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Abstract

This paper presents the fatigue results obtained in two types of stainless steels: Duplex §31803 and Austenitic 304L. The main objec-
five was to compare the fatigue behavior in terms of environment {air and 3% NaCl) and weld toe treatment {as welded and toe grinding).
The tests were cartied out in tension on cruciform specimens with a constant amplitude fatigue cycle of R =0.1. A few tests were also
carried out for B = 0.5. These data values were also corpared with results available in the literature.

The fatigue performances of austenitic and duplex stainless steel joints are similar.

Tt was found that the fatigue sirength of the tested austenitic toe ground joints was greater than the fatigue strength of the as welded
specimens. The fatigue performance improves in as welded specimens with the increase of siress range.

For a number of cycles near of N = 107 cycles it was obtained increase of 60% in terms of siress range.

Measurements of the radii of curvature and weld toe angle were obtained in the as welded and toe grinding specimens.

The variations in fatigue life are basically due to changes in residual stress and weld toe geometry at the weld toe zone. These results

were also assessed by numerical results obtained by 2D FE.
© 2007 Elsevier Ttd. Al rights reserved.
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1. Introduction: background

Today engineers have great a task when designing a new
structural component. One of the objectives is to extend to
the maximum its mechanical strength and fatigue hife.

Designing, monitoring and repairing the new structure is
fundamental to achieve this goal, and the sooner the engi-
neer starts in this process, better results will be obtained.

Rehahilitation techniques are important, but improving
techniques are also relevant. If one can extend the fatigne
fife of the struciure before crack initiation begins, then a
greater and safer life is obtained.

Current tesearch deals with the fatigue behavior of
welded joints in a structural Steel subjected to the so-called
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“local post-welding improvement technigues”, and is a fol-
low-up of easly research work {1~5). Improvement tech-
niques began to he applied to other types of materials,
like stainless steels [6](in the case of the work), and alumi-
num atioys.

Most of the life improvement techniques, as applied to
original or new welds, were established in the 1960s and
garly 1970s. A number of investigations have confirmed
the benefit to be gained from improvement techniques,
and latge increases in the faiigue strength are usually
obtained. In spite of this, some reluctance has been
observed towards the introduction of improvement tech-
nigues into design recommendations and only recently
one method, weld toe grinding, has been allowed for in
the design of offshore siructures [7] and pressure vessels
{8] TIG and plasma dressing can be even more effective
than grinding [5,9], but there is limited work to support this
trend and, therefore, additional work is needed.
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Fatigue life improvement techniques rely on extending
the initiation phase, by reducing the severity of the weld
ioe details or introducing a compressive residnal stress ficld
[10). kmprovement technigues also reduce the erack propa-
gation speed; which increases the total fatigue life of the
structure.

In a review recenily presented by Maddox {11], conclu-
sions and recommendations were defined for hamamer peen-
ing which is now part of an official TW document of
Commission XTI {123

In the present work the main improving technigue nsed
is weld toe grinding. This technique is based on removing
surface material from the weld toe, increasing the weld
toe radii and consequently redncing the severity of this
detail. The technique also reduces the residual stress field
resulting from the welding process. Anoiher objective of
this investigation is to compare weld foe grinding discussed
in the present paper, with other improvement techniques,
like TIG dressing and air-hammer peening. The obtained
gain in fatipue strength and fatigue life will be assessed later
in next projects.

The siudy of improvement techniques has been pub-
lisher by the authors only for as welded and defective welds
[13-16} This subject has also been considered by others
investigators but essentially in application to standard
stroctural.

The present paper reports the fatigue results obtained n
two different types of stainless steels (Austenitic 304L and
Duplex 531803 type, welded by TIG and MAG processes},
in two different environments {air and acrated 3% NaCl
solution) and for two different conditions (as welded and
weld toe grinding).

2. Experimental details
2.1. Material and specimens

There are two materials in stady within this work, both
stainless steels, the first one is referred as Austenitic Type
304L (SAE 30304L, DIN 1.4306) and the sccond one is
referred as Duplex Fype $31803 (DIN 1.4462). In Tables
1 and 2 the chemical composition of the materials can be
found. These compositions show good agreement with
the original compositions presented in [6].

Tahle 3 gives the mechanical properties of both sicels,
taken from 4]

Table 1

Chemical composition of Austenitic 304L stainless steel (6)

C Si Mn P S Cr
0.03 0.33 1.23 0.023 0.007 8.1
Mo Ni Al Ch Cn w
0.56 8.2 - 0.11 0.31 -

Table 2
Chemical composition of Duplex 831803 stainfess steel (6)
C Si Mn P 8 Cr
0.03 0.25 1.55 0.031 0.009 223
Mo ™i Al Cb Cu W
2.81 53 - 0.3 0.09 -
Table 3
Tensile properties (6)
Steel Proof strength (.23 {MPa) Proof sxength 1% (MPa)
304L 256 280
S§31803 478 -

UTS (MPa) Elongation {%)
304L 698 52
531803 R% 34

Both steels were received in as welded condition, with a
plate thickness of 10 mm and the speciimen geometry can be
found in Fig. 1.

Measurements of the radii of curvature and weld toe
angle were obtained for both stecls, in an as welded condi-
tion and after weld toe grinding (Fig. 2a and b). These mea-
surements were made using an X ¥ coordinate table, fitted
with a video camera and monitor. The system has an accu-
racy of one micron, and is fitted with a special built-in facil-
ity to measure radii and angles.

The probability density functions of these data, with the
Ciauss normal distributions, are plotted in Figs. 3 and 4 for
the radii of curvature of Austenitic 3041, stainless steel ser-
ies, concerning as welded condition and weld toe grinding
in air, respectively. It is scen that, in the weld toe grinding
joints, a increase of the radii was obtained as against the as
welded joints (Tuble 4).
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Fig. 1. Transverse fiflet weld joint.
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Fig. 2. (a) Weld toe tangent angle, 0, in as welded specimen and () weld toe radii after weld toe grinding.
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Fig. 3. Probahility density function for the Austenitic 3041, stainless steel series wetded by the MAG process.
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Fig. 4. Probability density function for Austenitic 3041 stairtless steel series welded by the MAG process, after weld soc grinding in air.
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Table 4
Values of weld toe radii

# Measurements

Mean value (mm) Standard deviation ()

Duplex 831803 stainless steel As welded 488
Weld toe grinding 88

Austenitic 3041 stainless sieel As welded 400
Weld toe grinding 64

1.65 0.63
559 1.1
2.24 091
3.88 0.57

The results show a small variance suggesting that the
welding process presents a very good guality {Table 4).

For weld toe grinding a pnewmatic weld toe grinding
tool with the following specifications was used: pressure:
7 Bar; rotation speed: 24,000 rpm; work angle, sideways:
45° and work angle, weld direction: 45°.

Fig. 2 presents a macro of both conditions showing the
difference in the weld toe radii after the weld toe grinding
technique is applied.

For the Duplex S31803 stainless steel series the weld toe
radii was 0.53 mm for the specimens welded by the TIG
process and 1.65mm for the specimens welded by the
MAG process (Fig, 5). The first one is a small value and
means that the welding process creafes a severe peometry
deiail.

On the whole, the grinding treatment applied to the
Daplex stainless steel has increased the mean radii by
about 240% as against the weld toe radii of the equivalent
zone at the weld toe for the as weld joints (Table 4).

For both materials the weld toe tangent angle was found
to be very close to 45° however the weld thickness is only
marginally lower in the austenitic steel.

2.2 Residual stress values

The influence of the weld toe grinding technique was
also characierized measuring the residual stresses at the

weld toe. This was done using the X-ray diffraction tech-
nique. The weld toe grinding technique decrease the resid-
ual stress level in the weld toe, introducing compressive
residual stresses (Fig. 6). This is a beneficial effect leading
to a higher fatigue life as the increase in the weld toe
radii.

Fig. 6 shows a decrease in the residual stress fevel close
to the weld toe. In the longitudinal direction the residual
siress decreases from —71 MPa to -196 MPa, while in
the transverse direction the residual stress decreases from
7 MPa to —163 MPa. To compensate this effect the residual
stresses have to increase elsewhere, so 25 mm o the right of
the weld toe, the residual stress increase from —37 MPa to
75 MPz in the longitudinal direction and from —43 MPa to
—16 MPa in the transverse direction.

This increase will not affect the fatigue strength since it
was located remote from the weld toe where the stress con-
centration factor has a diminutive effect.

2.3. Finite element analysis

The finite element analysis (FEA) technique was used to
describe the influence of the weld toe radii in the experi-
mental results and also the influence of the fatigne life
improvement techniques. One of the most significant fati-
gue life improvements is the increase of the weld toe radii;
methods which can reduce the weld toe siress concentra-

Duplex 531803 Stainiess Steel in as Welded Condition (MAG walding)
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Fig. 5. Probahility density function for Duplex 531803 stainless steel series welded by the MAG process, mean vatue for TIG: 0.53 ram.
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Residual Stresses in Austenitic 304L Stalnless Steel as Welded and
Toe Grinding Specimen
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Fig. 6. Residual stress in the weld toe and base matexjal of Austenitic 304L stainless steel.

tion factor and consequently increase the fatigne life by
locaily reducing the stress levels.

Using a commercial FE code (ABAQUS) the above
geometry was modeled with six different weld toe radii
and 6 different stress concentration factors. For this joint,
the best results were obtained with 1983 quadratic plane
elements; with a total nmmber of 6478 nodes (Fig. 7).

The stress concentration factor results in the longitudi-
nal direction, K, =5‘§“§—::1—“', range from 1.50 to 2.00 when
the weld toe radii increase {Fig. 8). It is then possible to
concinde that fatigue life improvement fechniques, like
weld toe grinding who increase the weld toe radii, decrease
the stress concentration factor and the local stress levels
leading to an improved fatigue life.

Fig. 7. Finite eclement mesh and normal stress distribution in the
longitudinal direction.
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Fig. 8. Stress concentration factors for both stainless steel materials.

2.4, Fatigue and hardness tests

The fatigne tests were carried out under constant ampli-
tude loading in a +-250 kN capacity servohydraulic fatigne
test machine. The frequency was 6-12 Hz and the stress
ratio R = (1.1, for every fatigue test (including the corrosion
fatigue tests) in order to assess the influence of the test envi-
ronment. Therefore the frequency used in the corrosion
fatigue tests rnaybe considered high, but it was maintained
between 612 Hz in order to equal to the frequency used in
the normal fatigue tests. The bulk of the tests were carried
out until complete failure of the specimen or ap to a num-
ber of cycles close to 8.0 x 105, time when the fatigne test
was stopped.

Vickers hardness daia with 1kg load was obtained
along the longitudinal directions of the plate, close to the
upper and lower surfaces. The variation of hardness along
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the thickness of the specimen at the weld toe and in the
crack propagation direction was also obtained. The main
objective of these tests was to compare the hardness distri-
butions for the as welded and weld toe ground specimens.

3. Results and discussion
3.1. Hardness data

Hardness data was collected for both steels and for two
different conditions. For the Austenitic 304L stainless sicel
the conditions were: as welded and weld toe ground. In the
first case the average value obtained in the longitudinal
direction was 257 HV, a usnal value for this type of Steel,
while in the crack propagation direction the average value
was 260 HV. One can then conclude that there is a negligi-
ble change in the hardness value with the direction.

The hardness value in the crack propagation direction
changed after the weld toe grinding process and increased
to 270 HV. This increment is close to the weld toe and there-
fore is higher mainly due to the weld toe grinding technique.

R. Baptista et al. | International Jowrnal of Fatigne 30 (2008) 453462

In an as welded condition the same analysis was applied
to the Duplex 831803 stainless steel. The Vickers hardness
average vahie was increase to 290 HV. It was found that
the hardness in the heat affected zone is lower in compari-
son with the middle of the plate thickness.

Since the hardness average value was increased after the
application of the weld toc grinding treatment it was
expected an improvement in fatigue strength (Fig. 13} con-
firming itself by the S-N fatigue results.

3.2. Fatigue data in the welded joints

The details for the S—W fatigue tests are presented in
Table 5.

Some of the most important fracture surfaces are
shown in Fig. 9, with the goal of demonstrating the most
common fatigue initiation locals, crack propagation and
final fracture types. Most of the fatigue initiation takes
place on the center of the specimens but some also
oceurred on the tight or left sides (second picture of
Fig. 9).

Table 5

Resulis for the S tests (R=0.1)

Material/welding technique Fatigue life improving technique Environment N-(AY'=C

Puplex 831803/TIG* - Air = 2.9580R+15, m=44254
Duplex $31803/MAG Weld toe grinding Air C'=49746B+24, m=7T4234
Anstenivic 304L/MAG Weld toe grinding Air C=17.4105E+33, m=11.672
Duplex S31803/MAG - 304 WaCl solution (T =4.5042E+14, m=3.9541
Duplex $31803/MAG Wekd toe grinding 3% NaCl solution C=4,6263E+18, m = 53508
Duplex $31803/MAG* - Air

Austenitic 3ML/MAG* - Air

* Tested with R =0.5.
® Results in reference {6},

Duplex 531803 Stainless Steel
(MAG)

As welded

Aa=250MPa

R=0.1

N, =1038cycles

1q =1.98mni

Duplex 531803 Stainless Steel
(MAG)

Weld toe ginding

A =175MFPa

R=0.1

N, =80617147crcles

e = 46T mumt

Anstenitic 3041 Stainless Steel
{MAG)

Weid we grinding

Ao =270MPa

R=01

N, =4878619cyclex

Foe =4 07mm

Fig. 9. Macros for three difforent test conditions, including the mean value for the weld toe radii, ..
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In the present work seven test conditions were analyzed.
Some were not tested by the authors, as referred in refer-
ence [6].

In all cases Fig. 9 the crack propagated uniformly
frough the specimen thickness, while in the second macro
the crack propagated from one side, leading to an unsym-
metrical fracture surface, on a weld toe grinding Duplex
$31803 stainless steel specimen.

The fatigue life of the weld toe grinding specimens gives
a higher value in comparison with the as welded Duplex
S31803 stainless steel specimens (Fig. 10).

The weld toe grinding technique is especially superior
for lower loads and increases the high cycle fatigue
strength.

A second comparison is between the as welded and the
weld toe grinding condition for Duplex $31803 stainless

Comparison between test conditions in the Duplex $31803 Stainless Steel
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Fig. 10. Comparison between test condidons, to anatyze the influence of the improving technique in Duplex 531803 stuinless steel MAG weldiag, air,

Somparison hetween test conditions in the Duplex $31803 Stainless Steel
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Fig. 11. Comparison between test conditions, to anafyze the influence of weld toe grinding technique in Duplex 831803 stainless steel MAG welding i 3%
WaCl environment aeraied solution.



460 R Baptista ef al. | International Journal af Fatigue 30 (2008) 453462

steel to analyze the influence of the fatigue life improving
technique in 3% NaCl.

Weld toe grinding specimens for Duplex $31803 stain-
jess steel tested in 3% MaCl show higher fatigne strength
through the entire load spectrum in comparison with the
as welded specimens for the same conditions (Fig, 11).

Weld toe grinding is an effective fatigue life improve-
ment technigue and the gains in life extension are quanti-
fied in Table 6. The gain value varies from 2 when a high
ioad is applied up to 7.68 when a lower load is applied.

The values of the fatigue strength gain factors for the lives
of 10° and 107 cycles are shown in Table 7. The results
assured the recommended value of 1.3 for a acceptable
improving technique like TIG dressing as referred in{17,18}.

Table 6

Gain in life extension

Ag (MPa) Wit wed toc grindiog
Nt a5 weldod

Gy 7.68

oo 5.08

Goso 3.69

Gano 284

Gsso 2.27

Weld toe grinding and as welded in the Duplex 331803 stainless stecl

MAG welding.

Table 7

Gain in fatigue strength

The high cycle fatigue strength is also increased from
approximately 100-150 MPa, for weld toe grinding
specimens.

These resulis are backed up by previous fests and anal-
ysis, while on Table 4 it is showed that the weld toe grind-
ing technique provides a 439 % increasc in the weld toe
radii, Fig. § shows a 28% decrease in the Stress Concentra-
tion Factor. Therefore weld toe grinding is an effective
improvement technique.

The environment has a significant effect on the fatigue
strength of the Duplex S31803 stainless steel specimens
(Fig. 12). Additional experimentation did not allowed to
confirm the existence of corsosion in the specimens but
the S5-N curves confirm that the fatigue strength is reduced
when the Duplex 831803 stainless steel is subjected to & sal-
ine environment (Table 8).

For the Austenitic 304L stainless steel only a few valid
results were obtained in Fig. 13 and it is very difficalt to
quantify the gain in life extension obtained from the
application of the weld toe pgrinding technique. As said
before Table 4 show a 73% increase in the weld toe radii
afier the weld toe grinding and Fig. § show a 14%
decrease in the stress concentration factor, for the Austen-
itic 304L stainless steel. Neverthless the values of the fafi-
gue sirength gain factors for the lives of 10° and 107
cycles (Table 9) arc still above 1.3, proving that the weld

Table 8

N (cycles) AfTyeld tos prindig Gain in fatigue strength, air and 3% NaCl eavironment aerated solution in
AG s welded the Duplex S31803 stainless steel MAG welding

Gyps 124 Mg (cycles) At

Gy 1.69 Aayy, Nacl

Weld toc grinding and as welded in the Duplex 831803 stainless stecl Gy 1.46

MAG welding. G 1.20

Carnparison bekween the envirgnment condition for the Duplex 534 803 Stainless Steel

AR
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Giress range [MFd]
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[ Weld Too Grinding 3%NaCi
— Mean SN Wald Toe Grinding 3%Nacl|

108 1 15 Weld Toe Binding Alr -
06 Mean BN Weld Toe-Ginding Air ;
80 o O W | T | i i hais i
1 108 10* W 10°
Endurznce, tycles

Fig. 12. Comparison herween several test conditions, to analyze the influence of the environment in the Duplex §31803 stainless steel MAG welding.
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Compaiisen between tast conditions in the Austenitic 304L Stainless Steel
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Fig. 13. Comparison between several test conditions, to analyze the influence of the weld toe grinding technique in the Austenitic 304L stainless sieel

MAG welding.

Table ¢
Gain in fatipuc strength, weld toe grinding and as welded in the Austenitic
304L stainless steel MAG welding

Np (cycles) Aﬁzzhi toe peindiog
Fax welded

Gige 1.34

Gt 1.64

toe grinding technique is also applicable to the Anstenitic
304L stainless steel. The hardness values measured also
confirrn the last conclusion, as a 5% increase with the
weld toe grinding technique supports the fatigue sirength
gain obtained.

On the other hand for the Duplex Steel the effect result-
ing from this technigue is very clear (Figs. 10 and il), 2
considerable life extension was obtained and the high cycle
fatigue strength was increased.

4. Comclusions

e The MAG welding process applied to the Austenitic
304L stainless steel specimens produces larger weld toe
radii than the TIG welding process used in the Duplex
$31803 stainless stecl.

» The weld toe grinding treatment increases the Vickers
hardness mainly close to the freated zone.

» These tests also show a normal hardness profile for the
as welded specimens with the hardness value decreasing
in the vicinity of the heat affected zone.

& Comparing the first fest condition with the as welded
condition tested on 3% NaCl environment, does not
allow concluding about the influence of the environment
in the Duplex $31803 stainless steel. This is due of the

differences between these two test conditions, the value
of R is higher in the first one {0.5) and the welding pro-
cess (TIG also in the first one), leads to a small difference
between the results which was not expected.

¢ Comparing the weld toe grinding specimens with the as
welded specimens if is clear that weld toe grinding treat-
ment is very successful in case of 3% NaCl environmen-
tal. It leads to a very good gain in life extension and
increases significantly the fatigue strength for these spec-
imens, hetween 10° and 107 cycles.

o For Austenitic 304L stainless steel specimens the same
conclusion can be taken from the corparison between
the different test conditions {17,18].

e The present work shows that improving technigues can
give a very good fatigue life pain and essentially the weld
toe grinding technigue is a simple way to improve the
strength of a new structure [17}
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