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Abstract

Nowadays, the most commonly applied post weld treatment method improving fatigue strength of welded structures is the High 

Frequency Mechanical Impact (HFMI) treatment method. However, the treatment process is already well-known and widely used, there 

are several unanswered questions about its impact on the mechanical properties and fatigue behavior of treated welded structures. For 

understanding the mechanical background of the fatigue properties of HFMI-treated, welded, normal and high strength steel structures, 

it is necessary to analyze fatigue test results from many different aspects. According to previous studies it can be observed that fatigue 

strength of HFMI-treated steel specimens increases with the yield strength of base material. However, the fatigue strength of as-welded 

details is independent of the steel grade; thus if yield strength increases, fatigue strength improvement factors (ratio between the 

fatigue strengths of as-welded and HFMI-treated specimens) of HFMI-treated steel specimens should increase as well. In this paper, the 

relationship between steel grade and fatigue strength improvement factors of HFMI-treated details is investigated by using previous 

experimental results. A large number of previous experimental results are revised by the authors; published test results were collected 

and re-evaluated. Using the analyzed measures, the effect of HFMI treatments was analyzed. Fatigue strength improvement factor 

related to HFMI is calculated for two different types of structural details (cruciform joints and longitudinal attachments). For both 

cruciform and longitudinal joints, it is observed that the improvement factor decreases with increasing yield strength.
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1 Introduction
In fatigue design of welded structural details, the High 
Frequency Mechanical Impact (HFMI) methods are the 
most favorable and productive post weld treatment meth-
ods in the current engineering practice. Numerous previ-
ous studies and research activities investigated the differ-
ent application possibilities of weld treatment methods. 
The fatigue behavior and lifetime properties of treated 
structural details were previously analyzed by experimen-
tal and numerical tools in a detailed manner. However, 
more experimental results are required for a better under-
standing of fatigue strength improvement effect of weld 
treatment methods. The main aim of the current paper is 
to re-analyze numerous previous experimental results and 
to get new observations about the effects of these weld 
treatment methods. This study focuses on the relationship 
of the base material yield strength and the HFMI improve-
ment factor. To apply high strength steels (HSS) in fatigue 

sensitive structures, HFMI-treatment can be a good solu-
tion. Nowadays, it is accepted, that the fatigue strength 
of as-welded structural details are independent from the 
steel grade. Thus, if HSS material is applied in a structure, 
where fatigue is the governing limit state, the resistance 
of the structure is the same as the one made of normal 
strength steel (NSS). In order to economically apply HSS 
in fatigue sensitive structures it is necessary to increase 
their fatigue strength. A possible solution is applying 
post weld treatment methods. It can be a weld geometry 
improvement method, which can reduce the stress peaks 
caused by local geometry of weld and can remove under-
cuts and weld defects. Other weld treatment methods are 
the so-called residual stress methods, which have the same 
advantages as the weld geometry improvement method, 
moreover they introduce residual compression stresses 
into the welded zone. HFMI treatment method belongs to 
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the residual stress methods, and they have an additional 
benefit. Based on previous studies, the fatigue strength of 
HFMI-treated details is not the same for all steel grades. 
By increasing yield strength, fatigue strength increases 
as well. The current paper has the aim to investigate this 
favorable phenomenon and to check the efficiency of this 
treatment method for different steel grades. Calculating 
and analyzing the fatigue strength improvement factors, 
the effect of HFMI treatment is investigated from differ-
ent perspective, and background of the fatigue strength 
increase is understood and explained more substantial.

2 Literature review
2.1 HFMI treatment methods and their effect on 
fatigue strength
Different types of high frequency mechanical impact treat-
ment methods are known nowadays [1]. Names of different 
types of devices are as follows: ultrasonic impact treatment 
(UIT) [2], high frequency impact treatment (HiFiT), pneu-
matic impact treatment (PIT) [3], ultrasonic peening treat-
ment (UPT) [4, 5] and ultrasonic needle peening (UNP) [6]. 
At first UIT was developed by the Northern Scientific and 
Technological Foundation (Russia) and Paton Welding 
Institute (Ukraine) and proposed by Statnikov [7] in the 
early 1970s. The principle of all HFMI techniques (Fig. 1) 
is identical: cylindrical indenters are accelerated against 
the region to be treated with high frequency (approxi-
mately 90 Hz). They are residual stress modification meth-
ods, which means that they can eliminate weld toe flaws 
and defects, reduce local stress concentrations and elimi-
nate tensile residual stresses in treated regions and induce 
compressive residual stresses. Researchers proved in the 
past that this approach increases the fatigue strength and 
lifetime of welded structural details. The treatment method 
introduces compressive residual stresses in fatigue critical 
points decreasing the local mean stress in the surrounding 
region. Therefore, it leads to increase in the crack initiation 
part of the fatigue lifetime.

In the previous twenty years, numerous experimental  
programs were conducted with the aim to investigate  
and analyze the fatigue behavior of as-welded and HFMI-
treated, normal and high strength steel specimens. 
According to the previous studies [8–16] it has been obser-
ved that HFMI post weld treatment methods are more favor-
able in case of high strength steel specimens than for nor-
mal strength steel structures. It means that increasing yield 
strength of the base material increases the fatigue strength, 
which would not happen for non-treated specimens. Based 
on the test results of German experimental research pro-
grams, Weich [8] proposed a formula to estimate the life-
time increasing effect of HFMI treatment method. The 
same phenomenon was investigated by Yildirim and 
Marquis [1]. In their study, three types of structural details 
were investigated (longitudinal attachment, butt joint and 
cruciform joint) and three different formulas were super-
vised, which can describe the effect of yield strength on 
fatigue strength of HFMI-treated structural details.

The currently analyzed database is taken from previ-
ously published papers and research reports (inclusive of 
Weich's work [8]). All test results belong to fatigue tests at 
constant amplitude fatigue loading with R = 0.1. The test 
results were plotted in a logS – logN system, and regres-
sion lines with a slope of m = 5 were used comparing 
HFMI results with fatigue detail class of IIW recommen-
dations. The study confirmed the former statements and 
assumptions that increasing yield strength increases the 
difference between FAT of as-welded and HFMI-treated 
details. Confirming these results Yildirim and Maqius [1] 
proposed various FAT class increasing factors for differ-
ent steel grades, which are given in Fig. 2.

The slope (m) of standardized S-N curves for as-welded 
specimens is equal to 3. However, for HFMI-treated details 
m = 5 gives the best approximation. Therefore, a recent set 
of S-N curves was necessary to calculate fatigue lifetime 
of HFMI-treated structural details. The proposed S-N 
curves can be found in the IIW recommendations [17, 18].

However, in most previous experimental research pro-
grams the regression lines of S-N diagrams were deter-
mined by the method of the least squares, and the fatigue 
strength improvement factors were only calculated for 
the actual test data set. In Weich's [8, 19] and Yildirim's 
[1, 20, 21] research programs the favorable fatigue prop-
erties of HFMI-treated high strength steel details come 
from the analysis, where the fatigue strengths are calcu-
lated from regression lines with a forced slope of m = 5. 
In these cases, it can be observed that the S-N curve of Fig. 1 The process and effect of HFMI treatment [6]
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treated details from higher steel grade have higher fatigue 
strength. Yildirim and Marquis [1] compared the experi-
mental S-N curves of HFMI-treated specimens from dif-
ferent steel grades using the recommended [22] S-N curves 
of as-welded specimens. Their conclusion was that for 
specimens loaded by R = 0.1 constant amplitude fatigue 
load, fatigue strength increase can be observed, which 
increase depends on the yield strength. Yildirim and 
Marquis proposed a calculation method for HFMI-treated 
specimens in which fy = 355 MPa yield strength is taken as 
reference value. An amount of 200 MPa increase in yield 
strength causes approximately 12.5 % increase in fatigue 
strength (Fig. 2). This fatigue life calculation method was 
adopted by IIW as well. It means that determining the 
fatigue resistance of an arbitrary structural detail, the FAT 
of an original, as-welded detail increases by applying weld 
improvement method; the rate of increase depends on the 
yield strength.

2.2 Published experimental results
The fatigue data of 8 publications were collected by the 
authors and re-analyzed. From these studies 331 fatigue 
test results could be gathered which belong to 8 differ-
ent steel grades [23, 24]. The collected cruciform spec-
imens have different dimensions, but the loading proce-
dures are the same for all experimental program. Yekta's 
specimens [23] were fabricated from CSA grade 350 W 
steel with a thickness of 9.5 mm. The cruciform specimen 
was made with a width of 50 mm and length of 400 mm. 
Two transverse stiffeners were welded on the base plate. 
The HFMI-treated specimens were "dog-boned" before 
tests. The HFMI treatment was conducted with a speed 
of 10 mm/s and an amplitude of ~28 μm. In  study of 
Okawa et al. [25] the investigated specimens are made 
from AH36 shipbuilding high-strength steel. The length 

of the specimens was 700 mm, their width was 75 mm. 
The applied thickness was 20 mm. The UIT equip-
ment was an Esonix 27 with a 3-mm-diameter indenter. 
Kuhlmann [26] studied specimens with length of 450 mm, 
width of 80 mm and a thickness of 12 mm. Their spec-
imens were fabricated from S355J2 and S690QL grade 
structural steels. The HFMI treatment was a so-called PIT-
Technologie. The diameter of the indenter was 8 mm, and 
the applied speed of treatment was 20–30 cm/min. All the 
investigated cruciform specimens were loaded by R = 0.1 
constant amplitude axial cyclic load. All the experimen-
tal programs studied the effect of HFMI weld treatment 
method on the fatigue strength of analyzed specimens. In 
the current paper stress range – fatigue lifetime results are 
collected and re-analyzed to get better understanding of 
mechanical properties of HFMI treatment methods.

The test results of investigated longitudinal attach-
ments were collected from other different papers as well. 
Lihavainen et al. [27] investigated this type of specimens 
with a length of 600 mm, width of 34 mm and thicknesses 
of 5 and 8 mm as well. The applied steel grade was S355J0. 
The weld toes were treated by UIT type HFMI-treatment. 
The diameter of indenter was 3 mm, and the depth of 
treated groove was approximately 0.5 mm. In study of 
Huo et al. [28] the specimens were fabricated from 16Mn 
steel plates with a thickness of 8 mm. The investigated spec-
imens had a length of 190 mm and a width of 40 mm. The 
HFMI treatment was an ultrasonic peening method and the 
applied speed was 1.2 m/min. Mori et al. [29] tested speci-
mens from three different steel grades: SBHS400, SBHS500 
and SBHS700. The steel materials are specified in the Japan 
Industrial Standard (JIS). The specimens were made from 
plates with a thickness of 12 mm. HFMI treatment was car-
ried out using Esonix27 by Applied Ultrasonics. The depth 
of treated groove was about 0.25 mm. Weich [30] studied 
specimens made from S690QL steel material. The speci-
mens had 872 mm length and 60 mm width, treated HiFIT 
and UIT processes. The diameter of indenters was 3 mm for 
both methods, and the speed was 3 mm/s and 8.3 mm/s for 
HiFIT and UIT methods, respectively.

These two types of structural details are investigated in 
the current paper; these details were frequently researched 
in the past. Fatigue test results for cruciform joints and 
longitudinal attachments are collected and the sources 
are summarized in Tables 1–2. In the current study it is 
important to mention that all resource contains test results 
for HFMI-treated and as-welded specimens as well. 
Therefore, the fatigue strength improvement factors for Fig. 2 Improvement effect of HFMI treatment method [1]
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these specimens can be unambiguously determined and 
investigated. The yield strength ( fy) of the applied steel 
grades varied between 350 to 830 MPa. Specimen thick-
ness (t) varied between 5 to 20 mm. All run-out fatigue 
test results are ignored in the current analysis, results of 
failed specimens are only considered for evaluation.

3 Evaluation of previous fatigue test results
3.1 Determination of experimental S-N curves of 
collected tests
For both cruciform joints and longitudinal attachments, the 
experimental S-N curves of as-welded and HFMI-treated 
specimens are determined. For calculations and investiga-
tions, the nominal values of the stress ranges are applied. 
Regression lines of as-welded results are determined with 
a forced slope of m = 3, as suggested by IIW recommen-
dations [22]. The slope of HFMI-treated S-N curves is 
assumed to be equal by m = 5, as recommended by Marquis 
and Barsoum [17] and previous research results [10, 20]. 
The regression lines and fatigue test results for cruciform 
joints are shown on Fig. 3.

The experimental S-N curves are plotted and evaluated 
based on nominal stresses and measured fatigue lifetimes. 
In all cases red sign shows the as-welded and blue signs 
mark the HFMI-treated fatigue test results. The source of 
the data can be found in Tables 1–2. Regression lines are 

calculated by least square method. For the as-welded and 
HFMI-treated specimens regression line slope of m = 3 
and m = 5 is fixed, respectively. The presented diagrams 
prove that regression lines show good agreement with 
the data points for cruciform joints. Thus, the analysis of 
fatigue behavior of as-welded and HFMI-treated speci-
mens can be made by the determined regression lines. The 
calculated fatigue strengths (stress range at 2 × 106 cycles) 
based on the regression lines are summarized in Table 3.

Table 1 Published and reinvestigated test results for cruciform joints

Ref. Steel 
grade fy [MPa] Treatment 

method t [mm]

Yekta [23] 350W 350 UIT 9.5

Okawa et al. [25] AH36 392 UIT 20

Kuhlmann et al. [24] S355 398 UIT 12

Kuhlmann [26] S355 477 PIT 12

Kuhlmann et al. [24] S460 504 UIT 12

Kuhlmann [26] S690 781 PIT 12

Kuhlmann et al. [24] S690 830 UIT 12

Table 2 Published and reinvestigated test results for longitudinal 
attachments

Ref. Steel 
grade

fy 
[MPa]

Treatment 
method t [mm]

Lihavainen et al. [27] S355 355 UIT 5 and 8

Huo et al. [28] 16Mn 390 UPT 8

Mori et al. [29] SBHS400 456 UIT 12

Mori et al. [29] SBHS500 572 UIT 12

Weich [30] S690 719 UIT and 
HiFIT 16

Mori et al. [29] SBHS700 753 UIT 12

(a)

(b)
Fig. 3 S-N curves of typical (a) NSS specimens (Kuhlmann's experiments 

[24]) and (b) HSS specimens (Kuhlmann's experiments [26])

Table 3 Calculated fatigue strengths for cruciform as-welded and 
HFMI-treated joints

Ref. Steel 
grade

Fatigue 
strength - AW

Fatigue strength 
- HFMI

Yekta [23] 350W 97.2 242.79

Okawa et al. [25] AH36 86.0 220.06

Kuhlmann et al. [24] S355 91.2 198.95

Kuhlmann [26] S355 109.6 226.4

Kuhlmann [24] S460 100.7 207.76

Kuhlmann [24] S690 132.5 221.41

Kuhlmann [26] S690 139.4 267.7
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The regression lines and experimental results for lon-
gitudinal joints are presented on Fig. 4. The calculated 
fatigue strengths are presented in Table 4. According to 
the diagrams it can be recognized that regression lines 
with m = 5 slope are less accurate for longitudinal attach-
ments, however the recommendations prescribe this value, 
therefore, it is used for the further investigations.

There are some cases, where the as-welded and HFMI-
treated specimens are loaded by the same stress range, 
however in other cases results of as-welded and HFMI-
treated specimens are located in the same fatigue lifetime 

regions with different loading stress ranges. Therefore, it 
is not always possible to select as-welded – HFMI-treated 
pairs from previously defined stress ranges or fatigue life 
regions for further investigations.

Therefore, the comparison is performed on the level  
of data points (regression lines) only. It is important to men-
tion that all experiments from different research programs 
are analyzed separately, thus the effect of different environ-
ment, temperature, loading machines and other influencing 
factors can be neglected. It means that HFMI weld treat-
ment is the only effect, which influences the fatigue lifetime 
increase and the magnitude of the improvement factor.

3.2 Determination of fatigue strength improvement 
factors
To compare the effect of HFMI treatment method on dif-
ferent steel grades, the improvement factors are determined 
for all different experimental programs. The comparison 
of treated and untreated results can be calculated by two 
different ways. One of them is, when regression lines of 
all data sets are determined, and based on these S-N curves 
the fatigue strength (Nf = 2 × 106) are calculated (Fig. 5, 
Table 5 and Table 6 - fb). The ratio of HFMI-treated fatigue 

(a)

b)
Fig. 4 S-N curves of typical (a) NSS specimens (Huo's experiments 

[28]) and (b) HSS specimens (Weich's experiments[30])

Table 4 Calculated fatigue strengths for longitudinal as-welded and 
HFMI-treated joints

Ref. Steel 
grade

Fatigue 
strength - AW

Fatigue strength 
- HFMI

Lihavainen et al. [27] S355 79.8 173.8

Huo et al. [28] 16Mn 112.6 186.8

Mori et al. [29] SBHS400 85.3 109.5

Mori et al. [29] SBHS500 84.4 114.6

Weich [30] S690 91.5 182.5

Mori et al. [29] SBHS700 87.1 119.0

(a)

(b)
Fig. 5 (a) FAT of HFMI-treated specimens and (b) HFMI improvement 

factors for cruciform joints
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strength to as-welded fatigue strength can demonstrate the 
improvement effect of HFMI treatment. The idea of the 
other approach is to create test result pairs, which belong 
to each other; thus, the improvement effect can be analyzed 
for unique cases. Creating result pairs can be made based on 
separation of test results according to stress ranges (spec-
imens are loaded with the same amplitude) or number of 
cycles (specimens have approximately the same fatigue life-
time). However, there is no acceptable pairing technics for 
all investigated experimental results. Therefore, a third cou-
pling method is chosen for data analysis by the authors. All 
as-welded results are compared to all HFMI-treated speci-
mens. A regression line is fitted to all as-welded (with the 
slope of m = 3) and HFMI-treated (with a slope of m = 5) 
test results. The fatigue strength from all regression lines 
are calculated (Nf = 2 × 106) and all as-welded values are 
compared to the treated ones. Thus an improvement factor 
for all possible as-welded – HFMI-treated pairs could be 
calculated (blue dots - Fig. 6). For every research program 
the improvement factors are calculated by simple averaging 
of the calculated improvement factors from all as-welded 
– HFMI-treated pairs (Table 5 and Table 6 - fa). The results 
show that fatigue lifetime increasing effect of HFMI 

treatment has a large scatter (between 1.5–2.5). It means 
approximately 60 % difference between the investigated 
steel grades. The question is the following. Is there any rela-
tionship between the rate of fatigue strength improvement 
and the yield strength of the applied steel materials?

4 Evaluation and discussion of test results
Investigating the fatigue strength of HFMI-treated speci-
mens, it can be observed that there is a relationship between 
HFMI-treated fatigue strength and yield strength (Fig. 5(a)). 
According to this phenomenon, it can be stated that fatigue 
strength of HFMI-treated details increases with the yield 
strength [1]. However, there is another aspect; during design 
the effect of HFMI treatments is taken into consideration 
with an improvement factor. This factor shows the fatigue 
strength ratio of HFMI-treated and as-welded details, but 
this value is not calculated directly from experimental 
results. In this study, the improvement factors are calculated 

Table 5 Calculated fatigue strength improvement factors of HFMI 
treatment for cruciform joints

Ref. fy 
[MPa]

Improvement 
factors based on 

single points
fa

Improvement 
factors based on 
regression lines

fb

Yekta [23] 350 2.506 2.497

Okawa et al. [25] 392 2.561 2.557

Kuhlmann et al. [24] 398 2.188 2.170

Kuhlmann [26] 477 2.102 2.065

Kuhlmann et al. [24] 504 2.090 2.065

Kuhlmann [26] 781 1.729 1.681

Kuhlmann et al. [24] 830 1.941 1.920

Table 6 Calculated fatigue strength improvement factors of HFMI 
treatment for longitudinal attachments

Ref. fy 
[MPa]

Improvement 
factors based on 

single points
fa

Improvement 
factors based on 
regression lines

fb

Lihavainen et al. [27] 355 2.247 2.178

Huo et al. [28] 390 1.670 1.660

Mori et al. [29] 456 1.305 1.284

Mori et al. [29] 472 1.396 1.357

Weich [30] 719 1.660 1.994

Mori et al. [29] 753 1.361 1.367

(a)

(b)
Fig. 6 HFMI improvement factors plotted against yield strength for (a) 

cruciform joints and b) longitudinal attachments
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from fatigue test results, and only coherent results are con-
sidered. Namely, an improvement factor is determined only 
from one test procedure applying the same steel grade. This 
improvement factors are plotted against the yield strength of 
investigated steel material (Fig. 5(b)). Analyzing Fig. 5(b) 
an interesting phenomenon can be observed; improvement 
factor decreases with increasing yield strength, despite the 
fatigue strength increases, as shown in Fig. 5(a).

Investigating all previously mentioned as-welded test 
results (Table 1 and Table 2) a common regression line 
(Fig. 7(a)) and standard error of regression are determined. 
Putting in context these parameters are calculated for 
HFMI-treated (Fig. 7(b)) specimens as well.

The standard error of regression for as-welded results is 
0.102, for HFMI-treated results it is 0.060. Therefore, it can 
be stated that a common S-N curve can be fitted more accu-
rately for HFMI-treated results, than for as-welded results.

Moreover, the current IIW recommendations say that the 
fatigue strength of HFMI-treated structural details increases 
by increasing yield strength. On the other hand, the pre-
sented calculations show that the fatigue improvement 
factors decrease by increasing yield strength. The conse-
quence of these two phenomena is that the fatigue strength 
of as-welded structural details cannot be independent of the 
yield strength, according to the observations it increases 
with increasing yield strength. This statement is supported 
by study of Harati et al. [14], in which the fatigue properties 
of a welded 1300 MPa yield strength steel was investigated. 
Harati found that the fatigue strength of as-welded details is 
significantly higher, than the standard value [14]. However, 
the improvement factor of HFMI treatment is only 1.26.

5 Conclusions
Summarizing the current investigation on the relationship 
of HFMI treatment improvement factors and yield strength, 
the following statements are concluded. The fatigue  
lifetime increase due to weld treatment methods is a com-
plex problem, where the analysis methods can have effect 
on the final conclusions. Re-analyzing results of previ-
ously conducted fatigue research programs a new compar-
ison method is applied and presented in the current paper.  
The results of coherent as-welded – HFMI-treated speci-
mens are compared and the fatigue lifetime increasing 
effects are determined and evaluated. The improvement 
factors of HFMI treatment show interesting properties, 
which are the followings:

• According to previous fatigue test results of as-welded 
and HFMI-treated cruciform joints, it can be stated 
that the HFMI improvement factor decreases with 
increasing yield strength. The fatigue strength 
improvement factor is approximately f = 2.5 for the 
lowest investigated steel grade (350W) and f = 1.7 for 
the highest steel grade (S690).

• Based on the test results of longitudinal attachments 
the same trend can be observed. The lowest improve-
ment factor ( f = 1.35) belongs to the steel grade 
with highest yield strength (SBHS700), the regres-
sion line has negative slope (Fig. 6), similar to cruci-
form details; the highest improvement factor ( f = 2.2) 
belongs to the lowest steel grade (S355).

• According to the given results, it can be observed 
that the efficiency of HFMI treatment decreases with 
increasing yield strength. That means applying HFMI 
treatment is more economic for specimens which are 
made from lower steel grades.

(a)

(b)
Fig. 7 Test results and fitted common S-N curves of (a) as-welded and 

(b) HFMI-treated specimens
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• Based on the investigation of different steel grades, 
the increasing fatigue strength of HFMI-treated 
details and the decrease of improvement factors can 
be possible, when the fatigue strength of as-welded 
details increases by increasing yield strength. Thus, 
the fatigue strength of as-welded structural details 
cannot be independent of steel grade.

To understand the behavior of HFMI post weld treat-
ment method numerous new experiments would be nec-
essary. For further research program, it is important that 
as-welded and HFMI-treated specimens should be investi-
gated together using the same manufacturing process and 

loading conditions. Thus, the number of test parameters 
can be decreased, and more accurate information could 
be given on the fatigue properties of HFMI-treated struc-
tural details.
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