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SYNOPSIS The pap~r shows that TIG welded or pulsed arc TIG welded joints of high strength steels 
have the same fatigue strength as ma~ual arc welded and TIG dressed joints. In practice TIG welding 
of co~er and cap passes over underlying MAG welded passes can replace the more time consuming TIG 
dressing.of all weld toes of a total'.y MAG weld~d joint. After TIG welding respectively pulsed arc 
TIG welding and subsequent shot peening the fatigue strength under completely reversed bending sur­
passes the fatigue strength of the unpeened high strength base material 

1 INTRODL!CTION 

It is a well known fact that the fatigue strength 
of welded joints is appreciably lower than the 
fatigue strength of the base material - particu­
larly if high strength structural steels are 
considered. Big efforts have been made to im­
prove the fatigue strength of welded joints for 
instance by postweld treatments like TIG dress­
ing or shot peening. The intention of this paper 
is to present pulsed arc TIG welding as a method 
which produces an extremely flat profile of the 
weld seam and hence results in a relatively high 
fatigue strength. As will be shown, these methods 
result in a considerable improvement of the fa­
tigue strength, for instance of manual arc weld­
ed joints . But even after those postweld treat­
ments, welded joints of hiah strenath steels, 
with an originally conventional weid seam pro­
file, do not reach the fatigue strength of the 
base material. 

This paper further reports on investigations 
with the aim to check whether other welding 
techniques which originally produce flat we1d 
seams could be advantageous in improving the 
fatigue strength of the welded joints of high 
strength steels. TIG welding and pulsed arc TIG 
welding are methods which can fulfil the demand 
for extremely flat profile of the weld seam. 
Results will be oresented which indicate how 
these welding techniques can be used in practice 
to get not only an improved fatigue strength of 
butt welded joints in an economic way but also 
to reach the fatigue strength of a high strength 
base material. Observations of crack initiation 
sites during cyclic loading, measurements of 
hardness profiles and of residual stress profiles 
and measurements of residual stresses after cyc­
lic loading help to explain the differences of 
the fatigue strength of differently welded jcint~ 

2 EXPERIMENTAL DETAILS 

Two fine-qrained structural steels of different 
yield strength and ultimate strength have been 
used in the investigations: the widely applied 
steel St 52-3 in the normalized condition and 
n ,tPPl nf the NAXTRA tvoe (German desianation 

Table 1 shows chemical composition and strength 
values of both steels. Steel strips of the di­
mensions 320x80xl0 mm have been prepared for 
1velding from rolled sheets (2500xl250xl0 mm) by 
cutting and grinding to remove the rolled skin. 
The grindin0 direction as well as the rolling 
·direction were parallel to the short side of 
the strips, that is the direction which finally 
becomes the loading direction. The steel strips 
were gi verr ··either a V groove preparation or a 
double V groove preparation (Table 2) parallel 
to the longer side. For the joining of these 
strips the following welding techniques have 
been applied: manual arc welding (MAH), shield­
ed arc weldin~ with a mixed shielding gas 
(90 % Ar, 5 % o2, 5 % CO?, MAG), tu~gsten inert 
gas welding or pulsed arc tungsten . inert gas · 
welding (TIG) and a combination of MAG welding 
and pulsed arc TIG welding. Table 2 indicates 
the number of passes and other welding para­
meters in each case. 

During TIG welding of cover or cap passes the 
volume of the filler material melted was that 
necessary to fill t~e groove exactly. In that 
way an extremely flat profile could be pro­
duced, but is was necessary to adjust the 
wire speed during the whole welding process: 
This is possible in TIG welding since the wire 
speed and the heat input are independent from 
each other. A pulsed arc additionally distri­
butes the weld metal uniformly over the width 
of the weld seam. Postweld treatments (1) we~e 
applied in some cases immediately after welding 
(TIG dressing) and in other cases (shot peen­
ing) after the prepara~ion of the specimens for 
cyclic loading. The main parameters of postweld 
treatments are summarized in Table 3. 

The specimens for cyclic loading were prepared 
with a saw cut transverse to the seam of the 
welded sheets and the final shape shown in 
Fig. la was produced by mil'.ing. The_lon~itu­
dinal direction of the specimens, which is 
transverse to the seam, is the loading direc-
tion. 



The fatigue tests were performed under complete­
ly reversed bending or under tension-compression 
loading (R =-1). The frequency was 25 Hz in each 
case. In order to get reliable S-N-curves, 12 
specimens were tested on two different stress 
levels in the finite life range and 12 speci­
mens were tested on two different stress levels 
in the range of infinite life. 6A limiting number 
of load alternations of 2 x 10 was taken in ·ac­
cordance with the German standard for steels 
(DIN 50 100 and DIN 15 018). The fatigue 
strength was calculated by use of the arc sinvp 
transformation. All S-N-diagrams show lines for 
a fracture probability of 50 %. (Fig. 2 to 
Fig. 4) . Table 5 indicates the fatigue strength 
values for a fracture probability of 5 %, of 
50 % and of 95 % of all investigated states. 

The profile of a weld seam could be measured 
with a profilometer in the case of an extremely 
flat TIG weld seam or with an inductive dis­
placement pickup in the case of all other weld 
seams. Fig. lb includes a representation of im­
portant parameters which describe the geometry 
or shape of a weld seam. These parameters could 
be evaluated from the profile recordings. Re­
sidual stresses due to welding and shot peening 
have been measured in the surface layers by 
means of an X-ray technique. For hardness 
measurements and metallographic investigations 
the usual methods were applied. 

3 EXPERIMENTAL RESULTS 

3.1 S-N-curves and fatigue strength of 
differently welded specimens 

Fig. 2 shows the S-N-curves of the base materia~ 
(state 1) and of specimens of both steels in the 
following welded states: manual arc welded in 
the as-welded condition, manual arc welded and 
TIG dressed, manual arc welded and shot peened. 
The lines in the diagram indicate a fracture 
probability of 50 % under completely reversed 
bending. As usual the fatigue strength of both 
steels is nearly the same in the as-welded con­
dition (state 2). Differences arise after post­
weld treatments. The improvement of the fatigue 
strength of the steel StE 690 due to TIG dress­
ing (2) is bigger than the corresponding im­
provement of the fatigue strength of the steel 
St 52-3 (state 3). An even bigger increase of 
the fatige strength of both steels ~an be pro­
duced by shot peening (3) of the welded samples. 
The fatigue itrength of the welded and shot 
peened specimens of the steel StE 690 (state 4) 
is particularly high and definitely higher than 
the fatigue strength of the base material spe­
cimens of the steel St 52-3. But neither the 
postweld treated specimens of the steel St 52-3 
(state 4) nor the postweld treated specimens of 
the steel StE 690 (state 4) did reach the fa­
tigue strength of their own base material. 

TIG welding respectively pulsed arc TIG welding 
was used with the intention to check whether ex­
tremely flat final passes would result in a 
fatigue strength similar to that of TIG dressed 
specimens. Fig. 3 shows the results. As can be 
seen TIG welding of the steel St 52-3 (state 5) 
respectively pulsed arc TIG welding of the steel 
StE 690 (state Sa) produces practically the same 
fatigue strength under complete reversed bending 
as manucal arc welding with subsequent TIG 
dressing of the same steel (state 3). Another 

possibility is to aoply the TIG process only for 
the cover pass and the cap pass, which determine 
essentially the fatigue strength of the welded 
joint, and to use a more efficient technique 
like manual arc welding or MAG welding for the 
root and intermediate passes. A comparison of 
the 5-N-curves for state 6 (MAG welded and 
subsequently TIG dressed) and for state Sb (first 
and second pass MAG welded, cover and cap pass 
TIG welded) indicates that nearly the same fa­
tigue strength under tension-compression load­
ing.is produced with both weld methods.The eco­
nomic advantage of a TIG welded cover and cap 
pass compared with TIG dressing of all weld 
toes will be discussed later on. 

An interesting question is whether a combination 
of TIG welding of an extremely flat cover and 
cap pass with shot peening can offer an addi­
tional beneficial effect on the fatigue strength. 
Fig. 4 compares 5-N-curves of base material 
specimens, of TIG welded respectively pulsed 
arc TIG welded specimens (state 5) and of TIG 
welded or pulsed arc TIG welded and subequently 
shot peened specimens (state 7) of both steels. 
It is of practical importance to note that 
after TIG welding and subsequent shot peening 
the fatigue strength under completely reversed 
bending surpasses the fatigue strength of the 
unpeened base material in both cases considerab­
ly. That means, that the combination of an ad~ 
vanced welding technique, which produces ex­
tremely flat weld seam profiles, with the bene­
fits of shot peening offers the possibility 
that butt welded joints get at least the same 
fatigue strength as the base material. 

3.2 Parameters of the weld seam profile, 
hardness values and residual stresses 

The measured values of the parameters which 
describe the profile of the weld seam help to 
explain the differences of the S-N-curves of 
differently welded joints. Detailed observations 
of crack initiation sites, hardness and residual 
stress measurements offer also useful infor­
mation. 

As parameters of the weld seam profile of manual 
arc welded joints are listed in Table 4 the 
width of the seam, the reinforcement angle and 
the radius and depth of the penetration notches. 
Each value is the meanof 24 single values. 
Fig. 6 demonstrates very clearly.the extreme1v 
flat profile of pulsed arc TIG welded joints of 
the steel StE 690. 

Fig. 5 indicates a hardness distribution and re­
sidual stress distributions versus distance from 
the surface of manual arc welded and shot peen­
ed specimens of the steel StE 690. Fig. 7 re­
presents residual stress distrubutions on the 
surface of a pulsed arc TIG welded sgecimen in 
the as-welded condition and after 103 respective­
ly 106 load cycles. 

4 DISCUSSION 

The differences of the 5-N-curve of differently 
welded joints are discussed in the following 
on the basis of the measured weld seam profiles, 
the observed crack initiation sites and the mea­
sured hardness values and residual stress dis­
tributions. 



The manual arc welded specimens include sharp 
and deep undercuts. Therefore the fatigue 
strength of these joints is much lower than 
that of the base material and all fatigue cracks 
started at the weld toes, either beside the 
cover pass or beside the cap pass. In most cases 
a steeper reinforcement angle or a smaller notch 
radius or a bigger notch depth - up to 300 µm -
than listed as mean value in Table 4 could be 
detected exactly on the crack initiation sites 
by careful observations. In some cases fatigue 
cracks started obviously on weld spatters or 
on scratches due to grinding on the root side. 

TIG dressing removes the undercuts of manual 
arc welded joints nearly completely. Thus the 
fatigue strength after TIG dressing is improved 
as a consequence of lowering of the stress con­
centration at the weld toe. As can be seen in 
Table 4 the reinforcement angle as well as the 
notch radius is definitely enhanced due to TIG 
dressing. According to the change of the weld 
seam profile other crack initiation sites have 
been found after TIG dressing. In TIG dressed 
specimens of the steel St 52-3 all crack initia­
tion sites were found in the base material .Never­
theless the TIG dressed specimens did not react, 
the fatigue strength of the base material. The 
reason for this was small surface defects such 
as weld spatter or scratches due to grinding. 
Obviously such defects acted as crack starters 
and lowered the fatigue strength. In TIG dress­
ed specimens of the steel StE 690 only 5 % of 
cracks started in the base material. 26 % of 
cracks originated within the transition zone 
between weld metal and TIG dressed zone and 
53 % of cracks directly within the TIG dressed 
zone. Only 16 % of cracks had their origin 
within . the transition from the TIG dressed 
zone to the base material. This at least con­
firms that TIG dressing lowers the stress con­
centration at the transition from the base 
material to the zones of melted metal. A reason 
why more than 50 : of cracks started directly 
within the TIG dressed zone could not be found 
from the parameters of the weld seam profile. 
Scanning electron micrographs of fracture sur­
faces revealed the reason. Close to the crack 
initiation points nonmetallic inclusions 
could be detected. It has to be assumed that 
very small remains of the weld slag had been 
deposited near the surface of the weld t~e and 
that these inclusions acted as stress raisers 
within the TIG dressed zone. 

The weld seam profile was not altered due to 
shot peening. Therefore - with only a few 
exceptions - all fatigue cracks started at the 
weld toe of the manual arc welded and shot 
peened specimens. Consequently the impro~ement 
of the fatigue strength due to shot peening 
has to be attributed to the hardening of sur­
face layers and to the creation of compressive 
residual stresses in surface layers. The hard­
ness profile of a manual arc welded and s~ot 
peened specimen of the steel StE 690 ~onfirms 
the hardening effect of the shot peening treat­
ment (Fig. 5). The hardness in the very surface 
of the heat affected zone is 100 HV higher than 
the hardness of deeper layers. In comparison 
welded joints of the steel St 52-3 showed an 
even bigger increment of surface hardn~ss after 
shot peening. The residual stress profiles in 
Fig. 5 indicate rather big magnitudes of 

compressive residual stresses on the surface 
and in layers close to the surface as a con­
sequence of shot peening. The somewhat bigger 
magnitudes of the compressive residual stresses 
in the heat affected zone (HAZ) can be explain­
ed by the higher hardness in the HAZ compared 
with the base material. According to (4) com­
pressive residual stresses of the observed 
magnitude, which are rather uniformly distri­
buted on the surface, improve the fatigue 
strength of steels with the ultimate strength 
considered here. But with t.his ultimate strength 
level the main part of the fatigue strength im­
provement due to shot peening is a consequence 
of surface hardening (4). 

TIG welded or pulsed arc TIG welded specimens 
showed relatively high fatigue strength iden­
tical, or comparable, to the fatigue strength 
of TIG dressed joints. The result is a con­
sequence of the extremely flat weld seam pro­
file (Fig. 6) which can be produced if in TIG 
welding or pulsed arc TIG welding the wire · 
speed is adjusted continuously. The reinforce­
ment angle of TIG welded seams is comparable to 
that of TIG dressed seams. The toe radius was 
smaller after TIG welding than after TIG 
dressing, but the effect of the notch can be 
nearly the same because the height of the weld 
seam was lower after TIG welding than after 
manual arc welding or MAG welding. In the lower 
finite life range all cracks of the pulsed arc 
TIG welded steel StE 690 and most of the cracks 
of ~he TIG welded steel St 52-3 started at the 
weld toe. In addition it is remarkable that 
in many cases small nonmetallic inclusions 
could be observed in the surface layers of the 
weld toe. These inclusions can also act as 
stress raisers. 

Investigations on the possible influence of 
welding residual stresses on the fatigue 
strength have been performed in the TIG welded 
state and in the TIG dressed state. As an ex­
ample Fig i indicates a distribution of surface 
residual stresses after pulsed arc TIG welding 
of the steel StE 690. This distribution on the 
side of the cap pass includes rather high ten­
sile residual stresses in the zone which is 
sensitive to fatigue cracks. The res1dual . 
stresses 6have been measured after 10 and again 
after 10 cycles of the fatigue test. It can be 
seen that after 10 cycles the maximum magni­
tudes of the residual stresses are already con­
siderably lowered. After continued cyclic loa­
ding until 106 cycles another, but smaller re­
lief of tensile residual stresses has been ob­
served. In view of the small magnitudes of the 
remaining residual stresses one must assume 
that welding residual stresses cannot have a 
pronounced influence on the fatigue strength 
of the investigated specimen (5,6). In other 
cases only small reduction of tensile residual 
stresses in zones with an enhanced hardness was 
observed. Even then fatigue crack initiation 
could not be detected in the zones with high 
tensile residual stresses, but partly in zones 
with small compressive residual stresses. 1Alto­
gether one can conclude that in the case of 
butt welded specimens with a seam transversely 
to the load stress the influence of welding re­
sidual stresses is at most weak compared with 
the influence of notches at the weld toe. 



An important result is that after TIG welding 
or pulsed arc TIG welding and subseouent shot 
peening the fatigue stren9th under completely 
reversed bending surpasses the fatigue strength 
of the base material: Shot ~eening is obviously 
capable of compensating for the relatively weak 
notch effect of extremely flat weld seam pro­
files. In accordance with that the crack initia­
tion sites were displaced into the base material 
- in specimens of the steel St 52-3 completely 
and in specimens of the steel StE 690 mostly. 
If one compares the fatigue strength of \\elded 
specimens of the steel St 52-3 with that of the 
steel StE 690 one can summarize the results 
in the following way. Despite its much higher 
yield stren0th and ultimate strength the fatigue 
strength of the steel StE 690 in the as-welded 
state is only little higher than the correspon­
ding values of the steel St 52-3. This well 
known fact results from the more pronounced 
notch sensitivity of the steel with the higher 
ultimate strength. (Careful investigations have 
confirmed that no differences of significance 
existed between the weld seam profiles of both 
steels). As a consequence any lowering of the 
notch effect of the weld seam profile improves 
the fati~ue 5trensth of the steel StE 690 more 
than the fatigue strength of the steel St 52-3. 
This can be seen clearly if one comoares the 
S-N-curves of the TIG dressed specimens or of 
the TIG welded specimens of both steels in Fig. 
2 and in Fig. 4. Shot peening also affects the 
fatigue strength of butt welded joints of the 
steel StE 690 more than the fatirue strenath 
of butt welded joints of the steel St 52-3. 
In that way even the especial]~ high fatigue 
strength of the StE 690 base material can be 
reached or surpassed if an advanced weldina 
technique which produces extremely flat we1d 
seam profiles is combined with shot peening . 
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Table 1 Chemical composition and strength values 

Chemieol eompo1ition C Wt ,; J Yield Ultimote 

strength strength 

c Si Un Cr Uo Al Zr Fe lN/mm 2) lN/mm 2) 

St 52-3 0.154 0.34 1.41 0.03 -- 0.042 -- 98 400 526 

SlE 690 0.175 0.62 0.87 0.64 0.27 0.035 0.08 97 722 800 



Table 2 Welding procedure 

MAW (2) MAG (6) TIG (5+5a) MAG [1'" - 2 .. pass] (Sb) 
TIG [3'" - 4• pass] 

'"- Cur......t N'C ».Gt lnp.,t Pou Cun'..,I NC H.al input Poee lloM CV<T .... t PuliMd cv ....... t NC ».ot lnp.,t PoN lloM curnnt PulMd c...- - - ,'C)<A 
(;lJ ~IYJ OU/cm) (;lJ volt~ lV) O<J/cml (;lJ (;lJ v~ IYJ OU/cml (;lJ (;lJ --IY] O(J/cml 

1 1, 21.0 ,., 1 170 12.0 12.2 

2 1IO 24.0 1,.4 2-e 200 12.0 14.4 
St 52-3 

J 1IO 24.0 1,.4 7 200 12.0 14.4 

4 1, 21.0 ,., e 200 12.0 14.4 

StE 690 1 100 22 .0 10.2 1 140 20.0 e ., 1 1.35 10., e ., 1 140 20.0 .. , 
P.-lnt 2 110 22-' 14.I 2 1&0 22 .0 12.0 2-e 1a, 10., 11.7 2 140 20.0 .. , ....__ 

J 110 22-' 14.I J 1&0 22 .0 12.0 7 1 :!() 220 10., 11.7 J 1!!0 • C 150 220 1.0.0 II . I 

4 100 22.0 10.2 e 1:!0 220 10., 11.7 4 150 220 10.0 I 1.1 

Cw I 
1 (5) 

CW':J \ ill i g I 

I 
I 

{ I ? (Sa) 
I 

I 
' 



Table 3 Parameters of post-weld treatments 

St 52-3 StE 690 
Base current [AJ 110 110 

TIG PulHd current [AJ 250 250 

dressing Ne voltage IYJ 10 10 

(3+6) Heat input O<J/cml 10.8 10.8 

1. 2. 

Shot 52.30 52.30 Gloss 
Shot 

Peening pninure Cbarl 4 4 4 
peening 

Coveroge cu 100 200 100 
(4+7) 

Almen inten1ity lmml O.JA 0.4A 0.2 N 

Table 4 Parameters of weld profiles of manual arc welded specimens 
and manual arc welded and tungsten inert gas welding (TIG) 
dressed specimens 

weld width reinforcement toe rodiua depth ol 
ongl• undercut 

Cmml ldogreel Cmml (µml 

lolAWc,werpase 12.5 ! o.a 159.J! 5.6 J.5 ! 1.9 26.5 ! 28.1 

I.IAW TIC drused 
19.0 ! 0.6 17.3.7! J .1 17.2 !8.4 0.0 ! 0.0 

St 52-3 
COYCr pas, 

I.IAW cop pau 7.7 ! 0.5 152.5 ! 7.7 J.O ! 2.0 J6.2 ! 5.5 

I.IAW TIG droued 
15.6 ! 0.5 174.6! 2.1 18.7 ! 9.5 0.4 ! 2.1 

ccp posa 

MAW c:over posa lJ.9!0.7 162.2 ! 5.6 4.9 ! J .1 -1-2.0 ! -1--1-.0 

I.IAW TIG dreHed 
2J.2 ! O.J 175.J ! 1.4 J9.J ! 17.7 6.1 ! 10.0 

StE 690 
cover posa 

iu.w cop pau 7.8 ! 0.5 159.5 ! 6.J 6.-1- ! J .J J0.7 ! J9.2 

I.IAWT1Cdrased 
. 16.4 ! 0.6 174.4! 2.8 15.0 ! 7.8 -1-.5 ! 9.0 

cap po" 

Table 5 Fatigue strength values for fracture probabilities of 5 per cent, 
of 50 per cent and of 95 per cent of all investigated states 

St 52-3 StE 690 
fatigue strength for o frocture probability ol 

state 
5,: 50,: 95,: 5,: 50:>: 95,: 

1 257 290 .322 .325 .360 .395 

2 168 165 202 157 190 226 

J 2.35 266 267 233 300 367 

4 266 278 290 297 .330 363 

5 230 260 290 245 266 266 

5a -- -- -- 268 305 322 

5b -- -- -- 164 210 255 

6 -- -- -- 172 227 266 

7 302 315 325 363 -4-04 429 
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Fig 3 S-N curves of TIG dressed and TIG welded 
specimens 
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Fig 5 Distribution of residual stresses and of hardness 
after shot peening (steel StE 690, manual arc welded) 
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Fig 6 Weld profile after TIG welding 
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Fig 7 Distribution of welding residual stresses and their change 
after fatigue loading (N = number of load cycles) 




