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AbstractAbstractAbstractAbstract    
 
In lightweight body shell mass production of automobiles the resistance welding process for 
joining high-strengths multi-phase steels, also called advanced high-strength steels (AHSS), 
is the most important joining procedure. For uncoated and hot dip zinc coated high-strength 
TRIP steels and complex phase steels, statements, about process reliability in resistance 
spot welding based on three-dimensional weldability lobes will be given. A comparison of 
weldability lobes of uncoated and hot dip zinc coated high-strength steel sheets with 
reference sheets of mild steels will be carried out. This is realized with different electrode 
forces for short-, medium- and long-time welds. Especially the influence of the electrode 
force and of the welding time has been studied in three-dimensional weldability lobes. A 
procedure for welding parameter optimization in regard to maximal process reliability for 
AHSS is applied. Based on the electrode wear and the process reliability, statements relating 
to the weldability of AHSS are formulated. Furthermore, results concerning the influence of 
the welding parameters on the hardness and the fatigue behavior of the spot welded joints 
will be given. 
 
 
1111    IntroductionIntroductionIntroductionIntroduction 
 
Resistance spot welding is the dominant joining technique for thin sheet metal. This applies 
in particular to high-strength steels (HSS) and ultra high-strength steels (UHSS) joining in 
lightweight body shell mass productions of automobile. The application of UHSS materials in 
conjunction with economically efficient and reliable joining processes helps saving costs and 
conserving resources (weight reduction, energy minimization) and provides at the same time 
consistent or improved safety of the passenger cell (crash optimization). In this context, the 
UltraLight Steel Auto Body design (ULSAB) and New Steel Body (NSB ) are referred to [1-2]. 
In recent years, further joining techniques such as self-piercing riveting, clinch joining and 
laser welding have increasingly been applied in specific fabrication steps in addition to spot 
welding. But in the case of high-strength multi-phase steels, also called advanced high-
strength steels (AHSS), this joining techniques are not as efficient as resistance spot welding. 
For more information on AHSS see [3]. In this paper, statements about process reliability and 
weldability for uncoated and hot dip zinc coated high-strength TRIP steels and complex 
phase steels will be given based on three-dimensional weldability lobes and electrode wear 
results for these special AHSS. A comparison of the results of the special AHSS sheets with 
reference sheets of mild steels will be carried out, too. With different electrode forces for 
short-, medium- and long-time welding especially, the influence of the electrode force and of 
the welding time is studied in three-dimensional weldability lobes.  
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The influence of electrode cap type on the welding current ranges has been studied too [4].  
Especially, the results for uncoated and hot deep zinc coated TRIP steels will be given in  [4].  
 
Furthermore, some statements on the strength, the hardness and the fatigue behavior for the 
spot welded joints of the AHSS will be given. Summarizing one can say that the process 
reliability and the weldability for spot welded AHSS will be guaranteed, and it can be stated 
that strength and the fatigue behavior of the spot welded AHSS will be better than in the case 
of mild steel sheets. 
 
 
2222    Quality limits, welding ranges and weldability lobes in resistance spot weldingQuality limits, welding ranges and weldability lobes in resistance spot weldingQuality limits, welding ranges and weldability lobes in resistance spot weldingQuality limits, welding ranges and weldability lobes in resistance spot welding 
 
To ensure process reliability during resistance spot welding under conditions of the practice, 
of the knowledge of welding range or welding current range (WCR) is of basic importance. 
Different WCR are obtained depending on the selected welding parameters. The primary 
welding parameters of resistance spot welding are the r.m.s.-value of welding current I, the 
stationary electrode force Fe and the welding time tw. 
 
In resistance spot welding, the WCR is usually defined on the basis of requirements imposed 
on the root mean square value (r.m.s.-value) of welding current during spot welding. A 
particular requirement is that the r.m.s.-value of welding current must be kept within certain 
limits set by quality demands placed on the spot weld diameter. 
 
The lower limit of the r.m.s.-value of welding current results from the requirement of a 
minimum spot weld diameter, whereas the upper limit of the welding current is given by the 
physics of the welding process. The lower quality limit can in principle be optionally set by 
making a requirement on the spot weld diameter depending on the quality and strength 
demands, respectively, placed on the spot weld. Commonly used lower quality limits are spot 

weld diameters of 3.5 t  or 4 t , whereby t is the sheet thickness. 
 

These lower quality limits are then also referred to as 3.5 t  or 4 t -limit. The situation is 
completely different with the upper quality limits. The maximum admissible upper quality limit 
is set by the physics of the spot welding process. It is usually referred to as splash limit SLI . 

This limit constitutes a stability limit of the resistance spot welding process. The splash limit 
is the very quality limit at which a spot weld can still be performed without the occurrence of a 
splash. In order to ensure that at and below this limit no splashes do in fact occur, it is 
necessary in setting this limit to take into account that it varies within a certain scatter band. 
The variation of the upper quality limit depends on the welding parameters of electrode force 
and welding time, on the material to be joined and its coating, on the electrode cap types, the 
applied current form as well as on the electrical and mechanical machine properties of the 
spot welding unit. 
 
In metrological determination of the spot weld diameter, and hence of the upper and lower 
quality limits, it must be considered that the measuring results are dependent on the test 
method and on the fracture type. Consequently, different values of spot weld diameters are, 
for instance, obtained if a peel test is conducted in the place of a torsion test. This applies 
even more to AHSS. For this reason, test procedure and fracture type must always be 
indicated in welding range determinations. 
 
With duT being the spot weld diameter determined in the torsion test which sets the lower 
quality limit, and doT being the spot weld diameter determined in the torsion test which 
represents the upper quality limit, the spot weld diameter difference 
 

uToT d dd −=∆           2.1 
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is a measure of the achievable quality range during resistance spot welding. Using the 
corresponding r.m.s.-values of welding current Iu for the lower quality limit (d = duT) and Io for 
the upper quality limit (d = doT), the welding current range assigned to (2.1) 
 

uo l ll −=∆            2.2 
 
is then obtained for the r.m.s.-value of welding current. Hence, the WCR, by definition, is the 
setting range of the welding current. Particularly in the definition of the welding range, a 
welding current difference according to 
 

tx
ISLI −=∆I           2.3 

is usually assumed, whereby the lower and the upper quality limits are set by the t x -limit 
and by the splash limit, and x being optional depending on the minimum quality requirements 
of the spot weld. A frequent selection is x = 3.5 or even x = 4.0, as already mentioned above. 
 
This allows it to formulate the following definition of the three-dimensional welding range. 
 
The representation of the difference ∆ I of the r.m.s.-value of welding current, according to 
Equation (2.3), between the upper and the lower quality limit of the quality feature spot weld 
diameter as a function of the (stationary) electrode force Fe and of the welding time tw 
 

)t ,(F f  l we=∆            2.4 
 
is referred to as three-dimensional I-F-tw weldability lobe. From the three-dimensional weld-
ability lobes according to this definition, the classic two-dimensional weldability lobes can be 
derived as special representations [5 - 10]. 
 
For a constant electrode force Fe = const., the two-dimensional tw-I-weldability lobe is given 
by 
 
tw = tw (I, Fe = const.),        (2.5) 
 
and for constant welding time tw = const., the two-dimensional Fe-I-weldability lobe is given 
by 
 
Fe = Fe (I, tw = const.).        (2.6) 
 
In this paper, only the three-dimensional form of (2.4) is used to describe the welding ranges. 
Examples of two-dimensional weldability lobes for AHSS are given in [10 - 12]. 
 
 
3333    Process reliability of the spot welding processProcess reliability of the spot welding processProcess reliability of the spot welding processProcess reliability of the spot welding process    
 
In order to show the spot welding process reliability of different AHSS grades, the 
corresponding weldability lobes were first set up. These investigations were carried out by a 
welding gun with electrode caps of type F16, flattened to face diameter of 5.5 mm. 
Characteristic data of the tested materials are summarized in Table 1. 
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Grade           
definition 
by TKS 

Grade  
definition by future 

Standardization 

Sheet 
Thickness 

[mm] 

Zinc coating 
weight  
[g/m²] 

Yield 
strength 
[MPa] 

Tensile 
strength 
[MPa] 

Facture 
strain 

[-] 

DC 01 DC 01 1.50 - 185 318 42 
DX 54D+Z DX 54D+Z 1.50 100 157 300 46 
RA-K 40/70 HT 700T 1.60 - 452 738 28 

RA-K 40/70+Z HT 700T+Z 1.60 100 473 710 32 
CP-W 800 HT 800C 1.65 - 791 896 13 

CP-W 800+Z HT 800C+Z 1.50 190 688 913 11 
MS-W 1200 - 1.60 - 1146 1381 8 

 
Table 1: Characteristic values of the materials 

 
 
The welding times were varied in the steps of 6, 10 and 20 cyc. as short-, medium- and long-
time welding for each of the sheet material. The electrode forces were varied in the case of 
high-strength steels in the steps of 3.5, 4.5 and 5.5 kN. And in the case of low-strength steels, 
the electrode forces were varied in the steps of 2.2, 2.6 and 3.0 kN. The common quality 
feature is the spot weld diameter from the torsion test. 
 
The process reliability of the spot welding process depends on the size of the WCR. Roughly 
speaking, the process reliability will be higher if the size of WCR becomes bigger for the 
chosen welding parameters. The WCR is determined by the welding parameters electrode 
force Fe and welding time tw and influenced by a lot of influencing factors [7]. Thus, the 
process reliability depends on the selection of welding parameters and on these additional 
influencing factors. Important influencing factors are the shape and material of the electrode 
caps, the base metal and the coating of the steel sheets as well as the static and dynamic 
mechanical machine properties of the welding equipment [7]. 
 
For the case of spot welding uncoated and zinc coated mild steel sheets, it is well known that 
the size of WCR becomes bigger for uncoated material. For the reference materials of low 
strength, the mild steel sheets DC01 (uncoated) and DX54D+Z (hot dip zinc coated), 
Figures 1 - 2 show these connections. But, as can be seen, the impact of coating is not 
significant in all cases of chosen welding parameters. 
 
The WCR belonging to the different welding parameter combinations are given in 
Tables 2 - 3. 
 
 

6 cyc. 10 cyc. 20 cyc. 
Material Fe [kN] 

tI4  SLI  tI4  SLI  tI4  SLI  

 
DC 01 

2.2 
2.6 
3.0 

7.35 
7.55 
7.70 

7.75 
8.55 
8.90 

5.85 
6.00 
6.15 

6.45 
7.30 
8.00 

4.60 
4.90 
5.15 

6.70 
7.60 
8.40 

 
RA-K 40/70 

3.5 
4.5 
5.5 

5.40 
5.70 
6.00 

6.25 
7.00 
7.00 

4.70 
5.00 
5.10 

6.15 
6.75 
6.95 

4.20 
4.40 
4.90 

5.80 
6.55 
7.55 

 
CP-W 800 

3.5 
4.5 
5.5 

6.30 
6.55 
6.90 

7.65 
8.60 
9.00 

5.45 
5.80 
6.10 

7.30 
7.50 
7.80 

4.20 
4.60 
4.80 

7.15 
7.55 
8.10 

                             
Table 2: Limits of welding current for uncoated sheets 
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Material DC 01 RA-K 40/70 CP-W 800 

electrode force [kN] 2.2 2.6 3.0 3.5 4.5 5.5 3.5 4.5 5.5 

welding current range ∆I  [kA] ∆I  [kA] ∆I  [kA] 

6 0.40   1.00   1.20 0.85  1.30  1.00 1.35  2.05   2.10 

10 0.60   1.30   1.85 1.45   1.75  1.85 1.85  1.70   1.70 
weldig time 

in cyc. 
20 2.10   2.70   3.25 1.60   2.15  2.65 2.95  2.95   3.30 

 
Table 3: Welding ranges for uncoated sheets 

 
 
By three-dimensional weldability lobes it is possible to study the influences of the welding 
time and electrode force in a common diagram at the same time. The influences of 
increasing electrode force and of a prolongation of welding time on the WCR are different, 
due to the materials, Figures 1 - 4. 
 
With increasing electrode force, the upper and lower quality limits are shifted towards higher 
current for all tested steel sheets. The size of WCR depends on the materials and will be 
different with increased electrode force. In the case of the TRIP steel RA-40/70, there is a 
significant increase of the WCR with rising electrode force, Figure 3. On the other hand, the 
influence of the electrode force for the complex phase steel CP-W800 is less significant, 
Figure 4. A welding time prolongation is more significant than an electrode force increase. 
Especially for long-time welding (20 cyc.) and for higher electrode forces (5.5 kN) there are 
significant bigger WCR. From the WCR of the weldability lobes one can deduce statements 
with respect to the process reliability which can reached with the given spot welding 
equipment, when welding the tested AHSS. Especially in the case of long-time welding (20 
cyc.) and of high electrode forces (5.5 kN), the highest process reliability occurs, 
Figures 1 - 4. The three-dimensional Fe-tw-weldability lobes for hot dip zinc coated AHSS are 
shown in Figures 5 - 6. 
 
The corresponding welding parameter combinations (Fe, tw) and welding ranges are given in 
Tables 4 - 5. 
 
Due to the zinc influence on the electrical process parameters and on the quality feature 
weld diameter, we have a different situation than in the case of uncoated AHSS. Thus, the 
size of WCR corresponding to given welding parameter combinations will be different from 
those in the uncoated case. For the hot dip zinc coated TRIP steel RA-K40/70+Z and the hot 
dip zinc coated complex phase steel CP-W800+Z, short-time welding is not sufficient in 
terms of the process reliability, since the WCR becomes too small, Figures 5 - 6. But this is 
from the view point of practice not a problem because short-time welding is not applied. For 
the TRIP steel RA-K 40/70+Z in the case of medium-time welding (10 cyc.) at a medium 
electrode force (4.5 kN) the size of WCR increases up to 0.9 kA. The size of WCR for long-
time welding (20 cyc.) at medium forces (3.5 to 4.5 kN) lies between 0.9 and 1.3 kA for the 
steels RA-K40/70+Z and CP-W800+Z. Thus in this case we have sufficient high WCR to 
guarantee process reliability. 
 
This means that sufficiently high ranges of WCR from 1.6 kA resp. 1.8 kA are available for 
the tested high-strength hot dip zinc coated multi-phase steels in the case of long-time 
welding (20 cyc.) with high electrode force (5.5 kN), Figures 5 - 6. 
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                        Fig. 1:  Influence of the welding parameter on the weldability  lobe 
                                    Steel grade: DC 01, thickness: 1.5 mm 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

                        Fig. 2:  Influence of the welding parameter on the weldability lobe 
                                     Steel grade: DX54D+Z, thickness: 1.65 mm 
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Fig. 3: Influence of the welding  parameter on the weldability lobe 

                                  Steel grade: RA-K40/70 (TRIP 700), thickness: 1.6 mm 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                      Fig. 4: Influence of the welding parameter on the weldability lobe 
                                  Steel grade: CP-W 800, thickness: 1.65 mm 

6
10

20

3,5

4,5

5,5

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

Welding time Welding time Welding time Welding time     ttttW  W  W  W   [Cyc] [Cyc] [Cyc] [Cyc]

Electrode force [kN]Electrode force [kN]Electrode force [kN]Electrode force [kN]

W
e

ld
in

g
 c

u
rr

e
n

t 
ra

n
g

e
 W

C
R

 
W

e
ld

in
g

 c
u

rr
e

n
t 

ra
n

g
e

 W
C

R
 

W
e

ld
in

g
 c

u
rr

e
n

t 
ra

n
g

e
 W

C
R

 
W

e
ld

in
g

 c
u

rr
e

n
t 

ra
n

g
e

 W
C

R
  

[k
A

] 
 

 [
kA

] 
 

 [
kA

] 
 

 [
kA

] 
 

 b
e

tw
e

e
n

 4
 b

e
tw

e
e

n
 4

 b
e

tw
e

e
n

 4
 b

e
tw

e
e

n
 4

√ √√√t
 a

n
d

 s
p

la
sh

 l
im

it
t 

a
n

d
 s

p
la

sh
 l

im
it

t 
a

n
d

 s
p

la
sh

 l
im

it
t 

a
n

d
 s

p
la

sh
 l

im
it

Electrode cap:  Electrode cap:  Electrode cap:  Electrode cap:  
F 16 (flattened)F 16 (flattened)F 16 (flattened)F 16 (flattened)

ISO 5821ISO 5821ISO 5821ISO 5821

6
10

20

3,5

4,5

5,5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

Welding time tWelding time tWelding time tWelding time tWWWW        [Cyc].[Cyc].[Cyc].[Cyc].

Electrode force [kN]Electrode force [kN]Electrode force [kN]Electrode force [kN]

W
el

d
in

g
 c

u
rr

en
t 

ra
n

g
e 

W
C

R
  [

kA
] 

 
W

el
d

in
g

 c
u

rr
en

t 
ra

n
g

e 
W

C
R

  [
kA

] 
 

W
el

d
in

g
 c

u
rr

en
t 

ra
n

g
e 

W
C

R
  [

kA
] 

 
W

el
d

in
g

 c
u

rr
en

t 
ra

n
g

e 
W

C
R

  [
kA

] 
 

 b
et

w
ee

n
 4

 b
et

w
ee

n
 4

 b
et

w
ee

n
 4

 b
et

w
ee

n
 4

√ √√√t
 a

n
d

 s
p

la
sh

 li
m

it
t 

an
d

 s
p

la
sh

 li
m

it
t 

an
d

 s
p

la
sh

 li
m

it
t 

an
d

 s
p

la
sh

 li
m

it

Electrode cap: Electrode cap: Electrode cap: Electrode cap: 
F 16 (flattened)F 16 (flattened)F 16 (flattened)F 16 (flattened)

ISO 5821ISO 5821ISO 5821ISO 5821



IIW Doc. No. III-1347-05   9 

 
6 Cyc. 10 Cyc. 20 Cyc. 

Material Fe [kN] 
tI4  SLI  tI4  SLI  tI4  SLI  

 
DX 54D+Z 

2.2 
2.6 
3.0 

9.95 
10.05 
10.20 

10.90 
11.05 
11.30 

8.50 
8.65 
8.85 

8.75 
9.75 
10.05 

6.40 
6.75 
6.80 

7.10 
7.65 
8.50 

 
RA-K 40/70+Z 

3.5 
4.5 
5.5 

8.20 
8.75 
9.25 

8.20 
9.15 
9.45 

6.10 
6.50 
6.65 

6.80 
7.35 
7.20 

5.10 
5.40 
5.50 

6.10 
6.25 
7.30 

 
CP-W 800+Z 

3.5 
4.5 
5.5 

9.60 
10.15 
10.10 

9.60 
10.15 
10.40 

6.95 
7.10 
7.35 

7.25 
7.90 
8.20 

6.00 
6.15 
6.10 

7.00 
7.45 
7.70 

 
Table 4: Limits of welding current for hot dip zinc coated sheets 

 
 

Material DX 54D+Z RA-K 40/70+Z CP-W 800+Z 

electrode force in kN 2.2 2.6 3.0 3.5 4.5 5.5 3.5 4.5 5.5 

welding current range ∆I in kA ∆I in kA ∆I in kA 

6 0.95   1.00   1.10 0.00   0.40   0.20 0.00   0.00   0.30 

10 0.25   1.10   1.20 0.70   0.85  0.55 0.30   0.80   0.85 
welding 

time       
[Cyc.] 

20 0.70    0.90   1.70 1.00   0.85   1.80 1.00   1.30   1.60 

 
Table 5: Welding ranges for hot dip zinc coated sheets 

 
Thus, for both the hot dip zinc coated TRIP steel RA-K40/70+Z and the complex phase steel 
CP-W800+Z there exists a sufficiently high process reliability. The highest process reliability 
occurs in all cases at the highest electrode forces. In the case of long-time welding for low, 
medium and high electrode forces, the highest process reliability occurs, Figures 5- 6. 
 
 
4444    Weldability of highWeldability of highWeldability of highWeldability of high----strength multistrength multistrength multistrength multi----phase steel sheetsphase steel sheetsphase steel sheetsphase steel sheets    
 
As shown in Chapter 3, depending on the selection of the welding parameters electrode 
force Fe and welding time tw, different process reliabilities can be realized. Based on different 
welding parameter combinations, different WCR occur. With optimal choice of welding 
parameter combinations, especially in the case of medium- and long-time welding, 
sufficiently high process reliabilities can be generated. But the existence of process reliability 
is not a sufficient condition for the weldability of the steel sheets. According to ISO 18278, 
both the possibility of spot welding and the reproducibility must be given at the same time. 
 
The possibility of spot welding is guaranteed by the existence of determined welding para-
meter combinations for which a sufficiently high process reliability will be realized. The possi-
bility of reproducibility for spot welding of a given material is only guaranteed by  sufficiently 
little electrode wear. This is to say that the electrode life must be sufficiently long. It has been 
shown, see Figures 7 - 8, that for hot dip zinc coated high-strength steel sheet of 
RA-K40/70+Z and CP-W800+Z, the electrode life is sufficiently low. Therefore, it can be 
concluded that the weldability is guaranteed for both the multi-phase steels RA-K40/70+Z 
and CP-W800+Z. Due to larger WCR and longer electrode lives, a superior spot weldability 
for uncoated AHSS can be stated.  
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Fig. 5: Influence of the welding parameter on the weldability lobe 
              Steel grade: RA-K40/40+Z (TRIP 700), thickness: 1.5 mm 

    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
            Fig. 6:  Influence of the welding parameter on the weldability lobe 

                                    Steel grade: CP-W800+Z, thickness: 1.5 mm 
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Fig. 7: Electrode life with the steel grade RA-K40/70+Z (TRIP 700), thickness: 1.6 mm 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8: Electrode life with the steel grade CP-W800+Z, thickness: 1.5 mm 
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5555    Hardness, strength and fracture behaviour of spot welded jointsHardness, strength and fracture behaviour of spot welded jointsHardness, strength and fracture behaviour of spot welded jointsHardness, strength and fracture behaviour of spot welded joints    
 
Typical weld nugget hardness characteristics for the tested AHSS are given in Figure 9. For 
the tested uncoated AHSS and the mild reference steel grade, two welding parameter 
combinations were chosen. Especially for the electrode forces of 5.5 kN and 3.9 kN (mild 
steel), respectively, medium- and a long-time welding (10 cyc. and 20 cyc.) were carried out. 
As a result, it can be seen that the influence of a prolongation of the welding time is 
negligible. Depending on the choice of the measuring point, a higher or a lower value 
determines the hardness. Normalized weld nugget hardness characteristics due to the 
formula 
 

MetalBase

MetalBase

HV
HVHV

hv
)(

)(

5.0

5.05.0
5.0

−
=         (3.1) 

 
of the AHSS CP-W800 and MS-W1200 as well as of the mild steel DC01 are given in 
Figure 10. One can see how the hardness acts depending on the different materials. The 
hardness difference becomes greater when the strength of the material is lower. 
 
Generally, the influence of the welding current form on the hardness is of special interest. It 
has been shown [12] that a lot of current forms without special requirements have no 
influence on the hardness. But by optimizations procedures due to the preheating and post-
heating time it is possible to influence the hardness behavior in the HAZ and the weld nugget. 
 
Also the welding current form, e. g. AC or DC current, has an influence on the hardness of 
the weld nugget. Figure 11 shows by an example of RA-K40/70 the hardness traverse of two 
weld nuggets produced by a welding gun using AC and DC current. It can be seen that the 
nugget welded by DC current exhibits a significantly lower hardness,  i. e. it is reduced by an 
amount of approx. 50 HV 0.5. 
   
For the uncoated AHSS RA-K40/70 and CP-W800 and the mild reference steel DC01, 
tensile-shear tests of spot welded tension-shear test specimens were carried out according 
to EN ISO 14273. The results of tests are given in Table 6. 
 
 

Material Welding parameter Quality features 

 t 
[mm] 

tW 
[cyc.] 

Fe 
[kN] 

I 
[kA] 

d 
[mm] 

Fs 
[kN] 

Type of 
fracture 

10 3.0 8.2 6.5 11.39 
10 2.2 7.0 6.1 10.21 
20 2.2 6.9 6.7 11.96 

DC01 1.50 

20 3.0 8.3 7.9 12.22 

plug failure 

10 3.5 6.7 6.3 18.66 
10 5.5 8.0 7.4 18.98 
20 3.5 7.0 7.1 23.48 

 
RA-K 40/70 

 
1.60 

20 5.5 8.0 8.7 23.05 

plug failure 

10 4.5 7.8 7.0 26.18 
10 5.5 8.5 7.3 27.09 
20 3.5 7.6 7.8 30.32 

 
CP-W 800 

 
1.65 

20 5.5 8.3 8.5 31.59 

plug failure 

 
 

Table 6: Welding parameters and quality features for single spot weld specimens 
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                   Fig. 9:  Variation of hardness across the spot welds of different steel grades 
                                welded by a stationary machine (50 Hz) 
 
 
 
 
 
 
 
 
 
 
 
 
 

    
    
    
    
    
    
    
    
    
    

 
  Fig. 10:  Normalized hardness  across the spot welds of different steel grades 
                 welded by a stationary machine (50 Hz) 
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Fig. 11: Comparison of hardness of weld nuggets welded by a gun using AC an DC current 
                 steel  grade: RA-K40/70, thickness: 1.0 mm 
 
 
The test specimens were welded by a AC welding gun with electrode caps of the type B16. 
The type of fracture in all cases was a plug failure. The possibility of other failure types 
(interface failure or partial plug failure) depends on the test procedure. Clearly, in torsion 
testing, interface failures will be the predominant type of failure. But in the other test 
procedures (tensile-shear, fatigue testing etc.), plug failures and partial plug failures are the 
significant failure types. The results given in Table 6 show the influence of the welding 
parameters Fe and tw on the quality features tensile-shear force Fs and weld diameter d. 
Some of these results are depicted in Figures 12 - 13. 
 
In particular, Figure 12 shows the influence of the welding time on the weld diameter. The 
influence of the welding time on the tensile-shear force is represented in Figure 13. Both the 
tensile-shear force Fs and the weld diameter d increase when the welding time tw. is 
prolonged. Therefore, a significant difference of the quality features with regard to medium– 
or long-time welding was found. This means that both the quality features tensile-shear force 
and weld diameter show the same behavior with respect to the process reliability as shown in 
Chapter 3. From Table 6 also follows the influence of electrode forces on the quality features 
tensile-shear force and weld diameter. But this influence is not as significant as in the case of 
welding time [10-11]. 
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Fig.12: Weld diameters of spot welds of different steel grades 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.13: Tensile-shear force of spot welds of different steel grades 
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For the uncoated AHSS RA-K40/70, CP-W800 and MS-W1200 and for the uncoated mild 
reference steel DC01, fatigue tests were carried out. This was done for tensile-shear 
specimens using tensile-fatigue test procedures according to EN ISO 14324. The specimens 
used were welded by an AC welding gun with electrode caps of the B16 type. For each of the 
four steel types, different welding parameters were applied, Table 7. 
 
 

 Welding parameter Quality features 

Material tW 
[cyc.] 

Fe 
[kN] 

I 
[kA] 

d 
[mm] 

FS 
[kN] Type of fracture 

DC 01 20 3.0 8.3 7.9 12.22 plug failure 
RA-K 40/70 10 5.5 8.0 7.4 18.98 plug failure 
CP-W 800 20 3.5 7.6 7.8 30.32 plug failure 

MS-W 1200 10 4.5 9.5 7.8 31.35 plug failure 
 
 

Table 7: Welding parameters for fatigue tests 
 

 
The Wöhler tests were carried out by a servo-hydraulic test system under force-controlled 
regime with a load ratio of R = 0.1 and a test frequency of f = 50 Hz. Each of the S-N curves 
(Wöhler curves) is based on 7 to10 test specimens. The test stop criterion was the total 
fracture of the weld joints. In this connection, plug failures or fractures in the material were 
the dominating failure types. Weld diameter was used as the criterion for comparing the 
fatigue test results from the different steel types. The value of the weld diameter was nearly 
7.8 mm in all cases, Table 7. The results of the Wöhler tests are given in Figure 14. The 
results show that for all tested AHSS, the number of cycles is higher than in the case of the 
reference material DC01. In particular, the numbers of cycles of the complex phase steel CP-
W800 and of the martensite phase steel MS-W1200 are significant higher than in the case of 
reference steel DC01 and higher than in the case of TRIP steel RA-K40/70. For example, for 
the test force of 4.0 kN we have the maximum numbers of cycles (total fracture): 
 
¾ 68473  for  DC01  (reference steel) 
¾ 184700  for RA-K40/70  (TRIP steel) 
¾ 255044  for CP-W800  (complex phase steel) 
¾ 314771  for MS-W1200  (martensite phase steel) 
 
Similar results for other tests forces follow according to the tables in Figure 14. It can be 
summarized that the maximum numbers of cycles of the AHSS are higher than the maximum 
number of cycles of the mild reference steel. Thus, the fatigue life of the tested AHSS is 
higher than that of the tested mild reference steel. 
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Fig. 14:  Wöhler curves of spot welds of approx. same weld diameter 
               welded with different parameters  

Specimen Specimen  Specimen Specimen  
NumberNumberNumberNumber

Upper load Upper load Upper load Upper load 
Fo  [kN]Fo  [kN]Fo  [kN]Fo  [kN]

Number of Number of Number of Number of 
cycles to cycles to cycles to cycles to 

failure failure failure failure 

Specimen  Specimen  Specimen  Specimen  
NumberNumberNumberNumber

Upper load Upper load Upper load Upper load 
Fo  [kN]Fo  [kN]Fo  [kN]Fo  [kN]

Number of Number of Number of Number of 
cycles to cycles to cycles to cycles to 

failure failure failure failure 
46_7 6,0 24393 80-8 7,0 17063
46_8 5,5 18171 80-9 6,5 25051
46_9 5,0 39387 80-10 6,0 35623
46_10 4,5 42498 80-11 5,5 48081
46_11 4,0 68473 80-12 5,0 81084
46_14 3,7 119408 80-13 4,5 110672
46_12 3,5 267753 80-14 4,0 184700
46_13 3,0 408639 80-15 3,5 337128
46_16 2,7 271954 80-17 3,0 554577
46_15 2,5 640709 80-18 2,7 717451

Specimen Specimen  Specimen Specimen  
NumberNumberNumberNumber

Upper load Upper load Upper load Upper load 
Fo  [kN]Fo  [kN]Fo  [kN]Fo  [kN]

Number of Number of Number of Number of 
cycles to cycles to cycles to cycles to 

failure failure failure failure 

Specimen  Specimen  Specimen  Specimen  
NumberNumberNumberNumber

Upper load Upper load Upper load Upper load 
Fo  [kN]Fo  [kN]Fo  [kN]Fo  [kN]

Number of Number of Number of Number of 
cycles to cycles to cycles to cycles to 

failure failure failure failure 
117-17 7,0 30086 48_16 7,0 18056
117-18 6,5 34322 48_9 6,5 45615
117-19 6,0 43537 48_15 6,0 56387
117-20 5,5 71473 48_14 5,5 150521
117-21 5,0 382570 48_13 5,0 195944
117-22 4,5 159230 48_12 4,5 168756
117-23 4,0 255044 48_10 4,0 314771
117-24 3,5 run-through 48_11 3,5 903735
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Testing with R=0.1 and f=50 Hz                   Shut-off criteria: Fracture of specimen    

Curve 1: DC01 (1.50 mm) tw= 20 Cyc. Fe= 3.0 kN I= 8.9 kA dp= 7.9 mm 
Curve 2: RA-K40/70 (1.60 mm) tw= 10 Cyc. Fe= 5.5 kN I= 6.0 kA dp= 7.4 mm 
Curve 3: CP-W 800 (1.65 mm) tw= 20 Cyc. Fe= 3.5 kN I= 7.6 kA dp= 7.8 mm 
Curve 4: MS-W 1200 (1.60 mm) tw= 10 Cyc. Fe= 4.5 kN I= 9.5 kA dp= 7.8 mm 
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For given welding parameter combinations, welding ranges (WCR) for different multi-phase 
steels were developed. In this connection three-dimensional weldability lobes for TRIP steel, 
complex phase steel and a mild reference steel were established. From these weldability 
lobes, the influence of short-, medium- and long-time welding and of different values of 
electrode force on the process reliability can be concluded. Depending on the welding 
parameters, there exist sufficiently high process reliabilities for the investigated AHSS. For 
uncoated steel sheets, however, the biggest WCR and therefore the highest process 
reliabilities was found. In the case of hot dip zinc coated steel sheets, sufficiently high 
process reliabilities will be realized by optimization of the two welding parameters electrode 
force and welding time. Only in the case of practically unimportant short-time welding a 
process reliability does not exist. But in the mass production of automobiles, usually medium- 
and long-time welding is used. Therefore, for sufficiently high electrode forces in all situations 
of car mass production, there exist always sufficiently high process reliabilities which 
guarantee spot welds of high quality. It is well known that the process reliabilities with middle 
frequency inverter welding guns are higher than with AC welding guns /6, 7/. Therefore, the 
process reliabilities found in this study would become higher using middle frequency inverter 
welding guns. Because of the existence of process reliabilities for given welding parameters 
and a sufficiently high electrode life both in the case of uncoated and hot dip zinc coated 
high-strength multi-phase steel sheets, the weldability of the tested steels is guaranteed. 
 
Depending on the test procedure, different types of failures occur in the case of AHSS. E. g. 
in the case of torsion test, interface failures are dominant. For other test procedures like the 
tensile-shear test or the fatigue test with tensile-shear loading, partial plug failures or plug 
failures are dominant. 
 
The quality features tensile-shear force and weld diameter are significantly influenced by the 
welding time. The influence of electrode force on these features is negligible. 
 
The maximum numbers of cycles of the tested AHSS is higher than the maximum numbers 
of cycles of the tested mild reference steel. Thus, the fatigue life of the tested AHSS is higher 
than the fatigue life of the tested mild reference steel. 
 
In sum, this contribution has shown that process reliability, weldability, acceptable fracture 
behavior, high static strengths and high fatigue lives can stated for the tested AHSS when 
applying the appropriate spot welding technique. 
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