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 Welding of Metals 
 
Welding is the most important manufacturing process for joining machine elements. 
 
Joining methods in mechanical engineering: 
 

- Fasteners: screws and nuts 
  not applicable in any cases 
  very costly 
  limits for big parts and very small parts 

 
 

- Riveting 
  nowadays obsolete, very labour intensive  
  costly 
  application is limited 
  difficult for automation 

 
 

- Welding: arc welding or resistance welding 
  wide range for application 
  useful for high strength application 
  extremely flexible for different designs 
  reliable, cost effective 
  suitable even for extremely big parts 
  state of the art joining process in technology 

 
 
Different types of welding: acc. to DIN1910 
 
( for details see copies of lecture books) 
 
- Fusion welding (Schmelzschweißen) 

  electric arc welding (by electric current) 
  gas (flame) welding ( 2 2C H  Acetylen welding) 
  high energy beam welding (laser) 

 
- resistance welding (Widerstandsschweißen) /  
- pressure welding (Press-Schweißen) 
- friction welding (Reibschweißen) 
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Welding for a design depends on: 
 
- weldability of materials 
- safety condition for the design with respect to welding 
- possibility for welding in manufacturing 
 
 

Practically every material and metal alloy can be weld: in some cases the process, 
the preparation of the parts and the welding practice may be difficult or costly. 
 
 
Welding of steels: 
 
- main and decisive condition: Carbon-content of the steel 
- steels with C < 0.25 % C normally weldable without any problems 
- steels with 0.25 % C≤ ≤  0.35% C: weldable with preheating of parts  

    to ≈150°C 
- steels with C > 0.4 %: difficult for welding, preheating of parts  

to 200°C - 350°C  necessary 
 

But not only the carbon content, but the combination with other alloying elements 
are important: 
 
- Criterion for weldability: C-equivalent: 
 

[ ] % % % % %
%

6 5 40 4 24eq
Mn Cr Ni Mo Si

C C= + + + + +  

 
 
This is an empirical formula to take other elements into consideration (no physical     
background): 

- if  eqC ≤ 0.4 % :   good weldability 

- if   0.4 eqC≤ ≤ 0.6 % : weldable with preheating (conditional weldability) 

- if   eqC >0.6 % :   difficult weldability 
 

Mandatory condition for construction steels: 
- weldable without any precondition or preparation (preheating) 
 
 

Evaluation and quality of welds: 
- quality of weld line (defect free) 
- qualification of welders and workshops 
- quality control, inspection, design calculation data material, inspection records 
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Evaluation groups and requirements of welds: 
acc. to  DIN-EN-25817/ DIN 8563:  (Schweißnahtbewertungsgruppen)   

 
 
Group A: ( AS or AK)  S  =  butt weld (Stumpfnaht) 

K =  fillet weld (Kehlnaht) 
 

- highest requirements, the failure of the weld line destroys the total design 
(catastrophe), for highest loadings 

- only very experienced, and specially certified welders are allowed to weld 
A-group welds 

- evaluation and certification of welders only by special welding institutes (SLV’s 
in Germany) re-certification every 6-months 

- very seldom applied, detailed inspection and quality tests required 
 
Examples: nuclear power station, submarine ship yard 
 

 
Group B: ( BS or BK) 

- for high requirements if the failure of the welding line affects major functions of 
the design (seldom), high loads 

- certified welders only, control of welders by certified welding engineers 
(Schweißfachingenieur, SLV) 

 
Examples: pressure vessels, pressure pipes, vehicles, steam turbine pipes,    
reinforcements in steel construction 

 
 

Group C:  (CS or CK) 
- for medium requirements if a failure of the welding line affects the operation of 

the parts without stopping operation, medium loadings 
- qualified, trained welders supervised by certified welding engineers 
- widespread application in manufacturing 

 
Group D: (DS or DK) 

- low requirements, low loading, a failure of the welding line has no major 
consequences 

- no certification for welders only introductory training required by experienced 
personal  (no certified welding engineers) 

 
Examples: home and hobby application 
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Microstructure and metallurgy of weldings 
 
 

 
             
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
Figure 01: Multi-layer welding:  
A) total microstructure  B) final run C) fine-grained area 

 
Microstructure of a multi-layer weld (Fig. 01) 

  liquid metal area of the weld  
  heat affected zone around (HAZ) 
  different microstructure in the weld area: grain size variation 

fine and coarse grain size 
 

The mechanical properties around a weld are different to the base material!! 
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Temperature profile and heat influence: 
 

  Temperature profile in the weld line for fusion welding ( see Fig. 02) 
 

 
(Figure 02) 
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 Temperature profile: 
- liquid metal  ϑ  > 1600° C 
- partly liquid zone 1600° C < ϑ  < 1500° C 
- range of overheating of metal 1500° C < ϑ  < 1100° C 

(coarse grains ; inhomogeneous microstructure) 
- range of normalising annealing 900° C - 1100° C 

(any microstructure of previous heat treatment is dissolved) 
- range of incomplete restructuring 
- range of recrystallisation 

(any strain hardening is removed, new grains generated) 
- heat affected zone, blue brittleness range 
 
 
The weld itself and the surrounding areas are affected by the heat of welding 
process. Not only the strength of the weld but also the strength of the 
neighbourhood (HAZ) “heat affected zone” must be considered. 
 
  

 
Figure 03: Types of weld-joints and types of welds 
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Type of joints for welding and type of welds ( see Fig. 03) (Stoßarten) 
 
- butt joint:  equal parts are connected 

  same thickness at the weld line 
  for bigger thicknesses multilayer weld are necessary 
  in certain cases welding from both sides 

 
- tee joint : 

  two parts come perpendicular together 
 
- corner joint: 

  connection of two parts forming an edge 
 

- lap joint: 
  overlapping of two parts 
 

- edge joint: 
  parallel joint of two parts 

 
 

German definitions  (Stoßarten) 
 
- butt joint:  Stumpfnaht 
- tee joint:  T-Stoß, Doppel-T-Stoß 
- corner joint:  Eckstoß (α ≠ 90°) 
- lap joint:  Überlappstoß 
- edge joint :  Flachstoß 

 
 
 

Types of Weld : (Nahtformen) (see Fig. 03) 
 
- fillet weld (single/ double) ∠ :  Kehlnaht 

(most used case in welding process) 
- square weld (single/double) :   Stumpfnaht ( I - Naht) 
- bevel groove weld:     HV-Naht 
- V-groove weld :     V-Naht 
- J-groove weld :     HU-Naht 
- U-groove weld:     U-Naht 

 
 

 
Types of Welds and Symbols for Welds: 
 
- fillet weld :  Kehlnaht 
- plug or shot :  Verschlußschweißung 
- spot weld :  Punktschweißung 
- flash weld :   Wiederstandsschweißung 
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Types of grooves for welding and groove preparation 
acc. to DIN 8551 T1( see Fig. 04a, 04b, 04c, 04d) 
 
- dimensional conditions for different types of grooves 
- thickness conditions for different types of welds 
- special symbols for grooves and welds 
- welding method for different grooves 
 
 
 
 
 

 
 

(Figure 04a) 
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Figure 04b: Groove shapes for gas fusion welding, arc welding or inert gas 
welding of steel acc. to DIN 8551 T1 
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(Fig. 04c) 
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(Fig. 04d) 
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Figure 05: Welding methods acc. to different materials and plate dimensions  
 

 
 

G: gas welding ; Gasschmelzschweißen 
 
E:  electric arc welding; Elektrolichtbogenschweißen 
 
MAG: metal-active gas welding; 

Metall-Aktiv Gasschweißen( 2CO ,Edelgas+ 2CO ) 
 
WIG: Tungsten inert gas welding; Wolfram-Inert Gasschweißen 
 
Plasma: Plasma-welding ; Plasmaschweißen 
 
UP: under power welder; Unterpulverschweißen 
 
RES: Elektro-Schlacke-Schweißen 
 
EB: electronic beam welding ; Elektronen Strahlschweißen 
 
Laser: laser welding 
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Flash-welding: Different materials: 
- construction steels  

austenitic stainless steels 
low alloyed steels 
cast iron 

- Al-alloys 
- Cu-alloys 
- Ni-Ti-alloys 

 
Various corner joints and weld sizes (see Fig. 06) 
 
 
 

 
 

 

 
 
 
 
 

(Fig. 06) 
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Stress model for weld lines: 
 

 
Figure 07:  
Stress model for a weld line a) butt joint ; b) corner joint (fillet weld) 

 
a) for butt welds 

 
a= t:  thickness of weld line 

 
  normal stresses σ ⊥  perpendicular to weld line 
  normal stresses σװ parallel to weld line 
  shear stresses τװ parallel to weld line 

 
 

wA : weld area ( w = welding) 
 

wA a l= ⋅  a:   thickness of weld 
 l:   length of weld ; l = b-2a effective length of weld line 
 a:   depth of end craters  (welding without backup plate) 
 
 

b) for fillet welds 
 

  normal stresses σ ⊥  perpendicular to weld line 
  normal stresses σװ parallel to weld line 
  shear stresses τ⊥  perpendicular to weld line 
  shear stresses τ  parallel to weld line  װ

 



DT3-SS2005: Welding of metals  Prof. Dr.-Ing. P. J. Mauk 
Universität Duisburg-Essen  Institut für Angewandte Materialtechnik 
  Umformtechnik 

 Welding_of_Metals_beuke.doc ;  Erstelldatum 28.04.2005 9:04  Seite 15 von 26  

Figure 08: Geometrical size and stresses of butt weld lines 
 

 
 

 

Geometric data for butt welds

loading sketch geom. data* nom. stress

tension / 
compression   

bending 

shear   

torsion 

(with respect to ends)
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Calculation of weld stresses for butt welds (s. slide 08) 
 
a) tension / compression loading: 
 
 wA a l= ⋅   ;  l = b-2a   (without end craters) 

 ,
w

F
wt c

A
σ σ ⊥= =  

 
b) bending (of butt welds) 
 

 
2

6b
a l

W
⋅

=  b

b

M
bw

W
σ σ ⊥ ==  

 l = b – 2a  (bending of “long” side) 

 
2

6b
l a

W
⋅

=  (bending of “short” side) 

 
   
c) shear: 
 

 wsA a l= ⋅   wsτ = τ װ
ws

F

A
=  

 2l b a= −  
 
           
d) torsion of a rectangular sections: 
 (complicated case) 
 

 2
2tW c l a= ⋅⋅  .w tτ τ=  װ

t

T

W
=  

 2l b a= −  

 

 2 ( / )c f l a=  c2 = 0.208 for square 
    c2 = 0.333 for /l a → ∞  
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Figure 09: Geometrical size and nominal stress of fillet welds 
 

 
(Fig. 09) 
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Calculation of weld stresses for fillet weld (s. Fig. 09) 
 
a) tension/compression: rectangular section: 
 
 2 ( )w i iA a l a h b= Σ = ⋅ ⋅ +⋅  

 ,
w

wt c
F

A
σ σ ⊥ ==  

 
b) bending: rectangular section: 

 Wb= Ib□ / emax 
b

b
bw

M

W
σ σ ⊥= =  

 Ib□
23 3

2
12 2 12

b a h a a h
b a

⋅ + ⋅
= + ⋅ +

⎡ ⎤⎛ ⎞
⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

 

 emax 
2

h
a+=  

 
 -   circular section: 

 Wb= IbО/emax b

b
bw

M

W
σ σ ⊥= =  

 IbО
( )4 42

64

d a dπ + −⎡ ⎤⎣ ⎦=  ; max 2

d
e a= +  

 
c) shear 
 -   rectangular section: 
 

 2wsA a h= ⋅ ⋅  wsτ τ= װ
ws

F

A
=  

  -  circular section: 

 
2ws
d a

A
π ⋅ ⋅

=  wsτ τ= װ
ws

F

A
=   

d) torsion: 
 
- rectangular section: 
 

 ( )( )2tW h a b a a= ⋅ + + ⋅   wtτ τ= װ

t

T

W
=  

 
: circular section -    

 ( )2

2tW d a a
π

= + ⋅  wtτ τ= װ 

t

T

W
=  
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Combination of different stresses in a weld to a equivalent stress eqσ : 

 
 σ ⊥  ; σ װ; ;τ τ⊥  װ

 
a) for static loading (N< 42 10× )  
 

  2 2 2 2
eq II II IIσ σ σ σ σ τ τ⊥ ⊥ ⊥= + + + +  

 

    2 2 2
IIσ τ τ⊥ ⊥≈ + +    (simplified) 

 
b) for dynamic loading: (DET) 
 

  ( )2 2 2 22eq II II IIσ σ σ σ σ τ τ⊥ ⊥ ⊥= + − + ⋅ +  

 
 Allowable stresses in welds for static loading (DIN18 800) 
 case H  or ZH ( Hauptlast-mainload) ;  Zusatzlast 
 
Allowable stresses for all butt welds: 

 S235JRG2 
H 

 
HZ 

S355J2G3 
H 

 
HZ 

Compression/ 
bending 

Compression 

160 180 240 270 

For tension/ 
bending 
Tension 

135 150 170 190 

For fillet welds 
and any loading 

135 150 170 190 
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Allowable stresses in weld lines for dynamic loading:  
acc. to DS 955201 ; (Deutsche Gesellschaft f. Schweißtechnik) 
(s. Fig. 10a,10b,10c)  
 

 

 
(Fig. 10a) 



DT3-SS2005: Welding of metals  Prof. Dr.-Ing. P. J. Mauk 
Universität Duisburg-Essen  Institut für Angewandte Materialtechnik 
  Umformtechnik 

 Welding_of_Metals_beuke.doc ;  Erstelldatum 28.04.2005 9:04  Seite 21 von 26  

 

 

 
(Fig. 10b) 
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Figure 10c: Allowable stresses for weld connections in mech. 

Engineering acc. to DS 95201 ; for plate thickness ≥ 10mm  
( explanation of stress line A to H see Fig. 2.10) 
a) for the parts from S235JRG2 
b) for the parts from S355J2G3 
c) for the parts from AlMgSi 1 and AlMg 3 
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Stress ratio for dynamic loading: 
 

min

max
s

L

u
R κ σ σ

σ σ
= = =  

 
 
κ = Rs= +1 :    ; static loading 
1 > κ > 0  : general swell loading 
κ  = 0      : released swell loading ( uσ =0) 
0 > κ>  -1 : general reversing loading 
κ = -1   : full reversing loading ( mσ =0) 
 
 
 allσ  for : -  S235JRG2  (St37-2) 
  -   S355J2G3   (St52-3) 
  -   AlMgSi 1  Al-alloy 
  -   AlMg3   Al-alloy 
 
 
- . ,w all allσ σ ⊥=  : allowable normal stress 

-  , ,w t II allτ τ=  : allowable shear stress 
 
 
 
 Line group A - B…..F acc. to different welding examples (s. Fig. 10a,b) 
- most critical case for κ:  -1    ↓ 
- most critical line group: F for normal stresses         showed 
   H for shear stresses 
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(Figure: 11) 
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(Fig. 12a) 
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(Fig. 12b) 


