OVERVIEW OF FATIGUE DATA FOR HIGH FREQUENCY MECHANICAL IMPACT TREATED WELDED JOINTS

82

OVERVIEW OF FATIGUE DATA FOR HIGH
FREQUENCY MECHANICAL IMPACT

TREATED WELDED JOINTS

H.C. Yildirim and G.B. Marquis

This paper provides an overview of published experimental data on the fatigue strength of welded joints
improved by high frequency mechanical impact (HFMI) treatment methods. In total, 414 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.
An S-N slope of m = 5 gives a very good description of both individual data sets and of the composite data.
Design curve recommendations for the four joint types and for the structural stress-based design curve are
given. HFMI treated specimens generally follow the same trend as experimental data for hammer peened
specimens, but the degree of improvement is better. Data for large structures, at stress ratios other than
R = 0.1 and for variable amplitude loading are still needed in order to update the IIW guideline for post-weld
improvement. There is a general trend for increasing fatigue strength improvement as a function of steel yield
strength but this influence needs further study in order to develop guidelines. Quality assurance measures for

HFMI treatment methods must also be defined.

IIW-Thesaurus keywords: Fatigue improvement; High strength steels; Impact toughness; Weld toes.
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"Jlintroduction |

In 2007 the International Institute of Welding (IIW)
Commission XlII on Fatigue of Welded Components and
Structures approved the best practice guideline concern-
ing post-weld treatment methods for steel and alumin-
ium 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 informa-
tion on how to implement the four improvement technolo-
gies including good work practices, training, safety, and
quality assurance.

In order to improve the reproducibility of the four meth-
ods, and to produce guidance for the degree of improve-
ment that could be expected when using the methods in
design, an inter-laboratory round-robin test programme
was undertaken by [IW. Results of this round-robin pro-
gramme 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 compari-
son 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 [IW guideline for post-weld improvement applies to
plate thickness of 6 to 50 mm for steel and 4 to 20 mm
for aluminium. The improvement methods are only rele-
vant 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 grind-
ing 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 mul-
tiplied by 1.3. For ease of computation, this corresponds to
a two (2) fatigue class increase based on the [IW 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 in
slope m=3tom=>5atN=1 x 10" cycles. However, the
maximum class which can be claimed is the closest cat-
egory below the FAT value obtained when the as-welded
FAT value is multiplied by 1.b. For ease of computation,
this corresponds to a three (3) fatigue class increase. For
example, when a weld detail which, in the as-welded con-
dition, 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 improve-
ment 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 improve-
ment techniques that rely on the presence of compres-
sive residual stresses is that the fatigue lives are strongly
dependent on the applied mean stress of the subse-
quent 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 > 05 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 detrimen-
tal 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 thick-
ness 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 fy > 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 [IW guideline covering
high-strength steel (HSS) and, in 2003, a new round
robin exercise was initiated within [IW Commission XIlI.
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 HFMI 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 HFMI equipment manufacturers and service
providers. Numerous technologies are employed, e.g,
ultrasonic piezoelectric elements, ultrasonic magneto-
strictive elements or compressed air. In all cases, however,
the working principal is identical: cylindrical indenters are
accelerated against a workpiece with high frequency. The
impacted material is plastically deformed causing both a
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change in the local geometry and residual stress state
in the region of impact. In comparison to hammer peen-
ing, the operation is more user-friendly and the spacing
between alternate impacts on the workpiece is very small
resulting in a finer surface finish. The indenters are high-
strength steel cylinders and manufacturers have custom-
ized the effectiveness of their own tools by using indent-
ers 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 peen-
ing (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 conserva-
tive or even non-conservative results for lower cycles to
failure, ie, N =1 x 10% Individual experimental studies
for HFMI 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 used in the [IW guideline. The goal of the
current study has been to collect and assess the available
fatigue test data for a variety of HFMI 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 test-
ing 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 HFMI techniques are considered to most closely
resemble hammer peening. For this reason, a comparison
is made between fatigue data following HFMI treatment
and hammer peening.

"P4 Methods |

2.1 Published data

The authors were able to locate 18 publications contain-
ing fatigue data for welded steel joints improved by one of
the HFMI methods mentioned in the introduction. Some
of these studies contained multiple materials, improve-
ment techniques of specimen types. Thus, a total of
45 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.

Table 1 - Extracted experimental fatigue data for HFMI treated longitudinal welds (constant amplitude axial loading)

Plate : % imp. % imp.
Ref. Steel type [Mfly3a] [Mflga] Method thickness Bestiit atm =P 5 atm= ;)ree
[mm] to 1w to l1W¢
[17] S700 7007 750¢ 0.1 UP+UIT 8 5.5 16 69 74
[18] | S690QL 786° 870° 0.1 uir 16 45 16 81 78
[18] | S6900L 786° 870° 0.1 HIFIT 16 4 15 72 65
[19] 16Mn 390° 5902 0.1 UP/UPT 8 14 6 89 106
[20] S350 398° 503° 0.1 UP/UPT 12 5.3 5 93 98
[20] S700 780P 860° 0.1 UP/UPT 12 39 7 79 69
[20] S900 900° 10100 0.1 TIG+UP 12 448 10 118 110
[21] SS800 700° 830° 0.1 UP/UPT 8 9.4 8 154 173
[21] 16Mn 390° 591 0.1 UP/UPT 8 1568 6 92 111
[21] Q235B 267° 43b.5° 0.1 UP/UPT 8 1.7 7 101 99
[22] S3b65 3652 6002 0.1 uIT 8 3.71 10 170 1563
[23] | S355J2 390° 5452 05 uIT 30 297 7 ~0 10
[24] S960 969° 11040 -1 uir 6 4.81 11 308 307
[24] S700 7002 750° -1 uir 8 424 5 169 163
[25] | SBHS500 572> 661° <05 uIT 12 537 10 18 22
[25] | SBHS500 572> 661° 05 uir 12 383 12 7 ~0
[25] | SBHS500 572> 661° >05 uiT 12 3.09 11 1 ~0
[26] S960 960° 980¢ 0.1 PIT 5 6 11 191 206

@ Nominal value.

> Measured value.

 Not reported at the reference, but estimated using datasheets [27], [28] and [29].
9 In comparison to P,= 50 % values from Table 5.
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The specimen types were longitudinal attachments,
T-joints, transverse attachments, and butt joints. The
T-joints were loaded in bending while the others were axi-
ally loaded. Virtually all tests were performed using con-
stant amplitude at R = 0.1, but some tests at alternate
R ratios (=1 £ R < 0.5) or with variable amplitude load-
ing were also reported. Weld toe failures are taken into
account for analyses. Run-outs were excluded. The yield
stress of steel grades varies from 260 to 969 MPa, and
the specimen thickness varies from 5 to 30 mm. Data are
summarized in Tables 1-4.

Tables 1-4 show the specimen type, thickness, high fre-
quency 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 [IW
Recommendation [3] and the stress range corresponding
to 50 % survival probability for as-welded specimens at
N =2 x 108 are typical values used by the International
Institute of Welding [39]. These are presented in Table 5.

Some of material properties in Tables 1-4, such as yield
strength, f,, and ultimate tensile strength, f, are not fully
defined in the references. In such cases, values are taken
from published datasheets [27], [28], [29] and the cor-
responding superscripts ® and © are used in Tables 2, and
1 and 4 respectively. 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 = b and based on the best-fit
regression line for the respective data set.

2.2 Statistical methods

Fatigue test data includes k data points representing
logAS, and logN, where S is the stress range, and N, is
the endurance in cycles. Special attention should be given
when representing logAS, on the vertical axis and logN, on
the horizontal axis in an S-N plot. The statistically appro-
priate approach in linear regression analysis is to assume
that the independent variable is plotted on the horizontal

Table 2 - Extracted experimental fatigue data for HFMI treated T-joint welds (constant amplitude bending loading)

£ Plate Best-fit % imp. % imp.
Ref. Steel type M E’a] M l;a] Method thickness k atm=5 at m =free
[mm] to lIWe to IIWe
[30] 5420 4202 490° 0.1 uiT 20 11.70 8 166 198
[31] S700 700° 7500 0.1 uiT 6 6.9 10 194 256
[32] S700 7002 8002 0.1 uiT 4 21 2568 238
[33] S420 4202 4900 0.1 uiT 20 75 7 161 181
[26] S960 9602 980° 0.1 PIT 5 3.65 7 154 119
2 Nominal value.
b Not reported at the reference, but estimated using datasheets [27], [28] and [29].
¢ In comparison to P,= 50 % values from Table 5.

Table 3 - Extracted experimental fatigue data for HFMI treated transverse attachment (constant amplitude axial loading)

Ref.  Steel type

Method

Plate .
thickness Sestiit k

[mm]

[34] S3b65J2 398.3° 5372° 0.1 uiT 12 6.6 7 106 141
[34] S365J2 398.3° 537.2° 0.1 uir 12 1.1 4 47 205
[34] S460ML | 503.5° 55634 | 0.1 Uit 12 5.27 5 105 113
[34] S460ML | 5035° 5563.4° | 0.1 uiT 12 6.09 5 128 163
[34] S690QL | 8128° 870.8° 0.5 uiT 12 722 6 33 70
[35] S260 2602 4652 0.0 uiT 20 9.65 9 61 72
[36] S3b65J2 4770 5be° 0.1 PIT 12 116 8 132 170
[36] S690QL 781° 827° 0.1 PIT 12 6.5 7 164 177
[37] AH36 3920 520° 0.1 uiT 20 89 3 17 139
[37] AH36 3920 5200 0.1 uir 20 6.25 3 83 95
[37] AH36 3920 520° 0.5 uir 20 8.38 3 30 36
[37] AH36 3920 520° -1 uiT 20 18 3 249 276

*Measure sl

< In comparison to P, = 50 % values from Table 5.
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Table 4 — Extracted experimental fatigue data for HFMI treated butt joint welds (constant amplitude axial loading)

Plate . % imp. % imp.
Ref. ?;ezl [Mflga] [Mf|u>a] Method thickness Be: it k atm=5 at m =free
- [mm] to IIW¢ to 11w
[18] S3556J2 4290 52405 0.1 ulIT 16 7 14 76 79
[18] S3556J2 499° 5245 0.1 HiFIT 16 42 18 75 68
[18] | S690QL 786° 870° 0.1 uIT 16 45 18 122 120
[18] | S690QL 786° 870° 0.1 HiFIT 16 3.36 12 120 99
[18] | S355J42 429° 524° 05 uIT 16 89 15 31 35
[18] S355J2 429° 524° 05 HiFIT 16 9 11 15 27
[18] | sS690QL 786° 870 05 ulIT 16 5 10 48 49
[18] | S690QL 786° 870 05 HiFIT 16 5 12 44 44
[38] E690 7630 836° 0.1 upP 95 3.74 8 89 79
[26] S960 9602 980¢ 0.1 PIT 5 778 7 192 196
@ Nominal value.
> Measured value.
© Not reported at the reference, but estimated using datasheets [27], [28] and [29].
“In comparison to P,= 50 % values from Table 5.

Table 5 - FAT values for different types of test specimens

FAT values [MPa]

i t
Specimen type according to 1IW [3]

Calculated AS [MPa] for
P,=50%at N,=2 x 10°

o in Log(N) [39]

Longitudinal attachment 71 97 0.206
T-joint 80 110 0.206
Transverse attachment 80 110 0.206
Butt joint 90 123 0.206

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 =2 x 108 for a specified S-N slope.

As is normally assumed, the S-N relationship is repre-
sented by a linear model logN, = A + B logAS, and fitted
to each set of results in Tables 1-4 by regression analy-
sis. Confidence intervals associated with a defined confi-
dence level for both A (intercept) and B (slope) were eval-
uated based on the Student distribution, tp, as described
as ASTM standard practice [40]. Values of t, were taken
directly from probability tables. A cumulative probability of
97.7 % is chosen in this exercise. Parameter A is given by

Equation (1);
X ] )

" Z:; (Xi - )_()2

A+t 5, [%+

and for B is given by Equation (2);

-1/2

Btt,6, [Zk (X, - )_()2} ©@

i=1

where

the symbol “caret” (") denotes estimate,

the symbol “over bar” () denotes average and
k is the number of specimens.

The expression for estimating the variance of the nor-
mal distribution (GN) for log N can be calculated by
Equation (3).

E Y-?.z 1/2
[z< »] .

On k-2

With respect to the observed degree of improvement in
fatigue strength at N =2 x 106 for a specified S-N slope,
fatigue data is evaluated according to Equations (4)—(8).

AS™ x N, =C, = FAT" x 2x 10¢ (4)

> logC,
log Cso% = T ®)

logC, —10gC.y, )?
G:\/Z(og i Og 50/) (6)

k-1
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Log Cyypp,=log C,, —2 x G (7
C
FAT L, =m 97.7%
97.7% 2 x 1 Os (8)

The scatter ranges, T_, represent a measure of the
scatter of the data with respect to the regression line.
In Equation (9), the nominal stress amplitudes S ,, and

S, o5 refer to failure probabilities P,=5 % and P,= 95 %,
respectively.
S
T, =g ©
SnA95

"B Results

3.1 Assessment of S-N curve slopes

Test results from Tables 1-4 are statistically evalu-
ated 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, transverse attachment and butt joint
specimens, respectively. Most tests were performed using
constant amplitude at R = 0.1, but some tests at alter-
nate 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.

3.2 Available experimental data

As can be seen from Figures 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 = b is assumed and the

regression lines representing the 50 % and 97.7 % sur-
vival 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. Weld toe failures are
taken into account for regression line analyses. 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 =2 x 10°
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 load-
ing. For the variable amplitude results, Equation (10) was
used in order to obtain equivalent constant amplitude
stress ranges, ASeq [19, 24]. Slopes for Huo et al. [19] and
Marquis and Bjork [24] studies were 14.6 and 5, respec-
tively. Other details of the variable amplitude tests can be
found in the original references. The figure also shows the
regression lines from Figure 5, ie, the 50 % and 97.7 %
survival probability lines for longitudinal attachments based
on constant amplitude R =0.1 and assuming m =b.

NAS"
AS,, = f—zzﬁ | (10)

Y biscussion

4.1 S-N curve slopes and effect of loading

Figures 1-4 show that the horizontal line correspond-
ing to an S-N slope m = 5 passes through, or is slightly
below, the scatter band computed using Equation (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
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Figure 1 - Estimates of slopes for longitudinal attachments

N°%% 2012 Vol. 56 WELDING IN THE WORLD Peer-reviewed Section

87



OVERVIEW OF FATIGUE DATA FOR HIGH FREQUENCY MECHANICAL IMPACT TREATED WELDED JOINTS

88

Slopes, m

mTrufiakov et al. 1998 S420 UIT R=0.1
» Statnikov et al. 2002 $420 UIT R=0.1

4 Galtier and Statnikov 2003 S700 UIT R=0.1
+Pedersen et al. 2009 5700 UIT R=0.1

@ Martinez and Haagensen 2006 UP R=0.1

0l o Leitner et al. 2011 S960 PIT R=0.1
> 4 S !
m=
T 7 1
7 9 1 13 15 17 19 21 23

Number of specimens, k

Figure 2 - Estimates of slopes for T-joints
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Figure 3 - Estimates of slopes for transverse attachments
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Figure 4 - Estimates of slopes for butt joints
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Figure 5 — Extracted HFMI treated fatigue data from references
in Table 1 for non-load carrying longitudinal attachments at R = 0.1
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Figure 6 — Extracted HFMI treated fatigue data from references in Table 2 for T-joints in bending at R = 0.1

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 = e would
necessarily be computed. The suitability of the slope
m=>5for 1 x 10* <N <1 x 107 is further confirmed
from Figures 5-8 which present all constant amplitude
R = 0.1 data for a particular specimen type on a sin-
gle plot. Scatter ranges, T, are also shown for reach
graph. Failures were not reported for N > 1 x 107 so
an S-N curve slope in this region has yet to be con-
firmed. However, under constant amplitude loading it
is advisable to follow the current IIW Fatigue Design
Recommendations by using an S-N slope of m = 22 for
N>1x 107 [3].

In Figures 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=05 and R = —1 constant amplitude testing and
variable amplitude loading. For reference, the 50 % and
977 % survival probability regression lines from Figure 5
are also shown in this figure. Most of the data points in
Figure 9 are above the 977 % survival probability regres-
sion line (FAT 134). 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 (appar-
ently) HFMI treated without any pre-loading.

For the longitudinal non-load carrying fillet weld attach-
ments used, the as-welded specimens have high tensile
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Figure 8 - Extracted HFMI treated fatigue data from references in Table 4 for butt joints at R = 0.1

welding residual stresses. This means that the fatigue
life is dependent only on stress range with no influence
of mean stress. Following HFMI 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 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 compres-
sive portion of the fatigue cycle is damaging. Additionally,
Marquis [41] has observed significantly different failure
modes for these tests. Treated specimens tested using

= —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 lim-
ited and more studies are needed before design guide-
lines can be extracted.

4.2 Comparison with hammer peening

In technical literature HFMI methods are frequently
qualitatively compared to hammer peening, e.g. see [23].
Figures 10-12 show a quantitative comparison of HFMI
treatment and hammer peening for longitudinal non-load
carrying attachments (Figure 10) [42, 43], for T-joints
(Figure 11) [2, 44] and for transverse attachments
(Figure 12) [45, 46]. In each of these figures the regres-
sion lines from HFMI treated welds in Figures b, 6 or 7
are presented, ie, the 50 % and 977 % survival prob-
ability lines for the similar weld specimen type based on
constant amplitude R= 0.1 and assuming m = 5.
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Figure 9 — Extracted HFMI treated fatigue data from references in Table 1
for non-load carrying longitudinal attachments at constant amplitude R=-1 and R=0.5
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Figure 10 — Some of hammer peened data for non-load carrying longitudinal attachments [42, 431

in comparison with FAT 134 calculated in this study for HFMI treatment

It can be seen from Figures 10-12 that the S-N slope
m= b 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 HFMI 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 HFMI data. For longitudinal non-
load carrying welds (Figure 10), only one data point involv-
ing one-pass hammer peening fell below the P, = 2.3 %
line but all other data points fell between P, = 2.3 % and
P, = 50 %. For transverse attachments (Figure 12) only
two data point involving four-passes hammer peening
fell below the P, = 5 % line but many of the points from
an early study by Booth [46] were above the P, = 50 %
line. For the T-joints tested in bending (Figure 11) data is

approximately evenly distributed around the P, = 2.3 % for
high frequency treated welds. Numerous discussions have
suggested that the effective treatment depth of HFMI is
greater than that of hammer peening. It has also been sug-
gested that the resulting material microstructure and notch
geometry in the treated region are different. However,
the authors are not aware of any definitive studies which
explain why HFMI treatment tends to give better fatigue
strength as compared to hammer peening.

4.3 Structural stress for HFMI improved
welds

The [IW best practice guideline concerning post-weld

treatment methods for steel and aluminium structures
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Figure 11 - Some of hammer peened data for T-joints [2, 44] in comparison

with FAT 247 calculated in this study for HFMI treated specimens
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Figure 12 - Some of hammer peened data for transverse attachment [45, 46] in comparison

with FAT 164 calculated in this study

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
transverse attachments reported here, the appropriate hot
spot structural stress design curve is FAT 125 for mild
steel (fy< 355 MPa) and FAT 140 for higher strength steel
(f,> 355 MPa). For load-carrying butt welds the appropri-
ate hot spot structural stress design curve is FAT 112 for
mild steel (f <355 MPa) and FAT 125 for higher strength
steel (f, > 355 MPa). Structural hot spot stress concen-
tration factors, K, , 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, = 1.4 for longitudinal attachments,

K,.= 1.2 for transverse attachments and K, _= 1.0 for butt
joints. Results are compiled in Figure 13. The computed
FAT curves for P, =50 % and P, = 2.3 % are FAT 290
and FAT 194, respectively. These are rounded down to
FAT 250 and FAT 180 in order to be consistent with the
[IW system. These are shown in Figure 13.

Figure 13 also shows the P, = 2.3 % FAT lines from
Figures 5, 7 and 8 which have then been multiplied by
the suitable K, value for that specimen type. The result-
ing lines are FAT 188 for longitudinal attachments and
FAT 197 for transverse attachments. These are in good
agreement with a proposed hot spot structural stress
design curve of FAT 180 (m = 5) for non-load carrying
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Figure 13 — Structural hot-spot stresses for axial loaded specimens in comparison with FAT values calculated in this study

HFMI treated welds. For load-carrying welds the pro-
posed 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.

4.4 Degree of improvement

The existing IIW guideline [1] allows up to 25 % increased
design stress for mild steel (fy< 355 MPa) and up to 40 %
increased design stress for steel f > 355 MPa. Numerous
researchers have observed that the degree of improve-
ment increases with material strength even beyond this
range, see, e.g, Maddox [4] and Bignonnet [5]. The con-
stant amplitude fatigue test data at R = 0.1 with m =5
for longitudinal attachments and transverse attachment

225
® Longitudinal attachments
200 ¢
Transverse attachments

175 + ®
150 4 °
£
E, 125 ®
g 100 —@ )
g' ” a0ty 3% o
= | improver®

50 - —
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for hammer peening
0+ T T ,
200 400 600 800 1000
Yield strength [MPa]
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.

Figure 14 - Fatigue strength improvement at N=2 x 10°

for HFMI treated longitudinal welded attachments
and transverse attachments as a function of fy

as a function of 1‘y is shown in Figure 14. The data gener-
ally 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 exist-
ing [IW 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 rep-
resents 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 HFMI treatment meth-
ods are summarized in Table 6. Based on experiments,
the T-joints had significantly greater fatigue strength than
did the transverse attachment. However, experiments for
T-joints were performed using bending loading while the
recommended FAT values assume axial loading as for
transverse attachments. Thus the recommended FAT class
is the same for both joint types. The recommendations for
T-joints, transverse attachment 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 on the quality of the plate surface and
edge condition both during fabrication and service.

The [IW best practice guideline contains 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 Equation (11). A similar relationship is expected to
also be valid for HFM treated specimens, but some provi-
sion for R <0 and for f may also be considered.
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Table 6 - Summary of FAT values [MPa] for different joint types

Stress analysis method

Joint type

™ =
[=
5 2
25
2a
o £
- ©

Nominal stress Hot spot stress

Transverse
attachment
Butt weld
Non-load
carrying
Load carrying

FAT value (P, = 2.3 %) for as-welded details
according to IW (m = 3) [3] 7 80 80 0 100 0
FAT value (P, = 2.3 %) for HFMI improved )
welds found in this study (m =5) 134 247 164 170 188-197 175
Fatigue strength increase at N =2 x 108 [%] 89 209 106 89 90-100 [¢]5)
Recommended FAT value (P, = 2.3 %)
for HFM improved welds (m = 5) 125 160 160 160 180 160
2 For T-joints the experimental data was performed using bending loading but the recommended FAT values assume axial loading as for transverse attachments.

no benefit from peening R>05

k,=1.075-0.75 xR 01<R<05 1

k,=1.0 R<O0.1

For needle and hammer peened structures, the current
[IW Fatigue Design Recommendations use slightly differ-
ent stress ratio correction factors [3].

no benefit from peening R>04

ke=1-R 0<R<04 (12

k,=10 R<O

It should be noted, however, that Equation (12) is from an
earlier version of the lIW best practice guideline for peened
welds and that any difference will be corrected in future
editions of the [IW Fatigue Design Recommendations.

In this study the HFMI 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 technolo-
gies 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 (> 150 Hz) than what is found in conventional
hammer peening devices (< 80 Hz).

I5 Conclusions

This paper provides an overview of published experimen-
tal data on the fatigue strength of welded joints improved
by HFMI treatment methods. Various high frequency
mechanical impact methods are reported, but no attempt
has been made to separate the methods or provide any
ranking. In total, 414 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 bend-
ing fatigue are also reported. Material yield strength var-
ied from 260 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:

1. An S-N slope of m = b fits both the available HFMI
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 =2 x 108,

2. Welded specimens treated by HFMI methods tend to
have slightly greater fatigue strength than do speci-
mens treated with traditional hammer peening. Hammer
peened data tends fall below the P, = 50 % line for all
specimen types.

3. A fatigue strength improvement of [40 + (fy
- 355) x 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 =1 000 MPa.

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

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

— For T-joints, transverse attachments 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 160 MPa.

5. R ratio rules for hammer peening seem suitable also
for HFMI treated specimens but the available data is
limited.
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6. In the 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 dur-
ing loading for treated welds should be encouraged.
Attention must also be given to defining quality assur-
ance procedures for HFM| treated welds. When report-
ing test results, researchers are encouraged to clearly
define the observed failure location for each test.
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