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Nomenclature

A Statistical intercept

B Statistical slope

A Estimate of the intercept

B Estimate of the slope

Ci Fatigue capacity of specimen i

Cso9 Computed mean fatigue capacity of test series

Co7.7% Characteristic fatigue capacity of the test series

f, Yield strength

fu Ultimate tensile strength

FAT Characteristic fatigue class in MPa at 2x10° cycles to failure

FAT 4775 Characteristic fatigue class_ in MPa based on 97.7% survival probability at 2x10° cycles to
failure at 75% level of confidence

k Number of test specimens in a data set

Khs Structural hot-spot stress coefficient

m Slope of the S-N curve

N¢ Cycles to failure

N; The number of cycles to failure of specimen i

Ps Probability of failure




S Stress range of specimen i

Sias Nominal stress amplitude at 5% failure probabilities
Siaos Nominal stress amplitude at 95% failure probabilities
Ty Scatter range in stress

to Student distribution

Xi logN;

Y, logS;

X Average of logN;

Y Average of logS;

o Standard deviation

Oy Estimate of the normal distribution variance

1 Introduction

In 2007 the International Institute of Welding (IIW) Commission XIll on Fatigue of Welded Components
and Structures approved the best practice guideline concerning post-weld treatment methods for steel
and aluminium structures [1]. This guideline covers four commonly applied post weld treatment
methods, burr-grinding, TIG re-melting (or TIG dressing), hammer peening and needle peening. Burr-
grinding and TIG re-melting are generally classified as geometry improvement techniques for which
the primary aim is to remove or reduce the size of the weld toe flaws and to reduce the local stress
concentration due to the weld profile by achieving a smooth blend at the transition between the plate
and the weld face. Hammer peening and needle peening are classified as residual stress modification
techniques which eliminate the high tensile residual stress in the weld toe region and induce
compressive residual stresses at the weld toe. These methods also result in a reduced stress
concentration at the weld toe. The guideline also gives practical information on how to implement the
four improvement technologies including good work practices, training, safety, and quality assurance.

In order to improve the reproducibility of the four methods, and to produce guidance for the degree of
improvement that could be expected when using the methods in design, an inter-laboratory round-
robin test programme was undertaken by IIW. Results of this round-robin programme were reported by
Haagensen [2]. In this report, Haagensen reported S-N slopes ranging from m = 5.3 to m = 12.2 for
the six laboratories who performed fatigue tests on hammer peened specimens [2]. The slope for all
data collectively was m = 4.5, but the scatter was larger than that normally observed for inter-
laboratory comparison studies of specimens in the as-welded condition. In spite of this, m = 3 was
selected as the S-N curve slope in the post-weld treatment guideline.

The 1IW guideline for post-weld improvement applies to plate thickness 6 to 50 mm for steel and 4 to
20 mm for aluminium. The improvement methods are only relevant to fatigue failures initiating from the
weld toe. Thus, in some situations the analyst may also need to consider alternate failure modes. For
welds improved by burr grinding or TIG re-melting or for hammer peening or needle peening of low
strength steel (f, < 355 MPa), the fatigue strength benefit corresponds to an increase in allowable
stress range by a factor of 1.3, corresponding to a factor of 2.2 on life (for m = 3). However, the
maximum class which can be claimed is the closest category below the FAT value obtained when the
as-welded FAT value is multiplied by 1.3. For ease of computation, this corresponds to a two (2)
fatigue class increase based on the IIW Fatigue Design Recommendations [3].

For aluminium and high strength steel (f, > 355 MPa) welds improved by hammer peening or needle
peening, the fatigue strength benefit consists of an upgrade by a factor of 1.5 applied to the stress
range, with a change inslope m=3tom=5atN = 1x10’ cycles. However, the maximum class which
can be claimed is the closest category below the FAT value obtained when the as-welded FAT value
is multiplied by 1.5. For ease of computation, this corresponds to a three (3) fatigue class increase.




For example, when a weld detail which, in the as-welded condition, would be classified as FAT 63 is
hammer peened, the new FAT value is FAT 90. The highest detail class for which an improvement can
be claimed is FAT 90, and the highest S-N curve that can be claimed following improvement is FAT
125. The slopes of the S-N curves follow the [IW Fatigue Design Recommendations [3].

An important practical limitation on the use of improvement techniques that rely on the presence of
compressive residual stresses is that the fatigue lives are strongly dependent on the applied mean
stress of the subsequent fatigue loading. In particular, the beneficial effect decreases as the maximum
applied stress approaches tensile yield. Thus, in general, the techniques are not suitable for structures
operating at applied stress ratios R > 0.5 or maximum applied stresses above around 80% yield. The
guideline gives special limitations for high stress ratio situations. Even occasional application of high
stresses in tension or compression, can also be detrimental in terms of relaxing the compressive
residual stress but systematic guidelines are not yet available. Special limitations also exist for
improved large-scale structures. It is recommended that for steel structures with plate thickness
greater than 20 mm the benefit for hammer peening is assumed to be the same as for burr grinding
and TIG dressing. Burr grinding and TIG re-melting can be applied only to conditions where the
nominal stress range is less than twice the material yield strength, Ac < 2f,.

As previously mentioned, the existing IIW guideline allows the same degree of fatigue improvement for
all steels with f, > 355 MPa. Numerous researchers have observed that the degree of improvement
increases with material strength, see, e.g., Maddox [4] and Bignonnet [5]. There has been a desire to
develop an IIW guideline covering high strength steel (HSS) and in 2003 a new round robin exercise
was initiated within IW Commission XlII. Simultaneously with the increased interest in HSS, there has
been an interest in new weld improvement techniques like low transformation temperature filler
material [6] [7] and high frequency peening treatments.

The technology for high frequency ultrasonic impact treatment was developed at the Northern
Scientific and Technological Foundation in Severodvinsk, Russia in association with Paton Welding
Institute in Kiev, Ukraine [8]. The past decade has seen steady increase in the number of high
frequency peening equipment manufacturers and service providers. Numerous technologies are
employed, e.g., ultrasonic piezoelectric elements, ultrasonic magnetostrictive elements or compressed
air. In all cases, however, the working principal is identical: cylindrical indenters are accelerated
against a work piece with high frequency. The impacted material is plastically deformed causing both a
change in the local geometry and residual stress state in the region of impact. In comparison to
hammer peening, the operation is more user-friendly and the spacing between alternate impacts on
the work piece is very small resulting in a finer surface finish. The indenters are high strength steel
cylinders and manufacturers have customized the effectiveness of their own tools by using indenters
with different diameters, tip geometries or multiple indenter configurations. Devices are known by the
names: ultrasonic impact treatment (UIT) [9], ultrasonic peening (UP) [10], ultrasonic peening
treatment (UPT) [11] [12], high frequency impact treatment (HiFiT) [13], pneumatic impact treatment
(PIT) [14] and ultrasonic needle peening (UNP) [15] [16].

The choice of m = 3 for the S-N curve slope in the post-weld improvement guideline results in
conservative design curves in the high cycle fatigue regime but less conservative or even non-
conservative results for lower cycles to failure, i.e., N = 1x10*. Individual experimental studies for high
frequency peening treatments also typically observe that the slope of the best-fit line through the S-N
data is typically greater than the m = 3.0 using in the IIW guideline. The goal of the current study has
been to collect and assess the available fatigue test data for a variety of high frequency peening
treatments. Special attention is given to the S-N slope because the assumed S-N slope has a major
impact on the measured degree of fatigue strength improvement and will eventually influence the
improvement factors proposed for HSS. Virtually all the testing has been done using constant
amplitude testing at R = 0.1, but some constant amplitude tests and other R ratios and variable
amplitude tests are available and have been reported. From a mechanical point-of-view, the high
frequency peening techniques are considered to most closely resemble hammer peening. For this
reason a comparison is made between fatigue data following high frequency peening and hammer
peening.




2 Methods

2.1 Published Data

The authors were able to locate 15 publications containing fatigue data for welded steel joints
improved by one of the high frequency peening methods mentioned in the introduction. Some of these
studies contained multiple materials, improvement techniques of specimen types. Thus, a total of 35
data sets for four specimen types have been reviewed. Data sets contained between 5 and 21 test
results. Many of the references considered in this study provide fatigue data only as points on a graph.
When numerical values were not provided, they were extracted from the S-N plots using open source
software. This was not considered to introduce significant errors in the results or conclusion.

The specimen types were longitudinal attachments, T-joints, cruciform joints, and butt joints. The T-
joints were loaded in bending while the others axially loaded. Virtually all tests were constant
amplitude R = 0.1, but some tests at alternate R ratios (-1 < R < 0.5) or with variable amplitude loading
were also reported. Relatively few of the studies reported the fatigue failure locations so all failed test
results are taken into account for analyses. Run-outs were excluded. The yield stress of steel grades
varies from 235 to 1100 MPa, and specimen thickness varies from 5 to 30 mm. Data is summarized in
Tables 1-4.

Table 1. Extracted experimental fatigue data for high frequency peened longitudinal welds
(constant amplitude axial loading).

Ref. | Steel fy fu R- Method Plate Best-fit | k % imp. % imp.
Type [MPal] [MPa] ratio Thickness | atm=5 | at m=free
(mm] to IIW* | to lIW*
[17] Domex 700! 7503 0.1 UP+UIT 8 55 16 69 74
700
[18] S690QL 7862 8702 0.1 uiT 16 4.5 16 81 78
[18] S690QL 7862 8702 0.1 HiFIT 16 4 15 72 65
[19] 16Mn 3901 5901 0.1 UP/UPT 8 14 6 89 106
[20] Domex 3982 5032 0.1 UP/UPT 12 5.3 5 93 98
350
[20] Weldox 7802 8502 0.1 UP/UPT 12 3.9 7 79 69
700
[20] Weldox 9002 101072 0.1 TIG+UP 12 4.48 10 118 110
900
[21] SS800 7002 8302 0.1 UP/UPT 8 9.4 8 154 173
[21] 16Mn 3902 5912 0.1 UP/UPT 8 15.8 6 92 111
[21] Q235B 2672 435,52 0.1 UP/UPT 8 11.7 7 101 99
[22] S355 3551 600? 0.1 uIT 8 3.71 10 170 153
[23] S355J2 390! 5451 0.5 UuIT 30 2.97 7 ~0 10
[24] | S960 9692 | 11042 4 |lur 6 481 | 11 308 307
[24] Domex 700! 7503 -1 uIT 8 4.24 5 169 163
700




Table 1-4 shows the specimen type, thickness, high frequency improvement method, and R ratio for
each data set. The number of test specimens, k, and best-fit S-N slope based on linear regression is
also reported. The FAT class of each specimen type is taken from the IIW Recommendation [3] and
the stress range corresponding to 50% survival probability for as-welded specimens at N = 2x10° are
evaluated as described in the BS 5400 [25]. These are presented in Table 5. Some of material
properties in Tables 1-4, such as yield strength, fy, and ultimate tensile strength, f;;, are fully defined in
the references. In such cases values are taken from published datasheets [26] [27] and the superscript

3 is used in Tables 1-4. The last two columns in Tables 1-4 show the calculated fatigue strength
improvement with respect to the 50% failure probability stress range for the fatigue strength
improvement (%) is computed assuming both a fixed S-N slope m=5 and based on the best-fit
regression line for the respective data set.

Table 2. Extracted experimental fatigue data for high frequency peened T-joint welds
(constant amplitude bending loading).

Ref. Steel fy fu R-ratio Method | Plate Best-fit k % imp. % imp.
Type [MPa] | [MPa] Thickness | atm=5 | at m=free

[mm] to IIW* | to IIW*

[28] S420 420! 4903 0.1 uiT 20 11.7 8 166 198

[29] S700 7003 7503 0.1 uiT 6 6.9 10 194 256

[30] S700 700! 800! 0.1 uiT 6 4 21 258 238

[31] S420 4201 4903 0.1 uiT 20 7.5 7 161 181

Table 3. Extracted experimental fatigue data for high frequency peened cruciform welds
(constant amplitude axial loading).

Ref. | Steel fy fu R-ratio Method | Plate Best-fit k % imp. % imp.
Type [MPa] | [MPa] Thickness | atm=5 | at m=free

[mm] to IIW* | to IIW*
[32] | S355J2 | 398.3% | 537.22 0.1 uIT 12 6.6 7 106 141
[32] | S$355J2 | 398.32 | 537.22 0.1 uIT 12 11.1 4 47 205
[32] | S460ML | 503.52 | 553.42 0.1 uIT 12 5.27 5 105 113
[32] | S460ML | 503.52 | 553.42 0.1 uIT 12 6.09 5 128 153
[32] | S690QL | 812.8% | 870.82 0.5 uIT 12 7.22 6 33 70
[33] | S260 2601 | 465! 0.0 uIT 20 9.55 9 61 72
[34] | S355J2 | 4772 | 5562 0.1 PIT 12 11.6 8 132 170
[34] | S690QL | 7812 | 8272 0.1 PIT 12 6.5 7 164 177




Table 4. Extracted experimental fatigue data for high frequency peened butt joint welds
(constant amplitude axial loading).

Ref. | Steel fy fu R-ratio Method | Plate Best-fit k % imp. % imp.
Type [MPa] | [MPa] 'Sl'hicknes m atm=5 | at m=free

[mm] to lIw* to lIw*
[18] S355J2 4222 52472 0.1 uiT 16 7 14 76 79
[18] S355J2 4222 5242 0.1 HiFIT 16 4.2 18 75 68
[18] S690QL | 7862 8707 0.1 uiT 16 4.5 18 122 120
[18] S690QL | 7862 8702 0.1 HiFIT 16 3.36 12 120 99
[18] S355J2 4222 52472 0.5 uiT 16 8.9 15 31 35
[18] S355J2 4222 52472 0.5 HiFIT 16 9 11 15 27
[18] S690QL | 7862 8702 0.5 ulT 16 5 10 48 49
[18] S690QL | 7862 8707 0.5 HiFIT 16 5 12 44 44
[35] E690 7632 8362 0.1 UP 9.5 3.74 8 89 79

' Nominal value
2 Measured value
® Not reported at the reference, but estimated using datasheets [26] [27].

Table 5. FAT values for different types of test specimens

Specimen Type FAT [MPa] values Calculated AS [MPa] for Assumed 20 in
according to IIW [3] | 50% survival probability Log(N)
at N¢ = 2x10°
Longitudinal attachment 71 102 0.594
T-joint 80 118 0.561
Cruciform joint 80 118 0.561
Butt joint 90 125 0.617

2.2 Statistical Methods

Fatigue test data includes k data points representing logS; and logN;, where S; is the stress range, and
N; is the endurance in cycles. Special attention should be given when representing logS; on the vertical
axis and logN; on the horizontal axis in an S-N plot. The statistically appropriate approach in linear
regression analysis is to assume that the independent variable is plotted on the horizontal axis and the
dependent variable on the vertical axis, i.e., for historic reasons fatigue data is plotted contrary to
current scientific practice.

Statistical methods are used in this section to assess the best-fit S-N slopes, the confidence interval of
the S-N slope and the observed degree of improvement in fatigue strength at N = 2x10° for a specified
S-N slope.




As is normally assumed, the S-N relationship is represented by a linear model logN; =A+B logS; and
fitted to each set of results in Tables 1-4 by regression analysis. Confidence intervals associated with
a defined confidence level for both A (intercept) and B (slope) were evaluated based on the Student
distribution, t,, as described at ASTM standard practice [36]. Values of t, were taken directly
probability tables. A cumulative probability of 97.7% is chosen in this exercise. Parameter A is given
by Eq. (1);

. 1 XZ 1/2 (1 )

Attt oN |-+t s——
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and for B is given by Eq. (2);

-1
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where the symbol “caret’ (A) denotes estimate, the symbol “over bar” () denotes average and k is
the number of specimens. The expression for estimating the variance of the normal distribution (Gy)
for log N can be calculated by the Eq. (3).
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With respect to the observed degree of improvement in fatigue strength at N = 2x10° for a specified S-
N slope, fatigue data is evaluated according to following Equations from 4 to 8.

AS;™ N,=C,=FAT™ - 2x10° (4)
> logC;
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The scatter ranges, T,, are also indicated at Figures 9 to 13. In the Equation 9, the nominal stress
amplitudes S,a5 and Sy g5 refer to failure probabilities P; = 5% and P; = 95%, respectively.

SnAS

To= 9)

Snags




3 Results

3.1 Assessment of S-N Curve Slopes

Test results from Tables 1-4 are statistically evaluated according to the methods in the previous
section. Figures 1 to 4 present the results for each data set for the four most commonly used
specimen types, longitudinal attachment, T-joint, cruciform, and butt joint specimens, respectively.
Most tests were constant amplitude R = 0.1, but some tests at alternate R ratios (-1 or 0.5) are also
included. In each figure, the confidence interval of the S-N slope for each study is indicated by a
scatter band. The best estimate of the S-N slope is indicated by a point near the centre of the scatter
band. The horizontal axes in these figures represent the number of test specimens, k, in a data set.
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Figure 2. Estimates of slopes for T-joints.
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3.2 Available Experimental Data

As can be seen from Figs. 1-4, the S-N slope m=5 passes through or is below the scatter band for
virtually all data sets for all four specimen types. Figures 5-8 present all data for a particular specimen
type on a single plot. In each case an S-N slope m=5 is assumed and the regression lines
representing the 50% and 97.7% survival probability lines are shown. In these plots only the fatigue
data obtained using constant amplitude R = 0.1 testing is considered. No adjustment has been made
for the steel grade or plate thickness. It has been assumed that failure has occurred at the weld toe
even though this is not fully clear in all studies. Fatigue strength values for 50% survival probability for
each specimen type in the as-welded condition are taken from Table 5. Fatigue strength
improvements at N = 2x10° are calculated and indicated in the plots.

Figure 9 shows available fatigue results for longitudinal non-load carrying attachments for R = 0.5 and
R = -1 constant amplitude testing and variable amplitude loading. The figure also shows the
regression lines from Fig. 5, i.e., the 50% and 97.7% survival probability lines for longitudinal
attachments based on constant amplitude R = 0.1 and assuming m = 5.
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Figure 5. Extracted high frequency peened fatigue data from references in Table 1 for non-load
carrying longitudinal attachments at R=0.1.
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Figure 7. Extracted high frequency peened fatigue data from references in Table 3 for cruciform joints
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Figure 8. Extracted high frequency peened fatigue data from references in Table 4 for butt joints at
R=0.1.
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4 Discussion

4.1 S-N Curve Slopes and Effect of Loading

Figures 1-4 show that the horizontal line corresponding to an S-N slope m=5 passes through, or is
slightly below, the scatter band computed using Eq. (2) for virtually all data sets. This observation is
consistent for all four specimen types. For some data sets the best-fit slope (based on B) is clearly
greater than m=5. In some cases this may be due to a too narrow variation in the stress ranges used
during testing. For example, in the extreme situation that all tests are performed using the same stress
range, a slope m = « would necessarily be computed. The suitability of the slope m = 5 is further
confirmed from Figs. 5-8 which present all constant amplitude R=0.1 data for a particular specimen
type on a single plot. Scatter ranges, T, are also shown for reach graph

In Figs. 5-8 only fatigue test results obtained using constant amplitude R = 0.1 testing are presented
and used to compute the 50% and 97.7% survival probability regression lines. Figure 9 shows
available fatigue results for longitudinal non-load carrying fillet weld attachments for R = 0.5 and R = -1
constant amplitude testing and variable amplitude loading. For reference, the 50% and 97.7% survival
probability regression lines from Fig. 5 are also shown in this figure. Most of the data points in the Fig.
9 are above the 97.7% survival probability regression line (FAT 137). However, data points from
Maddox et al. [23] fall below the line. One reason may be that a high stress ratio, R=0.5, was used
during testing. Additionally, some specimens in this study were pre-loaded before peening while others
were peened under tensile load. All other specimens presented in this overview were (apparently) high
frequency treated without any loading.

For the longitudinal non-load carrying fillet weld attachments used, the as-welded specimens have
high tensile welding residual stresses. This means that the fatigue life is dependent only on stress
range with no influence of mean stress. Following high frequency treatment, the tensile residual
stresses are removed and mean stress starts to have significant influence. The variable amplitude
load spectrum used by Marquis and Bjork [24] had R=-1 for each cycle. The same is study also
reports R=-1 constant amplitude fatigue data. The variable amplitude data falls approximately along
the P; = 50% line while constant amplitude results are significantly above this line. This is probably the
result that only a fraction of the compressive portion of the fatigue cycle is damaging. Additionally,
Marquis [37] has observed significantly different failure modes for these tests. Treated specimens
tested using R=-1 variable amplitude loading consistently failed in the weld toe region while specimens
tested at R=-1 constant amplitude loading failed at a variety of other locations. Data for variable
loading and for R # 0.1 is limited and more studies are needed before design guidelines can be
extracted.

4.2 Comparison with Hammer Peening

In technical literature high frequency peening methods are frequently qualitatively compared to
hammer peening, e.g. see [23]. Figures 10-12 show a quantitative comparison of high frequency
peening and hammer peening for longitudinal non-load carrying attachments (Fig. 10) [38] [39], for T-
joints (Fig. 11) [2] [40] and for cruciform joints (Fig. 12) [41] [42]. In each of these figures the
regression lines from high frequency treated welds in Figs. 5, 6 or 7 are presented, i.e., the 50% and
97.7% survival probability lines for the similar weld specimen type based on constant amplitude R =
0.1 and assuming m=5.
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Figure 10. Some of hammer peened data for non-load carrying longitudinal attachments [38] [39] in
comparison with FAT 137 calculated in this study for high frequency peening. Regression lines FAT
200 and FAT 137 are from Figure 5.
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Figure 11. Some of hammer peened data for T-joints [2] [40] in comparison to FAT 260 calculated in
this study for high frequency peened specimens. Regression lines FAT 380 and FAT 260 are from
Figure 6 (bending loading).
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Figure 12. Some of hammer peened data for cruciform joints [41] [42] in comparison with FAT 164
calculated in this study. Regression lines FAT 230 and FAT 164 are from Figure 7.

It can be seen from Figs 10-12 that the S-N slope m=5 also tends to follow the trend of the hammer
peened data. In each of these figures the dashed line represents the P; = 50% line for the high
frequency treated specimens while the solid line represents P; = 2.3%. It can be observed that for all
three specimen types, the hammer peened data tends to be lower than the high frequency peened
data. For longitudinal non-load carrying welds (Fig. 10), only one data point involving one-pass
hammer peening fell below the Ps = 2.3% line but all other data points fell between Ps = 2.3% and Ps =
50%. For cruciform joints (Fig. 12) only two data point involving one-pass hammer peening fell below
the P; = 5% line but many of the points from an early study by Booth [42] were above the P; = 50%
line. For the T-joints tested in bending (Fig. 11) data is approximately evenly distributed around the Ps
= 2.3% for high frequency treated welds.

4.3 Structural Stress for High Frequency Improved Welds

The IIW best practice guideline concerning post-weld treatment methods for steel and aluminium
structures contains a section on recommendations related to the structural hot spot stress [1]. For non-
load carrying fillet welds such as the longitudinal attachments, T-joints and cruciform joints reported
here, the appropriate hot spot structural stress design curve is FAT 125 for mild steel (f, < 355 MPa)
and FAT 140 for higher strength steel (f, > 355 MPa). For load-carrying butt welds the appropriate hot
spot structural stress design curve is FAT 112 for mild steel (f, < 355 MPa) and FAT 125 for higher
strength steel (fy > 355 MPa). Structural hot spot stress concentration factors, Ks, were computed
according to [IW [3] for a typical joint of each type. The nominal stress range for a specimen was
multiplied by the suitable K value for that specimen type: K;s = 1.4 for longitudinal attachments, K;s =
1.2 for cruciform joints and K;s = 1.0 for butt joints. Results are compiled in Fig. 13. The computed FAT
curves for P; = 50% and P; = 2.3% are FAT 267 and FAT 189, respectively. These are rounded down
to FAT 250 and FAT 180 in order to be consistent with the IIW system. These are shown in Fig. 13.

Figure 13 also shows the Ps = 2.3% FAT lines from Figs. 5, 7 and 8 which have then been multiplied
by the suitable Kys value for that specimen type. The resulting lines are FAT 191 for longitudinal




attachments and FAT 201 for cruciform joints. These are in good agreement with a proposed hot spot
structural stress design curve of FAT 180 (m=>5) for non-load carrying high frequency treated welds.
For load-carrying welds the proposed design curve is FAT 160 (m=5). Thus far data has not been
separated based on f, so this proposal may be slightly lowered for mild steel and increased for higher
strength steel.
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Figure 13. Structural hot-spot stresses for axial loaded specimens in comparison with FAT values
calculated in this study. The two line with m=3 are the current design lines for non-load carrying
welds, FAT 125 for and FAT 140.

4.4 Degree of Improvement

The existing [IW guideline [1] allows up to 25% increased design stress for mild steel (f, < 355 MPa)
and up to 40% increased design stress for steel f, > 355 MPa. Numerous researchers have observed
that the degree of improvement increases with material strength even beyond this range, see, e.g.,
Maddox [4] and Bignonnet [5]. The constant amplitude fatigue test data at R=0.1 with m=5 for
longitudinal attachments and cruciform welds as a function of f, is shown in Fig.14. The data generally
shows an increasing trend with material strength but the large amount of variation indicates that more
attention to the topic is needed. Figure 14 also shows the existing IIW rules with respect to steel
strength. An additional line representing an 8% increase in fatigue strength with yield strength above
355 MPa is also shown. This line is conservative with respect to the available data and represents a
40% increase in allowable design stress for f, = 355 MPa and 91% increase in design stress for f, =
1000 MPa.

The degree of improvement for the four weld types and the recommended FAT values for the high
frequency treatment methods are summarized in Table 3. Based on experiments the T-joints had
significantly greater fatigue strength than did the cruciform welds. However, experiments for T-joints
were performed using bending loading while the recommended FAT values assume axial loading as
for cruciform joints. Thus the recommended FAT class is the same for both joint types. The
recommendations for T-joints, cruciform welds and butt welds are higher than the IIW




Recommendation for plate edges [3]. To attain such high values in practice, extra attention would
need to be placed of the quality of the plate surface and edge condition both during fabrication and
service.
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Figure 14. Fatigue strength improvement at N = 2x10° for high frequency treated longitudinal
welded attachments and cruciform joints as a function of f,. Values are from Tables 1 and 3.
Existing IIW rules with respect to steel strength for hammer peened specimens and an
additional line representing an 8% increase in fatigue strength with yield strength above 355
MPa are also shown.

The IIW best practice guideline contains a correction values for hammer peened welds based on
stress ratio [1]. The correction factors have been discretized as an integral number of stress class
increases for a joint, i.e. from zero to up to three fatigue classes. The original function from which
these were derived was proposed by Weich [18], see Eq. (10). This relationship is expected to also be
valid for high frequency treated specimens, but some provision for R < 0 may also be considered.

kg =1.075—0.75*R  01<R<05

(10)
kg = 1.0 R<0.1

In this study the high frequency improvement methods have been reported using the names:
ultrasonic impact treatment, ultrasonic peening, ultrasonic peening treatment, high frequency impact
treatment, pneumatic impact treatment and ultrasonic needle peening. No distinction has been made
between these various technologies. All technologies have the common features in that hardened
steel indenters are excited against the weld toe using some power source and the impact frequency is
significantly greater than what is found in conventional hammer peening devices.




Table 3. Summary of FAT values [MPa] for different joint types

Stress analysis method Nominal stress Hot spot stress
5 2
© — Re) =
c c p >
. = 0 S ie] o =
Joint type SE = S g 32 8
25 | 3 s | = | £€ | %
S%® K S @ 28 S
FAT value (P=2.3%) for as-welded details
according to IW (m=3) [3] 7 80 80 90 100 90
FAT value (P=2.3%) for high frequency )
improved welds found in this study (m = 5) 137 260 164 175 191-201 | 175
Fatigue strength increase at N=2x1 0° [%] 93 225 105 95 90-100 95
- 0,
Recommended_ FAT value (Ps 2.§A)) for 125 160 160 160 180 160
high frequency improved welds (m = 5)

‘for T-joints the experimental data was performed using bending loading but the recommended FAT
values assume axial loading as for cruciform joints

5 Conclusions

This paper provides an overview of published experimental data on the fatigue strength of welded
joints improved by high frequency treatment methods. Various high frequency peening methods are
reported, but no attempt has been made to separate the methods or provide any ranking. In total, 294
data points from four specimen types are available. Most tests were performed using constant
amplitude R=0.1 axial tension fatigue, but some data for other R-ratios, variable amplitude testing and
bending fatigue are also reported. Material yield strength varied from 235 MPa over 900 MPa. The
extracted fatigue test data was statistically analysed in order to estimate the best slope for the S-N line
and to investigate the degree of improvement for each specimen type. The following conclusions can
be drawn:

e An S-N slope of m=5 fits both the available high frequency treated fatigue data and the
existing data for hammer peened welds. Thus, all of the following conclusions are based on an
assumed S-N slope of m=5 and fatigue strength improvements are defined at N=2x10°.

o Welded specimens treated by high frequency methods tend to have slightly greater fatigue
strength than do specimens treated with traditional hammer peening. Hammer peened data
tends fall below the P; = 50% line for all specimen types.

e A fatigue strength improvement of [40 + (f, - 355) * 0.08]% was conservative with respect to
the available data for fillet weld specimens tested at R=0.1. This results in a 40% increase in
allowable design stress for f, = 355 MPa and 91% increase in design stress for f, = 1000 MPa.

e During the statistical analysis data was not separated based on material strength so the
proposed following recommendations are preliminary and may require further revision based
of yield strength.

= For longitudinal attachments the respective nominal stress design fatigue classes was
125 MPa.

» For T+oints, cruciform joints and butt joints the respective nominal stress design
fatigue class was 160 MPa.

= For non-load carrying joints, the respective hot spot stress design fatigue classes was
180 MPa.

= For load-carrying joints, the respective hot spot stress design fatigue classes was 180
MPa.




¢ R ratio rules for hammer peening seem suitable also for high frequency treated specimens but
the available data is limited.

e Inthe future, data obtained for stress ratios other than R=0.1 and for variable amplitude
testing are needed. Also, more basic studies on residual stress stability during loading for
treated welds should be encouraged. Attention must also be given to defining quality
assurance procedures for high frequency treated welds.

Acknowledgements

Support for this work has been partially provided by the LIGHT research programme of the Finnish
Metals and Engineering Competence Cluster (FIMECC), the Finnish Funding Agency for Technology
and Innovation (TEKES) and the EU Research Fund for Coal and Steel under grant agreement RFSR-
CT-2010-00032 "Improving the fatigue life of high strength steel welded structures by post weld
treatments and specific filler material"

References

1. Haagensen, P. J., Maddox, S. J.: IIW Recommendations on Post Weld Fatigue Life Improvement
of Steel and Aluminium Structures. Woodhead Publishing, Cambridge, (2001.)

2. Haagensen, P.: [IW’s round robin and design recommendations for improvement methods, in
Proc. Of the IIW International Conference on Performance of Dynamically loaded welded
structures., S.J. Maddox and M. Prager (eds), July 14-15, San Francisco, Welding Research
Council, New York. (1997)

3. Hobbacher, A.; IIW Recommendations for Fatigue Design of Welded Joints and Components.,
WRC Bulletin 520, The Welding Research Council, New York. (2009)

4. Maddox, S. J.: 2003 IIW Portvin lecture: Key developments in the fatigue design of welded
constructions., [IW Annual Assembly, (2003)

5. Bignonnet, A.: Improving the fatigue strength of welded steel structures. Steel in Marine
Structures. Developments in Marine Technology, Proc. 3rd Intl ECSC Offshore Conference., C.
Noordhoek, J. de Back (eds.), Elsevier Science Publishers. Delft. pp.99-118, (15-18 June, 1987)

6. Ohta, A., Watanabe , O., Matsuoka , K., Maeda , Y., Suzuki, N., Kubo, T.: Fatigue Strength
Improvement of Box Welds by Low Transformation Temperature Welding Wire by PWHT .,
International Institute of Welding, Paris, Document XIllI-1758-99. (1999)

7. Barsoum, Z., Gustafsson , M.: Fatigue of high strength steel joints welded with low temperature
transformation consumables., Engineering Failure Analysis,vol.16, pp.2186-94. (2009)

8. Statnikov, E., Trufyakov , V., Mikheev , P., Kudryavtsev , Y.: Specification for weld toe
improvement by ultrasonic impact treatment., International Institute of Welding, Paris, Document
XIl-1617-96. (1996)

9. Applied Ultrasonics. In: http://www.appliedultrasonics.com/.
10. Integrity Testing Laboratory Inc. In: http://itlinc.com/.
11. Lets Global. In: http://www.lets-global.com/.

12. Zhao, X., Wang, D., Huo, L.: Analysis of the S—N curves of welded joints enhanced by ultrasonic
peening treatment., Materials and Design, vol. 32, pp. 88-96. (2011)

13. Pfeifer. In: http://www.pfeifer.de/.
14. Pitec. In: http://www.pitec-gmbh.com/.
15. Sonats. In: http://www.sonats-et.com/.

16. Bousseau, M., Millot, T.: Fatigue life improvement of welded strucrtures by UNP compared to TIG
dressing, International Institute of Welding., Paris, Document XlII-2125-06. (2006)

17. Haagensen, P. J., Alnes , @.: Progress report on [IW WG2 round robin fatigue testing program on
700 MPa and 350 MPa YS Steels. International Institute of Welding, IIW Doc. XI11-2081-05, (2005)

18. Weich, I.: Fatigue Behaviour of Mechanical Post Weld Treated Welds Depending on the Edge
Layer Condition (Ermidungsverhalten mechanisch nachbehandelter Schweillverbindungen in




19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Abhangigkeit des Randschichtzustands). Technischen Universitat Carolo-Wilhelmina, Doctorate
Thesis, (2008)

Huo, L., Wang, D., Zhang, Y.: Investigation of the fatigue behaviour of the welded joints treated by
TIG dressing and ultrasonic peening under variable-amplitude load. International Journal of
Fatigue, vol. 27, pp. 95-101, (2005)

Martinez, L., Blom, A. F., Trogen, H., Dahle, T.: Fatigue behavior of steels with strength levels
between 350 MPa and 900 MPa influence of post weld treatment under spectrum loading. In Blom,
A., ed. : Proceedings of the North European Engineering and Science Conference (NESCO) :
“Welded High-Strength Steel Structures”, Stockholm, (1997)

Wang, T., Wang, D., Huo, L., Zhang, Y.: Discussion on fatigue design of welded joints enhanced
by ultrasonic peening treatment (UPT) 2009. International Journal of Fatigue, vol.31 , pp. 644—-650,
(2009)

Lihavainen, V. M., Marquis, G., Statnikov, E. S.: Fatigue strength of a longitudinal attachment
improved by ultrasonic impact treatment. Welding in the World, vol. 48, 5/6, (2004)

Maddox, S. J., Dore, M. J., Smith, S. D.: Investigation of ultrasonic peening for upgrading a welded
steel structure. International Institute of Welding, 1IW Doc. XII-232610, Istanbul, (2010)

Marquis, G., Bjork, T.: Variable amplitude fatigue strength of improved HSS welds. International
Institute of Welding, 1IW Document XIII-2224-08, (2008)

British Standard: BS 5400: Steel, concrete and composite bridges. Part 10: Code of practice for
fatigue. (1980)

SSAB: Domex 420 MC D Hot rolled, high strength, cold forming steel., DATASHEET: 11-02-03
GB8415 DOMEX

SSAB: Domex 700 MC Hot rolled, extra high strength, cold forming steel., DATA SHEET: 11-02-03
GB8421 DOMEX.

Trufiakov, V. I., Statnikov, E. S., Mikheev, P. P., Kuzmenko, A. Z.: The efficiency of ultrasonic
impact treatment for improving the fatigue strength-98. International Institute of Welding, IIW Doc.
XIl1-1745-98, (1998)

Pedersen, M., Mouritsen, O. &., Hansen, M., Andersen, J. G., Wenderby, J.: Comparison of Post
Weld Treatment of High Strength Steel Welded Joints in Medium Cycle Fatigue. Welding in the
World, vol. 54, pp. 208-217, (2009)

Galtier, A., Statnikov, E.: The influence of ultrasonic impact treatment on fatigue behavior of
welded joints in high-strength steel. International Institute of Welding, IIW/IIS Document XIlI-1976-
03, (2003)

Statnikov, E. S., Muktepavel, V. O., Blomgvist, A.: Comparison of ultrasonic impact treatment (UIT)
and other fatigue life improvement methods. Welding in the World vol. 46, (2002)

Kuhlmann, U., Darr, A., Bergmann, J., Thumser, R.: Fatigue strength improvement for welded high
strength steel connections due to the application of post-weld treatment methods (Effizienter
Stahlbau aus hdherfesten Stahlen unter Ermidungsbeanspruchung). Forschungsvorhaben P620
FOSTA, Verlag und Vertriebsgesellschaft GmbH, Disseldorf, (2006)

Kudryavtsev, Y., Kleiman, J., Lugovskoy, A., Lobanov, L., Knysh, V., Voitenko, O.: Rehabilitation
and repair of welded elements and structures by ultrasonic peening. Welding in the World, vol. 51,
pp. 47-53, (2007)

Kuhlmann, U., Gunther, H.: Experimentelle Untersuchungen zur ermidungssteigernden Wirkung
des PIT-Verfahrens. Versuchsbericht, Universitat Stuttgart, Institut flir Konstruktion und Entwurf,
September. (2009)

Janosch, J. J., Koneczny, H., Debiez, S., Statnikov, E. C., Troufiakov, V. J., Mikhee, P. P.:
Improvement of fatigue strength in welded joints (in HSS and in aluminium alloys) by ultrasonic
hammer peening. Welding in the World, vol. 37, pp. 72-82, (1996)

ASTM: Standard Practice for Statistical Analysis of Linear or Linearized Stress-Life and Strain-Life
Fatigue Data. (2006)

Marquis, G.: Failure modes and fatigue strength of improved HSS welds, Engineering Fracture
Mechanics., Vol.77, No.11, pp. 2051-2062, (2010)




38.

39.

40.

41.

42.

Maddox, S. J.: Progress report on [IW working group 2 round robin fatigue testing programme.
International Institute of Welding, XI1I-WG2-104-04, (2004)

Gurney, T.: Effect of peening and grinding on the fatigue strength of fillet welded joints. British
Welding Journal, December, pp. 601-609 (1968)

Branco, C., Infante, V., Baptista, R.: Fatigue behaviour of welded joints with cracks, repaired by
hammer peening. Fatigue & Fracture of Engineering Materials & Structures, vol. 27., pp. 785-798,
(2004)

Manteghi, S., Maddox, S. J.: Methods for Fatigue Life Improvement of Welded Joints in Medium
and High Strength Steels. International Institute of Welding, [IW-Doc. XlII-2006-04, (2004)

Booth, G.: Techniques for improving the fatigue strength of plate welded joints. Steel in Marine
Structures. SIMS-87, Paper TS 41, pp. 747-757. (1987)




