Please refer tot he following:

Karoly Jarmai, Hendrik Pahlke, Jozsef Farkas

Cost savings using different post welding treatments on an I-beam subject to fatigue load
WELDING IN THE WORLD (ISSN: 0043-2288) 58: (5) pp. 691-698. (2014)

Cost savings using different post welding treatments on an I-beam
subject to fatigue load

Karoly Jarmai', Hendrik Pahlke?, Jozsef Farkas®,

Doc. XIl1-2499-13, XV-1442-13, recommended for publication by Commission XV “Design,
analysis and fabrication of welded structures”

Kéroly Jarmai, University of Miskolc, H-3515 Miskolc, Egyetemvaros, Hungary, *Professor, Dr.sci.techn.
altjar@uni-miskolc.hu, (corresponding author)

Hendrik Pahlke, Otto-von-Guericke-Universitdt Magdeburg, D-39106 Magdeburg, Universititsplatz 2, Germany, MSc.
Student, within an Erasmus exchange program,
Jozsef Farkas, University of Miskolc, H-3515 Miskolc, Egyetemvaros, Hungary, Professor emeritus,
Dr.sci.techn. altfar@uni-miskolc.hu

Abstract: In the framework of this work research has been carried out to obtain current data on the potential
of post weld treatment (PWT) since new PWT technologies appeared in the last years, and the older
technologies have been improved. The economy of post-welding treatments is illustrated by means of a
numerical example of a simply supported welded I-beam loaded in bending by a pair of pulsating forces. The
vertical stiffeners are welded to the I-beam upper flange by double fillet welds, which cause a significant
decrease of fatigue stress range. This low fatigue stress range is improved by various post-welding
treatments. Based on the published experimental data, it is possible to determine the measure of the increase
of the fatigue stress range as well as the required treatment time for grinding, TIG dressing, hammer peening
and ultrasonic impact treatment. This article provides an overview of current PWT methods and the possible
improvement in fatigue strength.

Furthermore, optimization of a welded I-beam has been conducted to reduce the fabrication cost. The
data from the research in the form of increase in fatigue strength and application speed were included in this
optimization. The treatment time is included into the cost function, and the improved fatigue stress range is
considered in the fatigue constraint. The comparison of costs for optimum structural versions with and
without treatments shows the economy of different treatment methods. This comparison helps designers to
consider the applicability of PWT and the select the best available.

Keywords: minimum cost design, welded I-beams, post-welding treatments, improvement of fatigue stress
range, economy of welded structures

1 Introduction

For welded structures, fatigue is one of the most dangerous phenomena [1]. Residual stresses caused by
welding and sharp stress concentrations around the weld, which are responsible for the significant decrease
of fatigue strength. The most dangerous points where fatigue cracks initiate and propagate are butt welds
with partial penetration, toes and roots of the fillet weld.

Several methods have been developed and investigated in order to eliminate or decrease the danger of
fatigue fracture. Post-welding treatments (PWT-s) are the most efficient methods. These methods have been
tested, and a lot of experimental results show their effectiveness and reliability.
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Post weld treatment can be done in several ways; Post weld heat treatment to release residual stress,
overloading, mechanical or thermal post-treatment of the weld toe. The weld toe is often the source of
fatigue cracking because of the sharp transition between the weld and the plate surface and the existence of
micro-cracks. The techniques presented in this paper deal with the improvement of the weld toe.

2 Weld toe improvement methods

Weld toe improvement methods can be classified in two groups according to their mode of functioning.
One type of treatment improves the geometry of the weld toe, to reduce the stress concentration by creating a
smoother transition between weld and plate surface. The other type of treatment mainly introduces
compressive residual stresses and thus prevents the crack propagation.

The burr grinding and TIG-dressing techniques improve the weld toe. The shot peening, hammer
peening, UIT and HIiFIT techniques introduce compressive residual stresses through mechanical
deformation. Furthermore, the surface is hardened, and the weld toe geometry is improved.

The success of the treatment depends on several parameters. One significant point is the yield strength
of the material. The other parameters are the type of weld seam (e.g. butt or longitudinal weld), and the stress
range R. The higher the stress range, the lower the improvement [28]. For the application in the workshop,
many other parameters have to be considered to assure the optimal improvement.

2.1 Burr Grinding

Burr grinding reduces or removes small weld flaws. Furthermore, the weld toe geometry is improved by
smoothing the transition between weld and plate surface [2, 3].

The tool can be a fast rotating burr grinder with 15000 to 40000rpm [2]. Grinders with different
diameters are needed to adapt the treatment to different weld seams.

2.2 TIG-Dressing

In the TIG-dressing process, the weld toe is remelted to create a smooth transition. This reduces the
stress concentration. Furthermore, weld flaws such as cold laps, undercuts and inclusions are removed [2, 6].
Manual TIG-dressing can be done with a standard TIG-welding machine without filler material.

2.3 Shot-Peening

In the shot peening process, small metal shots are propelled against the plate surface with a high
velocity. When the shots hit the surface, it causes yielding of the material [4] and thus the introduction of
compressive residual stress, a hardening of the surface and an improvement of the weld toe geometry [13].

2.4 Hammer Peening

The weld toe is hammered repeatedly with an electrical or a pneumatic hammer [2]. The head is
vibrating with a frequency of 20 - 100Hz [9]. Compressive residual stresses are introduced and the weld toe
geometry is improved [4].

2.5 Needle Peening

Needle peening is a variation of hammer peening. Instead of a single hammer head the tool tip consists
of several hardened steel pins. The mode of functioning, which leads to the improvement in fatigue strength,
is the same one as for the hammer peening. Through the yielding material at the weld toe, compressive
residual stresses are introduced and the weld toe geometry is improved.

The tool can be a standard or a modified needle gun [2].

26 UIT

"Ultrasonic Impact Treatment" (UIT) technique was developed in the Soviet Union, to improve the
welds of submarines. The UIT device is operated by magnetostriction [3] and an ultrasonic wave of 27 — 55
kHz is transformed to a mechanical oscillation of around 200 Hz and an overlain ultrasonic wave [6, 11].
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The tool has one or several steel pins with which the weld toe is treated. This creates compressive residual
stresses and improves the weld toe geometry [6]. Furthermore, a hardening of the surface occurs [9] and the
ultrasonic wave is supposed to reduce tensile residual stresses [6].

2.7 HIiFIT

The "High Frequency Impact Treatment" (HiFIT) is an advancement of the hammer peening technique,
as for the UIT a special device has been developed just for the purpose of post weld treatment. The tip of the
tool usually with a diameter of 3mm is vibrating with a frequency of 180 — 300 Hz [10]. The results of the
treatment are similar to those of the UIT: compressive residual stresses are introduced, the surface is
hardened, small weld flaws are removed [9] and the weld toe geometry is improved.

3 Research results

During the research, 33 papers and articles dealing with the topic of post weld treatment were examined.
31 papers contained information on the potential increase in fatigue strength, and 12 papers contained
information on application speed of PWT methods. Almost all the articles dealt with treatment of steel, and
only few data were available on aluminium, hence the focus is set on the improvement of steel structures.

The increase in fatigue strength is compared to as-welded joints, which were usually examined in the
described experiments and refers to 2*10° cycles. The results of the research are given in Table 1. The data
are sorted according to the material strength, and data not assigned to a steel grade are put in an extra
column. In the table (hf) is relates for high frequency.

Table 1 - Possible increase in fatigue strength [%]

Method Material not <355MPa >355MPa >900 MPa  References
specified <900MPa

Burr Grinding 30-200 30 30-58 [2,4,5,18,20,30]

TIG-Dressing 30-100 15-74 27-74 60-90 [2,4,5,6,17,18,24]

Shot Peening 33 38-70 [4,13,24]

Hammer Peening  50-200 30 50-70 [2,4,5,17,21,29,32(hf)]

Needle Peening 60 30 50 [2,14,29,32(hf)]

uIT 50-200 44-116 80-168 110 [4,6,8,9,11,12,15,
16,17,19,22,31,32(hf)]

HiFIT 80-100 64-82 83-102 [9,10,12,15,16,32(hf)]

Table 2 shows the application speed for the post weld treatments. The application speed refers to full
coverage of the weld toe, meaning that when several passes of treatment are necessary, the speed has already
been divided by the number of passes.

Unfortunately, the range of the application speed is varying strongly among the different papers. The
range of the increase in fatigue strength is also quite large. Therefore, some adjustment has to be made to
acquire suitable values for a calculation. Also for the increase in fatigue strength values have to be selected
to be used in the calculation.

The values, for which the material grades were not given, will not be considered in the calculation. To
keep the calculation conservative not always the highest possible values are taken. It is not appropriate to use
just the smallest values, due to the fact that the minimum values are sometimes much smaller than the
maximum values.

Table 2 - Results on application speed [min/m]

Method Speed References
[min/m]

Burr Grinding 6.1-60 [2,3,4,5,7,20]

TI1G-Dressing 5-18.2 [2,3,5,6,7,18,23]

Shot Peening 0.3-0.6 [13]

Hammer Peening 4-20 [2,5,7,21]

Needle Peening 25 [2]




uIT 1.1-155 [3,17,22,25]
HIiFIT 3.3-55 [9,10,16]

The general trend shows that the higher the steel grade, the bigger increase in fatigue strength. Some
papers stated that this is only valid for the residual stress methods [4, 5] nevertheless the numbers show this
trend even for burr grinding and TIG-dressing. Therefore, the highest values considered will be assigned to
the highest steel grade the lowest to the lowest grade. When no data are given, the value for the middle
strength steel is assigned to the highest steel grade, and the middle value is interpolated.

For burr grinding and TIG-dressing the lowest value is taken to be 30%, which is given by the IW [2].
The maximum value of burr grinding will be 58% given by Zaczek [18]. The maximum value for TIG-
dressing will be only 60% because even for higher steel grades there was often only an increase of around
50-70% as can be seen in Gerster [6] and Zaczek [18]. The extreme values for shot peening come from
Maddox [26] where Hasegawa et al. [13, 24] indicate values that lie in between.

For hammer peening and needle peening, the minimum values are provided by the 1IW [2]. The
maximum value for hammer peening is set to 80% because its effect is said to be greater than that of shot and
needle peening [4]. The effect of needle peening is generally slightly less than that of hammer peening;
therefore its maximum value is set to 60% [14]. For UIT, the minimum is set to 50% according to [8] and
[19]. The maximum value will be 110% [6, 8, 11]. This is maybe a conservative estimate, but in several
papers, which dealt with HIFIT and UIT treatment the maximum increase was 102%. The data for HiFIT
treatment are taken from [9, 12, 15, 16]. These papers dealt with UIT and HiFIT together. The results of the
two treatments were so similar that they even gave the same numbers for the possible improvement.

The travel speed is decreasing with increasing yield strength [2] which is valid for all the treatments
methods except at TIG-dressing, where IIW [2] gave recommendations considering the application speed
these ranges were applied for the following calculations. The maximum speed is given for the mild steel, and
the minimum speed for the high strength steel. This was possible for burr grinding, TIG-dressing, hammer
peening and needle peening. For shot peening, only one paper provided a travel speed. Hasegawa et al. [13]
give a speed of 0.3 - 0.6 min/m.

The travel speed for HiFIT was taken from the manufacturer’s brochure [10]. For the UIT treatment, a
large range of possible travel speed is given in several articles. Roy et al. [25] recommend a speed of 3.3 to
16.6min/m, whereas Martinez et al. [17] give a speed of 1.4 to 3.3min/m, and Pederson et al. [3] give an even
higher speed of 1.1 to 1.4 min/m for high-quality weld seams only. A speed from 1.4min/m for mild steel
and of 3.3min/m for higher strength steel seems appropriate.

Table 3 and Table 4 sum up the results of the data adjustment for the following optimization.

Table 3 - Increase in fatigue strength in % for the optimization

Method <355MPa >355MPa >900 MPa Comments
<900MPa

Burr Grinding 30 44 58 Values up to 200

TI1G-Dressing 30 45 60 Values up to 100

Shot Peening 33 51 70

Hammer Peening 30 55 80 Values up to 200

Needle Peening 30 45 60

uIT 50 80 110 Values up to 200

HiFIT 60 81 102

Table 4 - Application speed in min/m for the optimization

Method < 355MPa >355MPa >900 MPa Comments
<900MPa
Burr Grinding 10 15 20 W [2]
TI1G-Dressing 6.25 9.4 125 W [2]
Shot Peening 0.3 0.45 0.6 [13]
Hammer Peening 10 15 20 W [2]
Needle Peening 2.5 3.5 4.5 W [2]
uIT 1.4 2.4 3.3




HIiFIT 3.3 4.4 5.5

We can have even more improvement if we combine PWT techniques, like burr grinding and hammer
peening and others [30]. In that case, the treatment time is longer. The improvement effect of PWT
techniques depends on the quality control parameter variations. For UIT, it was investigated in [32]. The
welded joints can be over-treated and under-treated. We considered properly treated joints.

4 Minimum cost design of a welded I-beam

In the preceding article [27] the minimum cost design of a welded I-beam has been carried out with the
PWT-methods burr grinding, TI1G-dressing, hammer peening and UIT. In this investigation the methods shot
peening, needle peening and HiFIT and current data on the PWT-methods have been added.

In the numerical example, a welded I-beam with transverse vertical stiffeners is investigated. The
stiffeners are welded to the beam with double fillet welds. The beam is loaded with two fluctuating forces
with the amplitude Frax and the minimum 0. The bending stress is calculated with Fax.

PWT is only used in the middle part of the beam where the stress is the highest. The stiffeners in the
middle span are not welded to the tension flange of the beam. Therefore, two different types of stiffeners are
used as it can be seen in Figure 1.

4.1 The cost function

In the previous study [27] the following cost function containing the material and costs has been used:
K=K, +K; =k, oV +k DT, 1)

where Ky, is the material cost and Ks the fabrication cost. kyn and ks are the corresponding cost factors, p is the
material density, V the volume of the structure and T; are the production times.
Eg. (1) can be written as

K k
PRRAReON! ©)

m m

We use the following cost factors: kn = 0.5 - 1 $/kg, ki max= 60 $/h = 1 $/min, and thus the ratio of ki/kn can be
varied in a wide range of 0 - 2 kg/min. ki/kn = 0 means that K/kn is a weight (mass) function, ki/'km = 2 kg/min
can be used for developed countries.

The fabrication times can be calculated as follows:
DT =T +T,+T,+T, 3)

Time for preparation, assembly and tacking is
T, =C,0,+xpV 4)

where C; = 1 min/kg®®, @, is a difficulty factor expressing the complexity of a structure (planar or spatial,
consisting of plates or tubes etc.), x is the number of elements to be assembled.

Time for welding is
Tz = Zczia\:/i Lwi (5)

where C,.a!. is given for different welding technologies and weld shapes according to COSTCOMP

2i wi

software [15] and [14], aw is the weld size, Ly is the weld length.
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Figure 1 - Welded I-beam with vertical stiffeners. Double fillet welds with (1) and without (2) PWT
Time for additional works as deslagging, chipping and electrode changing is

T3 = 0.3T2 (6)
Time for PWT is

Ta = Tols (7
Ty is the specific time (min/mm), L. is the treated weld length (mm).

The final form of the cost function is
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4.2 Design constraints

The constraint on fatigue stress range can be formulated as

Foxli  aAoc
< 9)
Wx 7Mf
where
2

| h’t h t j

= X L] I = w + 2bt - + —
W h t 12 f(z 2 (10)
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According to Eurocode 3 (EC3) [34] the fatigue stress range for as welded structure is Ao =80 MPa, the
fatigue safety factor is . =125. o expresses the measure of improvement

AO-Cimproved
a e —

AGCa\swelded
The constraint on local buckling of the web according to EC3 is

h
N oc69g g |25 (11)
t, oAy

Note that we calculate in the denominator of & with the maximum compressive stress instead of yield stress
[17].
The constraint on local buckling of the compression flange is

E < 28¢ (12)

f

4.3 Numerical example

Data: Frax=138kN, L=12m,Ly=4m, Ac./y,, =80/125=64 MPa, &=1916/a ;
©®, = 3; number of stiffeners is 2*7 = 14, thus x = 3+14 =17.

The volume of the structure is
V = (ht, +2bt, )L +4bht, +15bhts(1+ 3) ts=6 mm (13)
a

The second member expresses the volume of stiffeners without PWT, the third member gives the volume of
stiffeners with PWT.

For longitudinal GMAW-C (gas metal arc welding with CO,) fillet welds of size 4 mm, we calculate with

C,a) L, =0.33948*107°*4* *4L = 260 (14)



for transverse SMAW (shielded metal arc welding) fillet welds the following formula holds

C,apL, =0.7889*10°° *42{6(b + @j +16(b + h)} (15)
(00

For the constrained minimization of the nonlinear cost function, the Rosenbrock Hillclimb mathematical
programming method is used complementing it with an additional search for optimum rounded discrete
values of unknowns. The results of computation, i.e. the unknown dimensions h, tw, b and t; as well as the
minimum costs for different values of ki/’kn and « are given in Table 6.

To get an overview of the results Figure 2 and 3 present the cost for the different material grades and PWT -
methods.
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Figure 2 - The optimum costs are in the function of the yield stress for ki/km =1
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Table 5 - Cost savings with different PWT techniques in %
comparing to the as welded structure.

Method Cost saving for Cost saving for
mild steel high strength steel

Burr grinding 12.5 254
TIG dressing 12.8 26.3
Shot peening 16.7 30.0
Hammer peening 14.5 31.1
Needle peening 15.0 26.9
uIT 22.8 41.0
HiFIT 24.1 39.1

5 Conclusion

This research is a continuation of our previous research considering the new PWT technologies,
appeared recently, and using more stable parameters for the specific technologies. The presented results
show the possible cost reduction due to PWT. Optimum design is suitable for this task, since the additional
cost of PWT can be included in the cost function and the improved fatigue stress range can be considered in
the fatigue strength constraint. Thus, the aim was to illustrate this saving by means of a simple numerical
example of a welded I-beam.

In this case, the transverse fillet welds used for vertical stiffeners decrease the fatigue stress range, and
thus the effect of PWT can be illustrated minimizing the cost function, which contains also the additional
cost of PWT and the increased fatigue stress range can be included in the fatigue stress constraint.

The lower value is for the mild steel, and the higher value for the high-strength steel as shown in Table 5
and also the percentage saving. In Table 6, the optimum sizes of the welded I-beam with discrete values are
listed. We did not consider that the higher-strength steels are more expensive, but the comparison is made to
the as welded structure, with the same steel grade.

Broad ranges of improvement values and speed values of a PWT process are available in the literature,
we have made a search on the scientific publications of this topic, and we have selected so called “main
values”, and their order may change using other values.

Cost savings show that using PWTs one can reduce the cost of the structure, even if introducing an
additional treatment process to the production line. This reduction can be reached in the design phase only,
combining the design and manufacturing aspects with economy issues.
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Table 6 - Results of optimization

Yield strength ki/km [kg/min] h tw b t K/km [kg]
As welded
0 1300 10 300 15 2187
1 1230 10 310 16 3802
2 1230 10 310 16 5399
Burr Grinding
1 1040 10 290 16 3377
<355MPa 2 1040 9 300 16 4738
>355MPa 1 1010 10 250 17 3207
<900MPa 2 1010 10 210 20 4527
1 890 9 240 20 3031
2900MPa 2 900 9 250 19 4363
T1G-Dressing
1 1040 10 290 16 3370
<355MPa 2 1080 10 240 18 4749
>355MPa 1 880 9 270 20 3162
<900MPa 2 870 8 280 20 4428
1 950 10 240 17 3052
=900MPa 2 930 9 220 20 4274
Shot Peening
1 970 9 260 20 3241
<355MPa 2 950 9 270 20 4627
>355MPa 1 990 10 240 17 3104
<900MPa 2 920 9 240 20 4356
1 860 9 270 17 2925
=900MPa 2 860 9 270 17 4192
Hammer Peening
1 1020 9 200 17 3298
<355MPa 2 1020 9 200 17 4717
>355MPa 1 880 9 260 190 3056
<900MPa 2 880 9 260 20 4395
1 850 9 200 15 2900
2900MPa 2 930 10 200 18 4160
Needle Peening
1 1020 9 310 16 3305
=355MPa 2 1020 9 200 17 4691
>355MPa 1 1050 10 280 14 3201
<900MPa 2 870 8 280 20 4408
1 950 10 240 17 3040
=900MPa 2 900 9 230 20 4255
uIT
1 1010 10 210 19 3097
<355MPa 2 830 8 200 20 4377
>355MPa 1 930 10200 18 2861
<900MPa 2 880 10 220 18 4125
1 890 10 210 15 269
2900MPa 2 770 9 280 15 3903
HIFIT
1 950 10 240 17 3038
<355MPa 2 950 10 240 17 4349
>355MPa 1 860 9 210 20 2800
<900MPa 2 840 9 220 20 4051
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1 880 10 210 16 2733

2900MPa 2 790 9 280 15 3955
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