Hydrogen content of the weld metal 

HV [1] Härtewert nach Vickers 
  Hardness according to Vickers 

IS [A] Schweißstrom (Messwert) 
  Welding current (measured value) 
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L0 [mm] Anfangsmesslänge 
  Gauge length 

MS [°C] Martensitstarttemperatur 
  Martensite starting temperature 

Q [kJ/ mm] Wärmeeinbringung 
  Heat input 

Q0 [J] Wärmemenge einer punktförmigen Quelle 
  Heat quantity of a spot-shaped source 

Q1 [J/ cm] Wärmemenge einer linearen Quelle 
  Heat quantity of a linear source 

Q2 [J/ cm2] Wärmemenge einer ebenen Quelle 
  Heat quantity of a planar source 

R [mm] Abstand zwischen einer punktförmigen Wärmequelle 
  und einem Punkt im unbegrenzten Körper 
  Distance between a punctiform heat source and a 
  point in an unlimited body 

Rp0,2 [MPa] 0,2%-Dehngrenze 
  0,2%-yield strength 

R2 [1] Bestimmtheitsmaß 
  Coefficient of determination 

ReL [MPa] Untere Streckgrenze 
  Lower yield point 

Rm [MPa] Zugfestigkeit  
  Tensile strength 

T [°C] Temperatur 
  Temperature 

TU [°C] Umwandlungstemperatur 
  Transformation temperature 

Ti [°C] Zwischenlagentemperatur 
  Interpass temperature 

Tmax [°C] Spitzentemperatur 
  Peak temperature 

T0 [°C] Vorwärmtemperatur, Arbeitstemperatur 
  Preheating temperature, working temperature 
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T8/4 [°C s] Integral der Abkühlkurve in den Grenzen von 
  t800 bis t400 

  Integral of the cooling curve within the limits of 
  t800 to t400 

T8/4-400°C [°C s] Integral der Abkühlkurve in den Grenzen von t800 bis 
  t400 ohne die Fläche unterhalb von 400°C 
  Integral of the cooling curve within the limits of t800 to 
  t400 without the area below 400°C 

U [V] Schweißspannung (Einstellwert) 
  Welding current (setting value) 

US [V] Schweißspannung (Messwert) 
  Welding voltage (measured value) 

W1 [s1/2 mm cm °C/ kJ] Koeffizient für die Wärmeableitung 
  (zweiseitig begrenzter Körper) 
  Coefficient for the heat dissipation 
  (double-sidedly limited body) 

W1/T [s1/2 mm cm °C/ kJ] Koeffizient W1 bei der Temperatur T 
  (zweiseitig begrenzter Körper) 
  Coefficient W1 at temperature T 
  (double-sidedly limited body) 

W2 [s cm °C/ kJ] Koeffizient für die Wärmeableitung 
  (einseitig begrenzter Körper) 

  Coefficient for the heat dissipation 
  (one-sidedly limited body) 

W2/T [s cm °C/ kJ] Koeffizient W2 bei der Temperatur T 
  (einseitig begrenzter Körper) 

  Coefficient W2 at temperature T 
  (one-sidedly limited body) 

 

a [cm2/ s] Temperaturleitzahl 
  Temperature coefficient 

b [1/ s] Temperaturübergangsfaktor 
  Temperature transition factor 

c [J/ g °C] Spezifische Wärme 
  Specific heat 

d [mm] Blechdicke 
  Plate thickness 
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dD [mm] Drahtdurchmesser 
  Wire diameter 

dK [mm] Korndurchmesser 
  Grain diameter 

dü [mm] Übergangsblechdicke 
  Transition plate thickness 

d0 [mm] Probendurchmesser 
  Diameter of the specimen 

k [MPa/ mm1/2] Korngrenzenwiderstand 
  Grain boundary resistance 

max [%] Maximalwert 
  Maximum value 

m1 [s1/2 mm cm2 °C/ kJ2] Steigung der linearen Regressionsgleichung von W1 

  Increase of the linear regression equation of W1 

m2 [s cm2 °C/ kJ2] Steigung der linearen Regressionsgleichung von W2 

  Increase of the linear regression equation of W2 

mm1 [s1/2 mm cm2/ kJ2] Steigung der linearen Regressionsgleichung von m1 

  Increase of the linear regression equation of m1 

mm2 [s cm2/ kJ2] Steigung der linearen Regressionsgleichung von m2 

  Increase of the linear regression equation of m2 

mn1 [s1/2 mm cm/ kJ] Steigung der linearen Regressionsgleichung von n1 

  Increase of the linear regression equation of n1 

mn2 [s cm/ kJ] Steigung der linearen Regressionsgleichung von n2 

  Increase of the linear regression equation of n2 

n1 [s1/2 mm cm °C/ kJ] Achsenabschnitt der linearen Regressionsgleichung 
  von W1 

  Axis section of the linear regression equation of W1 

n2 [s cm °C/ kJ] Achsenabschnitt der linearen Regressionsgleichung 
  von W2 

  Axis section of the linear regression equation of W2 

nm1 [s1/2 mm cm2 °C/ kJ2] Achsenabschnitt der linearen Regressionsgleichung 
  von m1 

  Axis section of the linear regression equation of m1 
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nm2 [s cm2 °C/ kJ2] Achsenabschnitt der linearen Regressionsgleichung 
  von m2 

  Axis section of the linear regression equation of m2 

nn1 [s1/2 mm cm °C/ kJ] Achsenabschnitt der linearen Regressionsgleichung 
  von n1 

  Axis section of the linear regression equation of n1 

nn2 [s cm °C/ kJ] Achsenabschnitt der linearen Regressionsgleichung 
  von n2 

  Axis section of the linear regression equation of n2 

m1/T [s1/2 mm cm2 °C/ kJ2] Steigung der linearen Regressionsgleichung von 
  W1/T 

  Increase of the linear regression equation of W1/T 

m2/T [s cm2 °C/ kJ2] Steigung der linearen Regressionsgleichung von 
  W2/T 

  Increase of the linear regression equation of W2/T 

n1/T [s1/2 mm cm °C/ kJ] Achsenabschnitt der linearen Regressionsgleichung 
  von W1/T 

  Axis section of the linear regression equation of W1/T 

n2/T [s cm °C/ kJ] Achsenabschnitt der linearen Regressionsgleichung 
  von W2/T 

  Axis section of the linear regression equation of W2/T 

q [J/ cm2 s] Wärmestromdichte 
  Heat flow density 

q [W] Leistung 
  Capacity 

qS [J/ s] Wärmestrom 
  Heat flow 

r [mm] Abstand zwischen einer linearen Wärmequelle und 
  einem Punkt im unbegrenzten Körper 
  Distance between a linear heat source and a point in 
  an unlimited body 

s [%] Standardabweichung der Einzelmessung 
  Standard deviation of the individual measurement 

t [s] Zeit 
  Time 
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tT [s] Zeit, bei welcher die Schweißraupe nach dem 
  Lichtbogendurchgang eine Temperatur von T 
  erreicht hat 
  Time required by the weld bead for reaching the 
  temperature T after the arc passage 

tv [s] Verweildauer im oberen Austenitgebiet 
  Exposure time in the upper austenite range 

t8/4 [s] Abkühlzeit von 800°C auf 400°C 
  Cooling time of 800°C to 400°C 

t8/5 [s] Abkühlzeit von 800°C auf 500°C 
  Cooling time of 800°C to 500°C 

vD [m/ min] Drahtgeschwindigkeit 
  Wire speed 

vS [cm/ min] Schweißgeschwindigkeit 
  Welding speed 

w [mm] Abstand zwischen einer ebenen Wärmequelle und 
  einem Punkt im unbegrenzten Körper 
  Distance between a plane heat source and a point in 
  an unlimited body 

x [1] Variable 
  Variable 

y [1] Variable 
  Variable 

xi [1] Messwert 
  Measured value 

x  [1] Mittelwert 
  Mean value 

z [1] Variable 

  Variable 

 

γ [g/ cm3] Spezifisches Gewicht 
  Specific weight 

δ [mm] Schichtdicke 
  Layer thickness 

δT/ δn [°C/ mm] Temperaturgradient 

  Temperature gradient 
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δT/ δt [°C/ s] Geschwindigkeit der Temperaturänderung 
  Speed of temperature change 

η  [1] Wirkungsgrad 

  Efficiency 

λ [J/ cm s °C] Wärmeleitzahl 
  Heat coefficient 

σi [MPa] Reibspannung 

  Friction tension 

 

 

Abkürzungen 
Abbreviations 

B  Bainit 

  Bainite 

DIN  Deutsche Industrie Norm 

  DIN Standard 

MAG  Metall-Aktivgasschweißen 

  Metal Arc Active Gas Welding 

MSG  Metall-Schutzgasschweißen 

  Gas Shielded Metal Arc Welding 

RT  Raumtemperatur 

  Room temperature 

SEP  Stahl-Eisen-Prüfblatt 

  Steel Iron Test Sheet 

SEW  Stahl-Eisen-Werkstoffblatt 

  Steel Iron Material Sheet 

SZTU  Schweiß-Zeit-Temperatur-Umwandlung 

  Weld-Time-Temperature-Transformation 

TE  Thermoelement 

  Thermocouple 

ZTU  Zeit-Temperatur-Umwandlung 

  Time-Temperature-Transformation 
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Abstract 

New evaluation concept for the characterisation of the temperature-time-sequence 

of super high strength fine-grained structural steels 

A flawless welded joint is indispensable for taking advantage of the positive properties of 

the super high strength fine-grained structural steels S960 and S1100. In order to ensure 

the required flawless joint it is necessary to give particular attention to the measures for 

the prevention of hydrogen-induced cracks, besides considering general processing 

directives. Further, the mechano-technological properties of the weld metal and of the HAZ 

must meet the defined requirements. In this connection, the temperature-time-sequence 

as an influential factor in high and super-high strength fine-grained structural steels is of 

fundamental importance with regard to hardness, notch impact strength and strength of 

the welded joint. This sequence depends on the welding conditions. Among those are 

welding voltage, welding current, welding speed, preheating temperature and/ or interpass 

temperature, welding process, heat control and also the geometry of weld groove and 

workpiece. Due to the high number of influential factors it is not possible to establish a 

systematic connection between the mechano-technological properties of the welded joints 

and the welding conditions. Those influential factors were, therefore, aggregated into one 

parameter, which characterises the temperature-time-sequence and which considers 

solely those physical parameters that exert influence on the mechano-technological 

properties of the welded joint. This particular parameter is the cooling time t8/5 and it 

stands for the time that the welded joint takes for cooling down from 800°C to 500°C after 

the arc passage. The temperature interval has been selected because for the materials for 

which the development of the cooling time t8/5 has been examined the most important 

phase transformations occur within the duration of this temperature interval. 

The t8/5-concept has been developed for arc welding of ferritic steels. In this connection it 

is assumed that at equal welding conditions also equal cooling times t8/5 are measured for 

different high-strength, unalloyed and low-alloyed ferritic steels. It is, thus, possible to 

characterise the temperature-time-sequence of these steels and to compare the 

sequences. Further, the t8/5-concept allows to assign defined cooling times t8/5 to defined 

mechano-technological properties as a function of the material. The cooling time t8/5 is 

calculated using the equations that are defined in Chapter 2.2, in the Material Data Sheet 

(SEW) 088 and in the Standard DIN EN 1011-1 [DIN01][SEW93a]. 
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In GMA welding, the super high strength fine-grained steels S960 and S1100 are, for 

achieving the required properties, welded with shorter cooling times t8/5 than the fine-

grained structural steels of lower yield strength. The range of the cooling times t8/5 is, 

further, along with the increasing yield strength also subject to increasing limitation for 

processing. Thus, the user’s process parameter window for achieving the required 

properties is most restricted. The narrower tolerances during welding processing of the 

super high strength fine-grained structural steels are also causing the increase of the 

requirements made to the t8/5-concept. Relatively minor variations of the cooling time t8/5 

may already have high effects on the evaluation of the mechano-technological properties. 

For a statement about the usability of the t8/5-concept for super high strength fine-grained 

structural steels, the measured cooling times t8/5 of deposition welds that had been carried 

out under equal welding conditions with the steels S960 and S1100 have been compared. 

The test results showed that the cooling times t8/5 were differing. The reason lies in the 

phase transformation from the austenite range. Due to the alloy concepts of these steels 

and their low energies per unit-length, which are inevitable for the welding of those steels, 

the transformation occurs partially below a temperature of 500°C. Hence, the phase 

transformations in these materials are no longer specified sufficiently with the cooling time 

t8/5. A characterisation and thus comparison of the temperature-time-sequences are no 

longer possible in the way they have, so far, been carried out. 

For the determination of the connection between the mechano-technological properties 

and the cooling time t8/5, tensile test specimens from the deposition welds were prepared 

and examined. Cooling times t8/5 have been determined that have been varying by more 

than 20 %, with the approximately equal tensile strength. As far as the super high strength 

fine-grained structural steels S960 and S1100 are concerned, there is thus no definite 

connection between certain mechano-technological properties and the cooling time t8/5. 

Moreover, the cooling times t8/5 have been calculated and compared with the cooling times 

t8/5 that had been experimentally established. The calculation of the cooling times t8/5 in 

accordance with the equations stated in Chapter 2.2, in the Material Data Sheet (SEW) 

088 and in the Standard DIN EN 1011-1 showed that substantially higher variations 

between the calculated and the measured cooling times t8/5 were the result than they 

would have been permissible in accordance with the Material Data Sheet (SEW) 088 

[DIN01][SEW93a]. The equations used for the calculation of the cooling time t8/5 are, 

therefore, not suitable for the super high-strength fine-grained structural steels S960 and 

S1100. 
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Due to the specified inadequacies of the t8/5-concept with regard to the characterisation of 

the temperature-time-sequence of the super high-strength fine-grained structural steels 

S960 and S1100, a novel evaluation concept has been developed. This concept evaluates 

the temperature range between 800°C up to 400°C and records thus the phase 

transformations from the austenite range for the super high strength fine-grained structural 

steels S960 and S1100.  

Within the scope of this development, the novel cooling time t8/4 has been introduced. It 

stands for the time period during which the newly selected temperature range of 800°C to 

400°C is passed during the cooling of a weld bead. The integral consideration of the 

cooling time t8/4 allowed the development of the integral T8/4-400°C. This integral specifies 

the area between the cooling curve and the temperature of 400°C in the temperature-time-

sequence within the limits t800 and t400. At that, t800 and t400 stand for the times when the 

cooling curve in the temperature-time-sequence has reached a temperature of 800°C and 

400°C after the arc passage. 

By means of the cooling times t8/4 and the integral T8/4-400°C, which have been determined 

from the temperature-time-sequences, it could be demonstrated that the novel evaluation 

concept is capable to characterise the deposit welds on the super high strength fine-

grained structural steels S960 and S1100, which had been carried out under equal welding 

conditions, thus allow a comparison. The integral T8/4-400°C is, at that, the more adequate 

evaluation criterion. Therefore, the novel evaluation concept is denominated 

T8/4-400°C-concept. 

A examination of the connection between the mechano-technological properties and the 

T8/4-400°C-concept brought about the conclusion that certain mechano-technological 

properties as a function of the material may be assigned to certain integrals T8/4-400°C. With 

equal tensile strength, the integrals T8/4-400°C show further less variation than is the case 

with the cooling time t8/5. 

Finally, the analytical equations of the T8/4-400°C-concept for the heat dissipation in bodies, 

which are limited one- or double sided, have been derived. The values which had been 

calculated by means of the derived equations showed, in comparison with the measured 

values from the temperature-time-sequence, just slight deviations. As a result, the user is 

provided with suitable equations for engineering applications of the novel 

T8/4-400°C-concept. 

 


