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Abstract

High-frequency mechanical impact (HFMI) is a user-friendly and efficient mechanical post-weld treatment method, and the
achieved fatigue life improvement is statistically proved and is attributed to HFMI-induced compressive residual stresses
amongst other effects. Several studies have shown in the past that the process parameters (treatment time and working speed)
have an influence on the stress state introduced by the HFMI treatment. Thus far, however, only device-specific quantitative
recommendation for the HFMI treatment exists based on the instructions of each HFMI device manufacturer. It is not clear
if a certain treatment time for a given intensity leads to optimum results regarding the enhanced fatigue life and the treatment
parameters of the several HFMI devices cannot be directly compared with each other. For these reasons, a universal and
simple definition of the HFMI treatment’s intensity based on the kinetic energy of the HFMI pin was used to quantitatively
correlate the HFMI-induced compressive residual stress with the HFMI-process parameters for two different HFMI devices:
pneumatical impact treatment (PIT) and high-frequency impact treatment (HiFIT). To this purpose, data from former stud-
ies of HFMI-treated base material and welded specimens are revaluated. It is shown, that the compressive residual stresses
show only slight changes after reaching a threshold value of the applied kinetic energy (= 50 to 100 J/mm). This energy-
based approach for the quantification of the treatment intensity was also used for a case study with PIT- and HiFIT-treated
transverse stiffeners with different treatment intensities (2 J/mm and 7 J/mm). A high influence of the treatment intensity on
the residual stress state was determined.
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1 Introduction the ultrasonic impact treatment (UIT), the ultrasonic peen-

ing (UP), the ultrasonic peening treatment (UPT), the high-

High frequency mechanical impact (HFMI) counts as a user-
friendly and effective mechanical post-weld surface treat-
ment method that improves the fatigue strength of welded
steel joints and components. Several devices are classified
by the International Institute of Welding (ITW) as HFMI [1]:
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frequency impact treatment (HiFIT), the pneumatic impact
treatment (PIT), and the ultrasonic needle peening (UNP). In
all cases though, the working principle remains the same: A
pin made of hardened steel impacts on the weld toe surface
with a high frequency. This leads to deformation of the weld
toe accompanied by a decreased stress concentration factor
(SCF) and the introduction of work hardening and compres-
sive residual stress in the surface layer [2, 3, 5]. The HFMI-
induced compressive residual stresses have contributed sig-
nificantly to the fatigue life improvement of treated welded
joints [2]-[4, 6]. The fatigue life improvement of welded
joints by HFMI treatment was statistically proven by Weich
et. al. [4, 7], Ummenhofer et. al. [2, 8, 9], Weidner et al. [10,
11], and Yildirim et. al. [1, 12, 13] (and numerous others),
even in the corrosive environment [ 14, 15]. Furthermore, the
fatigue strength improvement by HFMI has been recently

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40194-024-01812-7&domain=pdf
http://orcid.org/0000-0001-6624-4305

Welding in the World

validated as well by numerical investigations [16, 17]. Rec-
ommendations for the fatigue design of HFMI-treated speci-
mens are provided by IIW [6] since 2016 and by the German
Association of Steel Construction (DASt) [18] (UIT, HiFIT,
and PIT treatment) since 2019, developed by Kuhlmann et.
al. [19] and Ummenhofer et. al. [20]. Multiple treatments
methods are covered by these guidelines; IIW Recommen-
dations [6]: UIT, UP, UPT, HiFIT, PIT, and UNP; DASt
guideline [18]: PIT, HiFIT, and UIT. To assure a similar
treatment quality even for different HFMI-devices, both
guidelines recommend a full-length treatment of the weld
toe and a complete removal of crack like defects, undercuts
or porosity at the weld toe. The DASt-guideline explicitly
recommends a visual inspection. [IW recommendations also
predict quantitative measurements of the indentation depth
as an index of the treatment quality. Both guidelines assume
that the recommended fatigue classes (FAT classes) can be
achieved with each HFMI device (for example PIT, HiFIT,
UIT) that is respectively taken into consideration, as long
as the recommended quality measures are applied effec-
tively. Numerous investigations have proven this assumption
already; see for example [16, 17, 21, 22]. However, the fact
that the FAT classes recommended by the two guidelines
should be applicable for a treatment with any of the refer-
enced HFMI devices has possibly led to conservatism. Due
to the number of different HFMI devices and manufacturers
with different treatment processes, treatment parameters and
device settings, no quantitative recommendation regarding
the HFMI process parameters (e.g. working or travel speed
or treatment time per unit length) could be concluded.
Several studies [4, 23]-[25] have shown that the treatment
time per unit length (hereinafter called simply “treatment
time”) or treatment intensity has a significant influence on
the HFMI-induced compressive residual stresses, even if
HFMI treatment is a reproducible, robust, and straightfor-
ward process. Yekta et al. [23] documented a high influence
of the treatment time on the magnitude of the compressive
residual stress on UIT-treated transverse stiffeners. How-
ever, a round-robin study with four different HFMI processes
(HiFIT, UOT, UP, and UIT) [22] showed very similar com-
pressive residual stress fields on treated longitudinal stiffen-
ers made of S7T00MC steel. Investigations of HFMI treat-
ment on specimens of parent material S355 and S690 by
Weich [4] (UIT and HiFIT treatment) showed an influence of
variating HFMI-process parameters (impact frequency, pin
diameter, contact force) on the residual stress state at the sur-
face and in depth-direction and on the hardness of the sur-
face. Furthermore, in this case, higher compressive residual
stresses were induced by UIT compared to HiFIT. Similar
studies by Schubnell et al. [24] for PIT treatment on base
material specimens of different steel grades (S355, S690,
and S960) showed also that with a lower travel speed or
higher treatment time, a significant increase of compressive
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residual stresses and surface layer hardness could be
reached. Furthermore, after a certain number of impacts per
length, only slight changes in the residual stress state were
detected. Similar investigations were conducted by Hanji
et al. [25] for HiFIT treatment of base material specimens
made of SBHS500 and SBHS700. In this case, only slight
changes were determined after a certain number of impacts
per length. Consequently, it can be assumed that increasing
the HFMI treatment level or impacts per unit length leads to
higher levels of compressive residual stresses, and by exten-
sion longer fatigue life, with this increase reaching a plateau
though after a threshold of optimum treatment level, from
which on no further improvement is achieved.

The aim of this study is to recommend a straightforward
quantification approach for the HFMI treatment intensity
based on the impact-energy approach by Hanji et al. [25] and
on the individual HFMI-process parameters. Therewith, a
direct comparison of the treatment results by different HFMI
devices would become possible. Also a more efficient design
recommendation could be given on HFMI-treatment param-
eters, which could be applicable to all HFMI devices and
processes that are enabled. For this, an overview about the
HFMI-process parameters is given in Sect. 2. In Sect. 3, the
calculation of the HFMI-treatment intensity was explained.
For the given definition of the treatment intensity, the impact
velocity is needed. For this reason, the determination of the
impact velocity during HFMI was explained in Sect. 4. In
Sect. 5, a link was made between the treatment intensity and
the surface residual stress state after treatment. The aim is to
determine an optimum intensity for the HFMI treatment to
reach the best possible treatment result (highest compressive
residual stresses). For this, the present study contains the
summary of the impact velocity measurements by former
studies [4, 16, 24, 26, 27] for HiFIT and PIT. In the next
step, the influence of different treatment intensities on the
fatigue strength of HFMI-treated welded joints was deter-
mined; see Sect. 6. In Sect. 7, the most important results of
the studies were summarized.

2 HFMlI-process parameters: overview
and topology

A short overview about the HFMI-process parameters is
given in Table 1 and illustrated in Fig. 1. It should be men-
tioned that no fixed nomenclature is given in the abovemen-
tioned recommendations [6, 18]. A complete nomenclature
for the similar process of machine hammer peening (MHP)
is given in the guideline 3146 of the Association of German
Engineers (VDI) according to Schulze et al. [28]. In this
work, a mixed nomenclature according the underlined terms
in Table 1 was used. The important parameter of impact
velocity V; and rebound velocity V, as well as the mass of
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Table 1 Nomenclature of process parameters for HFMI treatment and MHP

VDI 3416 [29] 1IW [6] Unit Recommendation [6]

d (Hammer) head diameter - Tip di. r (mm) -

Vv Feed rate - rkin, (mm/s) 3-5 (PIT), 5-25 (UIT)

n, Number of treatment runs - (-) min. 5X

n, Number of indentors - (-) -

F, Contact force - - (N) -

f (Hamering-) frequency - Impact frequency (Hz) -

h Stroke - (mm) -

b, Tilt angle v Angle of the axis of the indenters with  (°) 70-90°
respect to the direction of travel

b, Angle of attack 10} Angle of the axis of the indenters with  (°) 60-80 (PIT), 30-80 (UIT)
respect to the plate surface

i Depth of the geometrical texture - Indentation depth (groove depth) (mm) 0.2-0.6

d; Diameter of indentation - I idth (mm) -

Additional parameters

V; Impact velocity (m/s) -

m Mass of indentor (kg)

L Treated length (mm)

Fig. 1 Illustration of HFMI- P 1/f .
process parameters adopted N g
from [6]
g
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the indentor m is not covered by the mentioned guidelines. Egsy =+ E; ]% —peE,. j-n";.m with 5 = 0.95, )

The given parameters can be related in each case with HFMI
device-specific treatment parameters (impact frequency,
impact velocity), which can be adjusted for each HFMI
device by air pressure (HiFIT or PIT) or ultrasonic frequency
(UIT, UNP, UP), and with user-dependent parameters (tip
diameter and indentor mass, tilt angle, angle of attack, work-
ing speed, number of treatment runs).

3 Defining the HFMI-treatment intensity

The energy-based approach according to Hanji et al. [25]
was used for defining the intensity of the HFMI treatment.
This simple approach is based on treatment parameters that
can be adjusted by the user and are universal to all HFMI
devices. This approach is based on the kinetic energy applied
per unit length under consideration of an efficiency of 95%:

where n was experimentally determined [25] for HiFIT and
is further rationally assumed as a universal factor because
the principle impact mechanics (impact and rebound) are
the same for all HFMI processes. According to the original
formulation, the number of pins n, and the number of treat-
ment runs were added to simply multiply the kinetic energy.
The kinetic energy of a single impact E; can be calculated
under the rational assumption that only the impact velocity
perpendicular to the surface leads to changes in the surface
layer as follows:

2
E = % eme(V;esin(p,) «sin(B,)) @)

With this approach, an approximation of the HFMI
intensity was made in this study. According to the original
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formulation where the impact was assumed to be perpen-
dicular to the surface the tilt angle f, and the angle of attack
p, were added. Impact frequency f, indentor mass m, work-
ing speed V or treatment time ¢, and treated length L are
usually known or can be determined easily. However, the
estimation of the impact velocity can be more complicated.
Two suitable methods are proposed in Sect. 4.

4 Estimating the impact velocity

An important factor for the estimation of the treatment inten-
sity is the measurement of the impact velocity of a single
impact and for given device parameters. The determination
of the impact velocity of HFMI treatment can be performed
indirectly by applying strain gauges on the HFMI indentor
[26, 27] and a correlation of the measured strains with its
impact velocity by means of finite element (FE) analysis.
Alternatively, a direct measurement is enabled by the appli-
cation of a high-speed camera [25, 30].

In the present study, strain gauge measurements were per-
formed on the pin of a HiFIT device; see Fig. 2a, identical
to former measurements for a PIT device [26]. The HFMI
treatment was performed on a 10-mm-thick steel plate made
of high-strength structural steel S960QL. Positioning of the
HFMI pin was guided so that a treatment angle of f,=f,=90°
was ensured. Two strain gauges (type TML FLA-2-17-1L)
were applied on the pin with an offset of 180°, and their
measurements were averaged to neglect possible pin bend-
ing effects [26]. A high sampling frequency of 100 kHz was
achieved during the measurements. Compared to measure-
ments with a high-speed camera the higher sampling fre-
quency enables a better resolution of the measured signal.
The measured strain values for HiFIT and PIT treatment are

Fig.2 a Illustration of the (a)
contact force measurement by

strain gauges, b finite element

simulation of a single impact for

the correlation of impact veloc-

ity and contact force

Base plate

strain gage

indentor

displayed in Fig. 2a. Subsequently, finite element analysis
of a single impact with a linear-elastic axisymmetric model
was applied in order to correlate the measured strains with
the pin’s impact velocity, as a direct measurement is not
possible in this case. The explicit solver of the commercial
FE software ABAQUS was implemented for carrying out
a fully dynamic analysis. The geometry of the applied FE
mesh is given in Fig. 2b. The radius of 3 mm at the impacted
zone at the base plate was measured. An impact velocity
V. was assigned to the HFMI pin, while both the pin and
the treated base plate were modelled with elastic material
behavior (E = 210000 MPa, v = 0.3). The latter is based on
the assumption that after a certain number of impacts, no
further plastic deformation occurs. The values of E and v are
proofed by deforming the pin with a servohydraulic testing
machine under certain load and measure the strain of the
pin. Having this in mind, the treatment during the measure-
ments was performed on the same impact area and only the
measurements, which were carried out after the introduction
of the area, were considered during the evaluation (after the
first 10 s of treatment no further increase of the indentation
depth was measured at the position).

The strain gauge signal of the measurement for the PIT
device shows several compression peaks (primary impacts)
with a frequency of 90 Hz followed by multiple second-
ary impacts. The strain gauge signal of the HiFIT device
shows only primary impacts with a frequency of 270 Hz.
The measurement signal was post-processed by a fast Fou-
rier transformation (FFT) algorithm introduced to com-
mercial software MATLAB [31] code. The contact force
was evaluated for variating parameters of the investigated
HFMI devices (HiFIT device: valve position O to 720° and
PIT device: working pressure from 4 to 6 bar and impact
frequency from 80 to 120 Hz). It was determined that the

(b) + 7

<+— C3D8R
<+— CIN3D8

Strain [um/m]
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contact force increases with increasing working pressure
and increasing impact frequency for the PIT device; see
Fig. 3a. For the HiFIT device, contact force increases with
an increasing valve position, while the impact frequency
decreases; see Fig. 3b.

A linear correlation between contact force and impact
velocity was determined for both processes (PIT and HiFIT).
Following correlations were determined between the impact
velocity V;in m s~ and the contact force in N for the inves-
tigated HiFIT device:

V, = 0.572F + 218for 600N < F < 11000N 3)

For the PIT device, the correlation between impact veloc-
ity V;in m s~ and contact force F in N is given by Ernould
[31]:

V; = 0.658F + 272for 500N < F < 7000N @)

Based on the recommended parameters for the treatment
of normal strength structural steel (device manufacturers’
recommendations) of f =90 Hz and p= 6 for the PIT device
and valve position at 540° for the HiFIT device, the average
impact velocity was evaluated at V; = 2.68 m s~ and V, =
3.18 m s™! respectively. A short overview about the device
parameters is given in Table 2.

5 Influence of HFMI intensity on the surface
layer condition

Compressive residual stresses introduced by the HFMI treat-
ment contribute significantly to fatigue life enhancement of
the treated specimens [6]. It is therefore rationally assumed
that the maximization of the introduced compressive resid-
ual stresses would lead to the highest increase in fatigue
life. Although the achieved fatigue life gain depends as well
on the stability of the introduced residual stresses under
cyclic loading, the present work is based on the simplified
assumption that it is maximized HFMI-induced compressive
residual stresses lead to higher fatigue strength and longer
fatigue life. An energy-based approach proposed by Hanji
et al. [25] was applied in the present study in order to cor-
relate the impact energy with the measured HFMI-induced
compressive residual stresses. This correlation was based on
the following equation:

okES [oy = afexp(—P « Egsq) — 1] Q)

where the term 6555 /oy is the normalized compressive resid-
ual stress in the longitudinal direction at a distance of 2 mm
from the treated area [25]. The values of afrfi were at first
chosen based on respective residual stress measurement [25]

Fig.3 Contact force of the (@) 5 Timpact frequency (b) 5
impacts with the PIT device (a) —=—80 Hz
and HiFIT device (b) 4 | —m—90Hz o 14
- —8-100 Hz z %
E 5 [[ o 120Hz g,- 1 3;
2 o 'S
o = o
o @ °
g 21 / f < +22
3 8 100 | —a—Frequency o
© -9 ——Frequency (Hanji et al, 2022) g-
g 11 u] o £ —e&—Impact velocity L=
- o 50 ¢ —&— Impact velocity (Haniji et al, 2022)
Pitec Weld Line 10 HiFIT-Basic
0 f f f t f 0 = — —t : 0
35 4 4.5 5 6 6.5 0 200 400 600 800
Working pressure [bar] Valve position [°]
Table 2 Parameter of HFMI devices
Data\process PIT HiFIT UIT
Manufacturer Pitec GmbH HiFIT Vertriebs GmbH Esonix -
Investigated by [32] [31] [16, 33] [4] [16, 33] [25] [4] [30]
Device parameter 6 bar 6 bar 6 bar 8 bar 6 bar/540° 6-7 bar 27 kHz 17 kHz
Impact velocity (m/s) 3 2.68 2.68 - 3.18 3.48 - 3.34
Impact frequency (Hz) 90 90 90 230 270 228 200 -
Working speed (mm/s) 2-4 2-4 7 3 50 1.4 8.3 -
Tip diameter (mm) 2 1.5 1.5 1.5 1.5 1.5
Indentor mass (kg) 0.03 - 0.057 0.196 - -
EQ) - 0.236%* - 0.369 - - -

*Under consideration of 1 X primary (2.68 m s™') and 5 x secondary impacts (1.3 m s™!) see [31]
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and were complemented with data from other past investiga-
tions by Weich [4], Schubnell et al. [24], and Schubnell [16]
in the framework of the present study. oy is the real static
yield strength of the base material. In the case of HFMI-
treated welded joints, the real yield strength of the WEZ was
used in this study. The parameters « and f are constants with
a = 0.64 and f = 0.036. The correlated exponential function
is plotted in Fig. 4 along with experimental data, which were
considered. A good correlation between o-frfrsn/ay and Eysq
according to the proposed exponential function is shown.
Comparing the evaluated data from Hanji et al. [25] and
those from other studies, it seems that the latter were per-
formed with a comparably lower intensity. Furthermore, it
seems that the HFMI treatment of high-strength steel welds
(made of S690, S960) leads to higher compressive residual
stresses with a lower level of applied energy Eysq compared
to the treatment of low strength steel welds (made of S355
or SBH500). In general, compressive residual stresses seem
to reach a plateau (in regard to their magnitude) for Eysq, =
50 to 100 J/mm.

According to Yekta and Walbridge [34], the indentation
depth of the HFMI induced groove is an indicator of the
quality of the treatment, a suggestion adopted by the IITW
recommendation [6]. Of course, the indentation depth is
comparable and easy to measure and is currently one of
the few measurable quality criteria for HFMI treatment in
practice. However, further studies show that very low was
reached by PIT and HiFIT treatment [19, 35]. On the other
side, an earlier study has shown that very high indentations
may reduce the fatigue strength of HFMI-treated welded
joints because of higher stress concentrations [4]. Based
upon this, a further correlation between the residual stress
state and the cross-sectional A area of the HFMI groove is
recommended in the present study. The area A is ideally
estimated as d; X 7, (measured groove depth X measured
groove width). When the measured A and the measured

oXE /oy are plotted against each other (see Fig. 5), it is

becoming evident that for A = 0.5 to 1 mm?, a similar
asymptotic trend (saturization effect) as in the case of the
oXE /6, ~ Eqsq-correlation shown in Fig. 4 is met. HFMI-
treated high strength steels show higher values of agrffn/oy
at a comparable low value of A. This is assumably attrib-
uted to the introduction of high residual stresses with a
comparable low plastic deformation, which is met during
the HFMI treatment of these steel grades.

Up to that point, only slight changes in the measured
compressive residual stresses were documented for a varia-
tion of the applied energy Eysq from 50 up to 100 J/mm or
the cross-section area of the HFMI groove A from 0.5 to 1
mm?. Therefore, a common trend between the influence of
the applied energy per length unit and the size of the HFMI
groove is observed. Of course, this is in accordance with
initial expectations, as increased applied impact energy of
the pin means increased deformation energy in the treated
specimen, hence a larger HFMI groove. This correlation
between Eysy, and the indentation depth 7,, so in extension
with A, is presented in Fig. 6a, while a direct comparison of
the measured values of indentation depth 7, and the diam-
eter of indentation d; with the values recommended by [TW
recommendation [6] is presented in Fig. 6b. The indenta-
tion depths plotted in Fig. 6a represent the mean values of
former investigations [4, 16, 24]. It is shown that the mini-
mum indentation depth of 7, = 0.2 mm recommended by
IIW could be reached with an applied energy of Eqsq =251/
mm for normal strength steels; see Fig. 6a. However, in the
case of high strength steels (S690, S960), the recommended
indentation depth of 7, =0.2 mm could not be reached, even
though significant compressive residual stresses are being
introduced; see Figs. 4 and 5. This observation is in good
agreement with the results of numerical investigations car-
ried out by Gkatzogiannis [17].

Fig.4 Correlation of residual 0
stress and applied energy by
HFMI treatment

]

@ Hanji et al 2022, SBHS500

@ Haniji et al (2022), SBHS700

W Schubnell et al (2020), S960QL
OSchubnell et al (2022), S690QL

B Schubnell et al (2020), S355J2+N

B Schubnell (2021), Fillet weld (S355J2+N)
AWeich (2009), S690QL

5
OE 04
gg > NG AWeich (2009), $355J2
°‘bN 1 St'rgength ™~ ° ° AWeich (2009), Butt joint (S355J2)
1 S~ )
A .06 4 steel o S —— o e o
(0] . e e —— — —— —
_E ] [ ] ® Correlation according °
s 1 to Hanji et al (2022)
O
5 08+
© 4
@
(O]
o
-1
0 25 50 75 100 125 150

@ Springer

Applied energy Egsq, [J/mm]



Welding in the World

Fig.5 Correlation of cross- 0 =
section area and applied energy 1 = m .HanJ,! etal 2022, SBHS500
e @ Haniji et al (2022), SBHS700
by HFMI treatment
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Fig. 6 Correlation between applied energy and cross-section area with quantitative recommendations of the groove geometry

The measured values of 7, and d; at HiFIT-treated lon-
gitudinal stiffener made of SBHS500 [25] are plotted in
Fig. 6b, along with measurements of PIT- und HiFIT-
treated transverse stiffeners made of S355J2 + N carried
out in [16] by means of 3D-laser triangulation (around 500
single measurements). The PIT and HiFIT treatments were
performed with the parameters given in Table 2 (Refer-
ence [16]). Altogether, the majority of the data does not
fulfil the values suggested by the IIW recommendations
[6]. This could be attributed to the relatively low treatment
intensity or applied energy, which lies between Egsq =2 J/
mm and 7 J/mm. However, it should be mentioned that the
statistical evaluation of the fatigue tests on the HiFIT- and
PIT-treated welded joints in this study has shown that the
HFMI-treated specimens exhibit fatigue strength accord-
ing to the FAT classes predicted by the [IW recommenda-
tion [6]. These fatigue test results are also documented by
Gkatzogiannis et al. [33].

Next, attention is paid to the residual stress state after
HFMI treatment with different values of Eys,. For this,
data from previous investigations by Schubnell et al. [24]
on HFMI-treated (PIT device) unnotched specimens were
used made of base material S355J2 + N and S960QL. The
residual stresses after the HFMI treatment with different
working speed and a different number of treatment passes
were measured by combined X-ray (XRD) and neutron dif-
fraction (NRD); see Fig. 7. To enable a better comparison,
the values of the residual stresses were normalized with the
yield o, of the base material (o, = 420 MPa for S355J2+N
and 6, = 1011 MPa for S960QL). The work-hardening effect
leads to a local increase of hardness and yield strength for
$355J2 + N and therefore, to higher values of a)ffs/ay com-
pared to S960QL. The magnitude of compressive residual
stress increases with increasing applied energy Eys,,. For the
mild steel S355J2 + N, this increase is significantly higher
than that for the high-strength steel S960QL. For both steels,
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Fig. 7 Residual stress depth profile after PIT-treated flat specimen made of S355J2+ N (a) and S960QL steel (b) [24]

however, with an increase of Eysq from 15.9 to 31.2 J/mm,
only slight increases in the compressive residual stress val-
ues are documented.

6 Case study: HFMI-treated transverse
stiffeners

In the next step of the present study, the presented approach
for the energy-based definition of the HFMI-treatment
intensity was tested in the case of HFMI-treated transverse
stiffeners, where the treatment was performed with two dif-
ferent processes (PIT and HiFIT) and different treatment
intensities. The results are already published by Gkatzogi-
annis et al. [33] and Schubnell [16]. The aim is to prove
that different treatment intensities at real welded joints lead
to different residual stress states; see Sect. 6.1. Addition-
ally, it was investigated if different treatment intensities lead
also to different fatigue strengths of HFMI-treated welded
joints; see Sect. 6.2, because it is strongly assumed that dif-
ferent residual stress states influence the fatigue strength. For
this investigation, the yield strength of the WEZ was used

(a) (b) PIT

v

determined by Schubnell [16]. The residual stress state of
HFMI-treated transverse stiffeners; see Fig. 8a (HiFIT- and
PIT-treated) made of S355J2 + N and S960QL., was evalu-
ated according to the energy-based approach (Eq. 1 and 2).

6.1 Influence of the HFMI-treatment intensity
on the residual stress state

The residual stress data was collected from former investiga-
tions by Schubnell et al. [36] and Schubnell [16], in order
to check if strong differences in the applied energy Eqsq, led
to significant differences regarding the HFMI-induced com-
pressive residual stresses as well in this case. Again, the PIT
and HiFIT treatment was performed with the parameters;
see Fig. 8 b and c. Due to the smaller device diameter of
the HiFIT device (d = 3 mm) in comparison to that of the
PIT device (d =4 mm) and its higher impact frequency, a
significantly higher working speed of V = 50 mm/s (HiFIT
device) was achieved in this case of comparing to both the
V =7 mm/s of the treatment with the PIT and HiFIT device
manufacturer’s treatment parameter recommendations (V =
2 to 4 mm/s). Furthermore, during the HFMI treatment with

(c) HIFIT

Fig. 8 a Technical drawing of the specimen, b PIT treatment, and ¢ HiFIT treatment of the base plates of the specimen
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the PIT device, the craftsmen moved the device back and
forth along the weld toe, while with the HiFIT device, the
treatment was completed in a single forward-moving pass.
For the needs of numerical analyses [16, 17], this back-and-
forth movement of the PIT device was rationally assumed to
be equivalent to three-pass treatment, with each pass moving
to a single direction along the weld toe and for full treat-
ment length (forth-back—forth). However, a visual inspection
revealed a sufficient treatment result in both cases (complete
removal of the original weld toe’s notch). The treatment was
recorded by a video camera and the travel speed was evalu-
ated. The residual stresses close to the surface were meas-
ured with X-ray diffraction (XRD) and evaluated accord-
ing to the sin? y-method. Details are reported by Schubnell
et al. [36]. The XRD results are plotted in Fig. 9 aand b. As
expected, higher values of Eys,, lead to higher compressive
residual stresses. A significant difference is shown between
the residual stress profiles for PIT and HiFIT treatments in
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this case. It is assumed that this is related to the differences
in working speed and therefore in the difference of Eysg,.

In order to enable a further correlation of the residual
stress state of HFMI-treated with different values of the
applied energy Eysq, residual stress depth profile meas-
urements at transverse stiffeners found in [16, 36] were
re-evaluated with the current energy-based approach.
The residual stress depth profiles were determined by a
combination of XRD and NRD measurements, and they
are plotted in Fig. 10. Similarly to the abovementioned
cases, it is becoming evident that a significant increase of
the compressive residual stresses is achieved when higher
treatment energy Eqsq and in extension treatment intensity
is applied. The values of 6*55/c, are around 50% higher for
the PIT for both investigated materials. Once again, it is
assumed that this is related to the higher working speed of
the HiFIT process in this specific case.
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6.2 Influence of HFMI treatment intensity
on fatigue strength

As presented above, several measurements have shown that
a higher applied kinetic energy Eysq, of the HFMI process
leads to higher induced compressive residual stresses. Fur-
thermore, it is generally assumed that higher compressive
residual stresses lead to potential higher fatigue strength
and fatigue life [17] (along with other factors like the work
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(PIT and HiFIT) transverse stiffeners made of S355J2+N,
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evaluated in the framework of the present study in order
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failed from the weld toe. The results are displayed in Fig. 11.
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2% 10% load cycles was evaluated for both treatment intensi-
ties Egsq= 2 J/mm and Egsq= 7 J/mm, and the results are
summarized in Table 3. The statistical evaluation was per-
formed according to DIN 50100-2016-12 [38]. Only slight
differences in the evaluated fatigue strength for the two
intensities are documented, although the fatigue strength is
higher in each investigated case for a higher value of Eysq,.
Moreover, the HFMI treatment was performed with a dif-
ferent tip diameter; see Table 2 (Ref. [33]), which could
also influence fatigue strength increase. Therefore, it cannot
be safely concluded that the differences in fatigue strength
are related to the differentiated residual stress states; see
Figs. 9 and 10. Furthermore, the difference in the applied
energy Egsq for PIT and HiFIT is low in this case compared
to the investigated range of Eysq, from 2 to 150 J/mm; see
Fig. 4. More fatigue test results with a higher variation of
Eysq, or/and an analysis with a fatigue assessment approach,
which considers the residual stress state, are needed in order
to quantify the influence of treatment intensity (or applied
kinematic energy) on the fatigue strength of HFMI-treated
welded joints.

7 Conclusion

In the present study, the energy-based approach accord-
ing to Hanji et al. [25] was applied for a straightforward
evaluation of the treatment intensity of high-frequency
mechanical impact (HFMI); see Eqgs. (1) and (2). This
energy-based approach is based on the applied kinetic
energy per unit length Eys¢, under the assumption of a fixed
efficiency of y=0.95. It enables a direct comparison of the
process parameters for different HFMI devices. An impor-
tant parameter for this approach is the impact velocity of
the indentor or pin. The impact velocity was indirectly
determined for the pneumatical impact treatment (PIT)
and high-frequency impact treatment (HiFIT) devices by
strain gauge measurements and a correlation of strain or
contact force with the impact velocity by finite element
(FE) simulation. All other parameters (working speed,
impact frequency and indentor mass) for this approach
can be easily assessed or directly adjusted individually for

each HFMI device. The value of Eysq was correlated with
the HFMI-induced compressive residual stresses and the
HFMI groove geometry as they were reported in former
studies [4, 16, 24, 26, 27]. In a second step, a case study
based on the HFMI treatment (PIT and HiFIT) of trans-
verse stiffeners made of S355J2 + N and S960QL with dif-
ferent treatment intensities, which was investigated earlier
by Schubnell [16, 37], was re-evaluated by using the cur-
rent energy-based intensity approach. Following conclu-
sions were drawn:

e A significant increase in the magnitude of compressive
residual stresses is met for increasing values of applied
treatment energy Eqsq, and HFMI groove cross-sectional
area. For Eys,, = 50 up to 100 J/mm and for a cross-
sectional area of the HFMI-treated groove (with 7, X d;)
of A =0.5 to 1 mm? though, no significant changes in the
compressive residual stress profiles were documented.

e A higher increase of the HFMI-induced compressive
residual stresses was reported at high-strength steel com-
ponents compared to those made of low-strength steel for
similarly increasing values of Eys,.

e It seems that a value of Eysq = 25 J/mm or more is
roughly needed to reach the recommended minimum
indentation depth [6] of the HFMI-treated groove of
7, = 0.2 mm in the case of flat specimen. However, it
should be mentioned that the groove depth is irrelevant
as long as the initial weld toe is fully post-treated, and
hence, the notch is no longer existing (according to the
DASt recommendation [18]). Therefore, such evaluations
should also consider the origin weld toe geometry, as this
strongly affects the needed groove notch for the post-
treatment in order to ensure a beneficial outcome.

e For HFMI-treated (PIT and HiFIT) welded specimens
(transverse stiffener) made of S355J2 + N and S960QL,
the recommended value of 7, = 0.2 mm was only reached
at single locations of the weld toes. However, a low treat-
ment intensity of Eqsq =2 to 7 J/mm was applied for the
investigated specimens. The recommended FAT values
[6] for HEMI-treated transverse stiffeners were however
confirmed during the statistical evaluation of the respec-
tive fatigue tests.

Table 3 Statistical evaluation of the fatigue test results according to DIN 50100-2016-12

S355]2+N S690QL S960QL
Process Eys4,(J/mm) Fatigue Inv. slope & (-) Fatigue Inv. slope & (-) Fatigue Inv. slope & (-)
strength strength strength
(MPa) (MPa) (MPa)
PIT + HiFIT - 203 9.5 169 4.3 240 5.5
PIT 7 215 13.1 180 39 249 54
HiFIT 2 201 7.7 168 4.8 244 5.7
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e Residual stress depth profiles measured at PIT-treated
flat specimen made of S355J2 4+ N and S960QL showed
higher peak of compressive residual stresses, when the
applied impact energy was maximized (Egysq ~ 30 J/mm
in this case), confirming once again the abovementioned
relationship between applied energy and compressive
residual stress magnitude.

e Significant changes in the residual stress state at HFMI-
treated transverse stiffeners were shown for treatments
with Egsq = 2 to 7 J/mm. However, slight changes in
fatigue strength were determined in this case study.

The reported results lead to the conclusion that an
increased HFMI intensity of Egsq, =25 J/mm or more, up
to a level of Eys, = 50 J/mm, is beneficial regarding the
residual stress state after treatment. However, it should be
mentioned that a proper treatment (complete removal of the
original notch at the weld toe) is of course still necessary
for the optimum treatment result. For this, an optical detec-
tion of the weld toe after performing is of great importance.
Moreover, the present study shows that the recommended
FAT classes by the IIW and DASt recommendation [6, 18]
can also be reached with a low-intensity treatment without
reaching the recommended indentation depth of t,= 0.2 [6]
mm, confirming once again that mentioned FAT classes lie
on the safe side.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Declarations
Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Yildirim HC (2013) Design aspects of high strength steel welded
structures improved by high frequency mechanical impact (HFMI)
treatment. Dissertation, Aalto University Helsinki

2. Ummenhofer T, Telljohann G, Dannemeyer S, Weich I, Stroh-
bacg H, Eslami H, Kern A-K, Pinkernell D, Smida M, Rahlf U,
Senk B, Herion S, Hrabowsky J, Rack S (2011) Abschlussbericht
Forschungsprogramm REFRESH: Lebensdauerverlidngerung

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

Bestehender und neuer geschweiliter Stahlkonstruktionen (in
German), FOSTA — Research Association For Steel Application
Association In Germany, Diisseldorf

Ummenhofer T, Herion S, Puthli R, Weidner P (2011) Effects
of post weld treatment and loading condition on the fatigue life
of ultra high strength steels. Proc Int Offshore Polar Eng Conf
8:269-275

Weich I (2009) Ermiidungsverhalten mechanisch nachbehandelter
Schweif3verbindungen in Abhingigkeit des Randschichtzustandes,
Fatigue behavior of mechanical post welded treated welds depend-
ing on the edge layer condition (in German). Dissertation, Techni-
cal Univercity of Braunschweig

Schubnell J, Pontner P, Wimpory RC, Farajian M, Schulze V
(2020) The influence of work hardening and residual stresses on
the fatigue behavior of high frequency mechanical impact treated
surface layers. Int J Fatigue 134:105450. https://doi.org/10.1016/.
ijfatigue.2019.105450

Marquis GB, Barsoum Z (2016) IIW recommendation for the
HFMI treatment for improving the fatigue strength of welded
joints. Springer, Singapore

Weich I, Ummenhofer T, Nitschke-Pagel T, Chalandar HE, Dilger
K (2013) Fatigue behaviour of welded high-strength steels after
high frequency mechanical post-weld treatments. Weld World
53(11):R322-R332. https://doi.org/10.1007/BF03263475
Ummenhofer T, Weich I, Nitschke-Pagel T (2005) Lebens-
und Restlebensdauerverlingerung geschweifiter Windener-
gieanlagentiirme und anderer Stahlkonstruktionen durch Sch-
weilnahtnachbehandlung (in German). Stahlbau 74(6):412-422.
https://doi.org/10.1002/stab.200590085

Ummenhofer T, Weidner P (2013) Improvement factors for the
design of welded joints subjected to high frequency mechanical
impact treatment. Steel Constr 6(3):191-199. https://doi.org/10.
1002/stc0.201310027

Weidner P, Herion S, Puthli R, Ummenhofer T (2011) Lebensdau-
erverlingerung von geschweiiten Verbindungen aus Rundhohl-
profilen. Stahlbau 80(7):502-512. https://doi.org/10.1002/stab.
201101447

Weidner P, Mehdianpour M, Ummenhofer T (2016) Ermiidungs-
festigkeit einseitig geschweiiter StumpfstoBe von Kreishohlpro-
filen. Stahlbau 85(9):620-629. https://doi.org/10.1002/stab.20161
0412

Yildirim HC, Marquis GB (2012) Overview of fatigue data for
high frequency mechanical impact treated welded joints. Weld
World 56(7-8):82-96. https://doi.org/10.1007/BF03321368
Marquis GB, Mikkola E, Yildirim HC, Barsoum Z (2013) Fatigue
strength improvement of steel structures by high-frequency
mechanical impact: proposed fatigue assessment guidelines. Weld
World 57(6):803-822. https://doi.org/10.1007/S40194-013-0075-
X/FIGURES/18

Weinert J, Gkatzogiannis S, Engelhardt I, Knoedel P, Ummenhofer
T (2021) Investigation of corrosive influence on the fatigue behav-
iour of HFMI-treated and as-welded transverse non-load-carrying
attachments made of mild steel S355. Int J Fatigue 151:106225.
https://doi.org/10.1016/J. IJFATIGUE.2021.106225
Gkatzogiannis S, Weinert J, Engelhardt I, Knoedel P, Ummen-
hofer T (2021) Corrosion fatigue behaviour of HFMI-treated butt
welds. Int J Fatigue 145:106079. https://doi.org/10.1016/J.1JFAT
IGUE.2020.106079

Schubnell J (2021) Experimental and numercial investigation of
the fatigue performance of notches and welded joints after high
frequency mechanical impact treatment (in German). Disserta-
ton, Karlsruhe Institute of Technology. https://doi.org/10.5445/
IR/1000135869

Gkatzogiannis S (2020) Finite element simulation of residual
stresses from welding and high frequency hammer peening. Dis-
sertation, Karlsruhe Institute for Technology


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ijfatigue.2019.105450
https://doi.org/10.1016/j.ijfatigue.2019.105450
https://doi.org/10.1007/BF03263475
https://doi.org/10.1002/stab.200590085
https://doi.org/10.1002/stco.201310027
https://doi.org/10.1002/stco.201310027
https://doi.org/10.1002/stab.201101447
https://doi.org/10.1002/stab.201101447
https://doi.org/10.1002/stab.201610412
https://doi.org/10.1002/stab.201610412
https://doi.org/10.1007/BF03321368
https://doi.org/10.1007/S40194-013-0075-X/FIGURES/18
https://doi.org/10.1007/S40194-013-0075-X/FIGURES/18
https://doi.org/10.1016/J.IJFATIGUE.2021.106225
https://doi.org/10.1016/J.IJFATIGUE.2020.106079
https://doi.org/10.1016/J.IJFATIGUE.2020.106079
https://doi.org/10.5445/IR/1000135869
https://doi.org/10.5445/IR/1000135869

Welding in the World

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

German Assoziation of Steel Construction (DASt), Guideline
026, Ermiidungsbemessung bei Anwendung hoherfrequenter
Héammerverfahren (in German). Stahlbau Verlags- und Service
GmbH, 2019

Kuhlmann U, Breunig S, Ummenhofer T, Weidner P (2018)
Entwicklung einer DASt-Richtlinie fiir hoherfrequente Ham-
merverfahren. Stahlbau 87(10):967-983. https://doi.org/10.1002/
stab.201800021

Ummenhofer T, Weidner P, Kuhlmann U, Kudla K, Breunig S
(2017) Entwicklung eines einfachen Qualitétssicherungstests fiir
die Anwendung hoherfrequenter Himmerverfahren (in German).
Research Association for Steel Application (FOSTA) Report p 872
Aldén R, Barsoum Z, Vouristo T, AlI-Emrani M (2020) Robust-
ness of the HFMI techniques and the effect of weld quality
on the fatigue life improvement of welded joints. Weld World
64(11):1947-1956. https://doi.org/10.1007/S40194-020-00974-4
Yildirim HC, Marquis GB (2013) A round robin study of high-
frequency mechanical impact (HFMI)-treated welded joints sub-
jected to variable amplitude loading. Weld World 57(3):437-447.
https://doi.org/10.1007/s40194-013-0045-3

Yekta RT, Ghahremani K, Walbridge S (2013) Effect of quality
control parameter variations on the fatigue performance of ultra-
sonic impact treated welds. Int J Fatigue 55:245-256. https://doi.
org/10.1016/j.ijfatigue.2013.06.023

Schubnell J, Eichheimer C, Ernould C, Maciolek A, Rebelo-
Kornmeier J, Farajian M (2020) Investigation of the coverage for
high frequency mechanical impact (HFMI) treatment of different
steel grades. Int J Process Technol 277(116437). https://doi.org/
10.1016/j.jmatprotec.2019.116437

Hanji T, Tateishi K, Kano S, Shimizu M (2022) Predic-
tion of residual stress induced by high-frequency mechanical
impact treatment. Weld World 1:1-12. https://doi.org/10.1007/
S40194-021-01230-Z

Foehrenbach J (2016) Fatigue life prediction of high frequency
mechanical impact (HFMI) treated welded joints by numerical
simulation and damage mechanics approaches. Master Thesis,
Offenburg University of Applied Science

Ernould C et al (2019) Application of different simulation
approaches to numerically optimize high-frequency mechanical
impact (HFMI) post-treatment process. Weld World 63(3):725-
738. https://doi.org/10.1007/s40194-019-00701-8

Schulze V, Bleicher F, Groche P, Guo YB, Pyun YS (2016) Sur-
face modification by machine hammer peening and burnishing.
CIRP Ann 65(2):809-832. https://doi.org/10.1016/J.CIRP.2016.
05.005

VDI, “VDI-Richtlinie: Maschinelles Oberflichenhimmern Grund-
lagen / VDI-standard: machine hammer peening basic principles.”

30.

31.

32.

33.

34.

35.

36.

37.

38.

The Association of German Engineers (VDI), 2018, [Online].
Available: https://www.vdi.eu/nc/guidelines/entwurf_vdi_3416_
blatt_1-maschinelles_oberflaechenhaemmern_grundlagen_/.
Deng C, Liu Y, Gong B, Wang D (2016) Numerical implementa-
tion for fatigue assessment of butt joint improved by high fre-
quency mechanical impact treatment: a structural hot spot stress
approach. Int J Fatigue 92:211-219. https://doi.org/10.1016/J.
IJFATIGUE.2016.07.008

Ernould C (2017) Numerical simulation of pin kinetic and its
influence on the material hardening, residual stress field and
topography during high frequency mechanical impact (HFMI)
treatment. Master Thesis, Karlsruhe Institute of Technology (KIT)
Foehrenbach J, Hardenacke V, Farajian M (2016) High frequency
mechanical impact treatment (HFMI) for the fatigue improvement:
numerical and experimental investigations to describe the condi-
tion in the surface layer. Weld World 60(4):749-755. https://doi.
org/10.1007/s40194-016-0338-4

Gkatzogiannis S, Schubnell J, Knoedel P, Farajian M, Ummen-
hofer T, Luke M (2021) Investigating the fatigue behaviour of
small scale and real size HFMI-treated components of high
strength steels. Eng Fail Anal 123:105300. https://doi.org/10.
1016/J. ENGFAILANAL.2021.105300

Yekta RT, Walbridge S (2012) Acceptance criteria for ultrasonic
impact treatment (UIT), Ontario Ministry of Transportation,
report HIIFP-110. St. Catherines, Ontario

Kuhlmann U, Ummenhofer T, Breunig S, Weidner P, Kudla K.
Entwicklung eines einfachen Qualitidtssicherungstest fiir die
Anwendung hoherfrequenter Himmerverfahren. Forschungsver-
einigung Stahlanwendung, FOSTA-Kurzstudie p 872

Schubnell J et al (2020) Residual stress relaxation in HEMI-treated
fillet welds after single overload peaks. Weld World 64(6):1107—
1117. https://doi.org/10.1007/S40194-020-00902-6/FIGURES/9
Schubnell J, Gkatzogiannis S, Farajian M, Luke M, Ummenhofer
T (2020) Report IGF-Project IGF Nr. 19.227 N/ DVS-Nr.: 09.080:
Rechnergestiitztes Bewertungskonzept zum Nachweis der Leb-
ensdau-erverldngerung von mit dem Hochfrequenz-Hammerver-
fahren (HFMI) behandelten Schweiverbindungen aus hochfesten
Stdhlen (in German). Freiburg / Karlsruhe

“DIN 50100-2016-12: Schwingfestigkeitsversuch — Durchfiih-
rung und Auswertung von zyklischen Versuchen mit konstanter
Lastamplitude fiir metallische Werkstoffproben und Bauteile,”
Berlin, 2016

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1002/stab.201800021
https://doi.org/10.1002/stab.201800021
https://doi.org/10.1007/S40194-020-00974-4
https://doi.org/10.1007/s40194-013-0045-3
https://doi.org/10.1016/j.ijfatigue.2013.06.023
https://doi.org/10.1016/j.ijfatigue.2013.06.023
https://doi.org/10.1016/j.jmatprotec.2019.116437
https://doi.org/10.1016/j.jmatprotec.2019.116437
https://doi.org/10.1007/S40194-021-01230-Z
https://doi.org/10.1007/S40194-021-01230-Z
https://doi.org/10.1007/s40194-019-00701-8
https://doi.org/10.1016/J.CIRP.2016.05.005
https://doi.org/10.1016/J.CIRP.2016.05.005
https://www.vdi.eu/nc/guidelines/entwurf_vdi_3416_blatt_1-maschinelles_oberflaechenhaemmern_grundlagen_/
https://www.vdi.eu/nc/guidelines/entwurf_vdi_3416_blatt_1-maschinelles_oberflaechenhaemmern_grundlagen_/
https://doi.org/10.1016/J.IJFATIGUE.2016.07.008
https://doi.org/10.1016/J.IJFATIGUE.2016.07.008
https://doi.org/10.1007/s40194-016-0338-4
https://doi.org/10.1007/s40194-016-0338-4
https://doi.org/10.1016/J.ENGFAILANAL.2021.105300
https://doi.org/10.1016/J.ENGFAILANAL.2021.105300
https://doi.org/10.1007/S40194-020-00902-6/FIGURES/9

	Quantifying the intensity of high-frequency mechanical impact treatment
	Abstract
	1 Introduction
	2 HFMI-process parameters: overview and topology
	3 Defining the HFMI-treatment intensity
	4 Estimating the impact velocity
	5 Influence of HFMI intensity on the surface layer condition
	6 Case study: HFMI-treated transverse stiffeners
	6.1 Influence of the HFMI-treatment intensity on the residual stress state
	6.2 Influence of HFMI treatment intensity on fatigue strength

	7 Conclusion
	References


