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Abstract

Due to notches, welds are most critical regarding fatigue failure within cyclic loaded constructions. Therefore, various
post-weld-treatment techniques like post-weld treatment by high-frequency mechanical impact (HFMI) treatment have been
invented to improve the fatigue strength of welded details. The benefit, resulting from HFMI treatment, has already been
proven by numerous studies. Since a manual HFMI treatment must be performed by a skilled and trained person to ensure an
acceptable treatment quality, an automated application of HFMI treatment is supposed to result in a more reliable and consist-
ent treatment result, which does not depend on the operator. Furthermore, a robotic application of HEMI treatment enables
an economic implementation of HFMI treatment of automated welded constructions like offshore wind energy converters
and various mechanical components, as these parts do not have to be taken out of the production chain to manually perform
HFMI treatment. This paper focuses on the experimental investigation of the fatigue behaviour of automated HFMI-treated
welds, using a developed robotic application of the HiFIT device (specific HFMI tool).

Keywords High-frequency mechanical impact (HFMI) - Automation - Weld geometry - Early crack detection - Infrared
thermography

Nomenclature A in Difference amount of the nonlinear tempera-
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1 Introduction

Various post-weld treatment techniques, like post-weld
treatment by high-frequency mechanical impact treatment
(HFMI), have been invented to improve the fatigue strength
of welds which have, due to the notch effect, a lower fatigue
life than the base material. By applying HFMI treatment, the
weld toe is plastically deformed by a metal pin, as shown in
Fig. 1. Thereby, residual compressive stresses arise within
the area of the weld toe, the material is work hardened and
the geometrical notch of the weld toe is smoothened. The
increase of the fatigue strength, resulting from these effects,
has already been proven by numerous studies, like [1-7]. By
increasing the fatigue strength of a welded construction, the
fatigue life can be extended or otherwise, the plate thickness
within an HFMI-treated detail can be reduced by consistent
fatigue life. Thus, HFMI treatment contributes to realising
resource-efficient constructions.

So far, the application of HFMI treatment in practice has
been performed manually. Since the manufacturing process
of several welded components like offshore wind-energy
converters and various mechanical parts has already been
robotised, an automated application of HFMI treatment is
necessary to realise an economic HFMI treatment within
series production. To ensure an acceptable treatment qual-
ity within manual HFMI treatment, the post-weld treat-
ment must be performed by a skilled and trained person.
Therefore, an automated application of HFMI treatment is
expected to result in a more reliable and consistent treat-
ment quality. Additionally, an automated quality control can
be embedded within a robotic HFMI treatment, which also
enables a more precise measurement of geometrical quality
criteria, compared to a manually performed measurement
of the HFMI groove.

Studies on automation of post-weld treatment by high-
frequency mechanical impact treatment are yet rare. First
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Fig. 1 HFMI-treated weld toe
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investigations of the University of Aalborg regarding a
robotic HFMI treatment in [8] suggest that an automated
application of HFMI treatment, which adapts to irregulari-
ties within the course of the weld toe, makes it possible
to realise a more consistent treatment quality. Since these
results have not been verified by fatigue tests, this paper
here focuses on the investigation of the fatigue behaviour of
automatically HFMI-treated welds.

2 Automation of post-weld treatment
by high-frequency mechanical impact
treatment

2.1 State of research

Previous studies on automating the HFMI treatment in
[8—10] focused on quality assurance aspects regarding the
groove geometry. In [9] and [10], an automated performed
HFMI treatment, executed by a robot arm following a
straight line, was compared to a manual reference. As the
measured groove radii in [10] show, the groove radii gener-
ated by automated treatment are significantly more scattered
compared to the HFMI groove of the manually treated sam-
ples. Regarding the indentation depth, similar results could
be found in [9], where the measurement of the automatically
treated samples also shows a significantly higher variance.
In both cases, the inability of the robotic arm to follow the
exact course of the weld toe in contrast to a manual applica-
tion of the treatment was mentioned as the reason for the
larger variance of the robotically generated groove geometry.

As it is necessary for an optimised post-weld treatment
result to precisely follow the actual course of the weld toe,
in [8], a robotic application of HFMI treatment was devel-
oped, which enables to adapt to the irregularities within the
course of the weld toe, based on laser scanning the surface.
The evaluation of the measured geometry parameters in [8]
shows, with the exception of the measured indentation depth,
a lower variance for the adaptive robotic-treated weld toes
compared to a manually performed treatment. The results
in [8] therefore indicate that an adaptive robotic treatment
enables a more consistent treatment geometry than a manual
HFMI treatment.

2.2 Developed robot adaption of the HiFIT device

To exactly follow the course of the weld toe, the aim was to
develop an adaptive robotic treatment tool, which adapts to
irregularities within the course of the weld toe. The auto-
mated HFMI treatment within this research was performed
by a developed robot adaption of the HiFIT device, which is
described in [11]. The robot adaption consists of the HiFIT
hammer and two laser sensors. One laser sensor is running
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ahead and measures the local weld geometry to localise the
exact position of the weld toe. Thereby, the HFMI tool is
adjusted by the developed software to accurately adapt to
the weld toe. The second laser sensor follows the treatment
tool and enables a just-in-time quality control by measuring
the HFMI groove. As the two laser sensors and the HiFIT
tool are installed in one adaption, it is possible to perform
a robotic HFMI treatment, as well as an automated quality
control in just one run.

3 Test program

In order to evaluate the increase of the fatigue strength,
achieved by a robotic HFMI treatment, fatigue tests of
automated and manually treated specimens, as well as an
as-welded (AW) reference series, were carried out. Table 1
summarises the test program. Concerning the post-weld-
treatment, there was a distinction made between the two
weld conditions “HFMI-robo” (automated performed HFMI
treatment) and “HFMI man” (manually performed HFMI
treatment). The two series with manually treated samples
vary in the diameter of the pin used for the treatment.
Regarding the automated performed treatment, it was meant
to try out the robotic application within the robot test appli-
cation and, if necessary, optimise the treatment parameters
afterwards. As the test application of the automated HFMI
treatment already showed good results, no further adjust-
ment of the treatment parameters has been made.

3.1 Samples

The notch detail with which the investigations have been car-
ried out is the one-sided transverse stiffener. The specimen
geometry is shown in Fig. 2. The samples were fabricated
of S355MC (material number 1.0976 according to [12]) by
metal active gas welding (MAG). The welding procedure
specification is given in Table 2. Additionally, the treat-
ment parameters of the manual and automated treatment

Table 1 Test program

Series no Weld condition Pin Number of
diameter specimens
(mm)

No. 1 HFMI-robo (test application) 3 15

No. 2 HEMI-robo (practice application) 3 14

No. 3 HFMI man 4 15

No. 4 HFMI man 3 15

No. 5 AW (reference series) - 14

20 50

4(90
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Fig.2 Dimensions of the specimen

are summarised in Table 3, where the intensity refers to the
chosen intensity level setting of the HiFIT device.

As evident from Table 3, different parameters were
applied for the manual and automated HFMI treatment.
In opposite to an automated HFMI treatment, the opera-
tor of a manual treatment can directly react to irregulari-
ties within the weld toe by adjusting the contact pressure
and the movement of the HiFIT device. In an automated
application of the HFMI treatment, that must be realised
by the robot adaption. As described in Section. 2.2, irreg-
ularities within the course of the weld toe are detected
using an integrated laser sensor. To ensure a consistent
treatment intensity, the robot adaption developed within
this research project generates a constant contact pressure
[11]. The intensity of an HFMI treatment also depends on
the position of the device, the travel speed and the chosen
intensity level. Regarding the applied treatment param-
eters, it should be noted that slower processing at the same
intensity level leads to more pin impacts in relation to the
same weld length. As the travel speed of the manually
performed treatment is significantly lower compared to the
automated application, the lower intensity level, chosen
for the HFMI-man treatment, matches the higher intensity
level of the HFMI-robo treatment. The chosen treatment
parameters as well as the result of the automated HFMI
treatment were initially tested within a robot test applica-
tion (see Table 1).

The influence of varying treatment parameters on the
improved fatigue strength, achieved by the HFMI treat-
ment, was investigated in previous studies [3, 15, 16]. In
all these studies mentioned, the impact of the treatment
intensity on the fatigue behaviour was observed to be neg-
ligible as long as the treatment parameters were within the
appropriate range. Since the treatment parameters used in
this study also were within the proper range in both cases
according to the manufacturer, the different treatment
parameters of the two treatment conditions HFMI-man
and HFMI-robo are not supposed to result in significant
differences in the fatigue strength.
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Table 2 Welding parameters according to [13] and [14]

Process Filler metal Diameter (mm) Wire feed (m/  Current (A) Voltage (V) Polarity (-) Travel speed Heat input  Shielding gas
min) (cm/min) (KJ/cm)

135 G505MG4Sil 1.2 10.0 300 28.0 DC+ 40-50 10-13 M21

Table 3 HFMI treatment parameters

Weld condition  Pressure (bar)  Speed (mm/min) Intensity (-)

HFMI-man 7.0 420 (mean value) 1

HFEMI-robo 5.5 800 2

Fig.3 Specimen installed in testing machine

3.2 Experimental investigations

In order to verify the fatigue strength achieved by an
automated application of HFMI treatment compared to
a manual treatment, fatigue tests were carried out. The
specimens were tested with a constant amplitude load-
ing and a stress ratio of R=0.1. As it is explained below,
during some of the fatigue tests, infrared sequences were
recorded to investigate the crack initiation behaviour. For
the evaluation of the infrared data, it is necessary that the
loading frequency is coordinated with the recording fre-
quency of the infrared camera. Thus, the fatigue tests with
simultaneous thermography measurements were carried
out with a test frequency of 7 Hz using a testing machine,
shown in Fig. 3, with a maximum load of F',, = 1000 kN.
The other fatigue tests were performed with a resonance
testing machine with a maximum load of F_, =600 kN
and a loading frequency of 60 Hz. The failure criterion
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Fig.4 Scanning the surface of the weld toe with a laser sensor

of the fatigue test was defined as a frequency change of
Af=+0.15 Hz.

To analyse the effect of an automated performed HFMI
treatment on the geometry of the HFMI groove, the groove
geometry was laser measured before the fatigue tests were
carried out. Additionally, during some of the fatigue tests,
infrared image sequences were recorded to investigate the
crack initiation behaviour of robotic HFMI-treated welds in
a subsequent evaluation.

4 Measurement of groove geometry
4.1 Procedure of the measurement

Before carrying out the fatigue tests, the groove geometry
was surveyed by scanning the surface of the weld with a
Keyence LJ-V7080 as shown in Fig. 4. The evaluation of
the measurement data has been performed with an algorithm
according to [8] using the software Matlab. The aim is to
evaluate the effect of a robotic HFMI treatment on the inden-
tation geometry and to validate the automated quality control
integrated in the robot adaption.

The raw data of the measurement is first obtained as a
point cloud (see Fig. 5) with a resolution of 5 um in the lon-
gitudinal direction of the weld and 50 um in the transverse
direction. Thus, the point cloud can also be interpreted as a
sequence of cross sections of the weld, at intervals of 50 um.
Figure 6 shows the measurement of the groove-geometry
parameters, depth, width and radius on a cross-section of
the recorded weld profile.
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Fig.6 Measurement of the groove geometry

In the first step, a spline function is fitted to the points
of the measured cross section. The position of the groove
within the weld toe can be determined, based on the edges
of the indentation profile, which causes a local minimum
in the course of the curvature of the fitted spline function.
Afterwards, the geometry parameters can be calculated
according to [8].

The indentation depth is in [8] defined by the point within
the indentation profile which has the largest perpendicular
distance to a regression line, fitted through the base material.
Accordingly, the measurement of the indentation depth is
performed by the calculation of the perpendicular distance
of this point to the regression line. It could be recognised
that the course of the regression line varies depending on
the selected base material area. Thus, as Fig. 7 shows, using
a regression line that includes the entire recorded base plate
surface can lead to an underestimation of the measured
indentation depth. Furthermore, measurements that include
the entire base plate are not comparable to a conventional

3.0 T T T r T 7

Weld profile
Regression line - base material
—————— Reference line - indentation depth
X Reference point

25

Y [mm]

Fig.7 Measurement of the groove depth using a reference line

control of the indentation depth, using manual gauges, as
those methods only cover a short area of the base material.
For this reason, the regression line was created over a base
material area with a length of 2 cm. The described approach
has already been validated by investigations in [11].

According to [8], the groove radius is determined by fit-
ting a circle function to the indentation profile using the
least square method. The radius of the rounded weld toe
corresponds to the radius of the fitted circle function. As
another parameter, the width is also determined according to
the procedure described in [8]. At first, the projection points
of the groove edges on the regression line are determined.
The groove width is then measured as the distance between
the projection points.

4.2 Results of the geometry measurement

As the manual HFMI treatment of series No. 3 was per-
formed with a pin diameter of 4 mm, the results of the
measurement are not comparable with the groove geometry
of the automated treated welds, where the treatment was
applied using a 3-mm pin. Therefore, in the following, only
the geometry measurements of the samples, treated with a
pin diameter of 3 mm, are presented. Figures 8 and 9 show
the distribution of the measurements of the groove depth and
the measured radius.

Regarding the mean values of the measured indenta-
tion depth, a difference between manual and automated
treated weld toes can be noticed. Although the same
pins were used for the manual and the robotic treatment,
the robotic application of the HFMI treatment creates a
deeper groove than the manually performed treatment.
In this context, it must be considered that different treat-
ment parameters were used for the robotic and the manual
HFMI treatment (Table 3). Therefore, it is also possible

@ Springer
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Fig. 8 Results of the measurement of the indentation depth
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Fig. 9 Results of the measurement of the groove radius

that small differences in the measured indentation depth
of manual and automated HFMI-treated weld toes are due
to different treatment intensities. Additionally, as can be
seen in Table 4, there is also a slight difference between
the automated and manually performed treatment, con-
cerning the variation of the depth measurements. Due to
the lower variation of the automated created indentation

depth, the results indicate that by an adaptive robotic per-
formed treatment, a more consistent groove geometry can
be realised.

As expected, since the same pins were used for the HFMI
treatment, regarding the measurements of the groove radii,
there is no significant difference between the manual and
the automated treated weld toes. Thus, both mean values fit
the value of the pin radius used for the treatment quite well.
Table 5 summarises the results of the measurement of the
groove radii. Besides there is hardly any difference between
the calculated variation of the measured radii, the evalua-
tion of the groove radii indicates that, compared to a manual
HFMI treatment, the effect of an adaptive robotic performed
treatment on the treatment result is negligible. Therefore,
the treatment result of an adaptive robotic HFMI treatment
seems to be comparable to manual treatment.

In Fig. 10, the groove geometry is exemplary represented
by polished sections of the different treatment conditions
HFMI-man and HFMI-robo as well as a polished section
of an AW specimen as a reference. For both HFMI-treated
specimens, the plastic deformation of the weld toe com-
pared to the AW condition is clearly visible. This matches
the results of the measured pin radii which, as described
before, also fit the value of the pin radius used for the treat-
ment quite well. Regarding the indentations, created by the
HFMI treatment, the low measured indentation depths are
also illustrated by the polished sections. For the manually
performed HFMI treatment (Fig. 10b) as well as the robotic
HFMI treatment (Fig. 10c), hardly, any indentation depth
can be noticed. Therefore, in the polished sections, no dif-
ference in the indentation depths of manual and automated
HFMI-treated weld toes can be distinguished.

It can be noticed that the variation of the measured inden-
tation depth as well as of the groove radii shows a slightly
higher variation for manually performed treatment. There-
fore, the results of the geometry measurements indicate
that by an adaptive robotic HFMI treatment, compared to
a manually performed treatment, a more consistent groove
geometry can be realised. As there are no significant dif-
ferences between the automated and manually performed
treatment regarding the groove geometry, the HFMI groove
created by an adaptive robotic HFMI treatment is considered
to be comparable to the one, created by a manual treatment.

Table 4 Results of the

. . Series no  Weld condition Pin Meas- Mean (mm) Standard Variation
measurement of the indentation diameter ure- deviation coefficient
depth (mm) ments (mm) (%)

O]
No. 4 HFMI-man 3 3570 0.07 0.043 57%
No. 1 HFMI-robo (test application) 3 3449 0.12 0.060 52%
No. 2 HFMI-robo (praxis application) 3 3079 0.13 0.062 49%
No. 142 HFMI-robo 3 6546 0.12 0.062 51%
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Table 5 Results of the

Series no  Weld condition Pin Meas- Mean (mm) Standard Variation
me:?lsurement of the groove radius urements deviation coefficient
radius (mm) () (mm) (%)

No. 4 HFMI-man 1.5 3570 1.55 0.341 22%

No. 1 HFMI-robo (test application) 1.5 3449 1.43 0.266 19%

No. 2 HFEMI-robo (praxis application) 1.5 3079 1.33 0.284 21%

No. 1+2 HFMI-robo 1.5 6546 1.38 0.279 20%

Fig. 10 Polished sections of an AW specimen (a), a manual HFMI-treated weld toe (b) and an automated HFMI-treated weld toe (c)

5 Early crack detection by infrared
thermography

To evaluate the crack initiation behaviour of automated
and manually HFMI-treated welds, infrared thermography
measurements were carried out during some of the fatigue
tests. This method enables to investigate the cause of dam-
age by analysing the temperature response of a specimen
under an applied loading [17].

Using infrared thermography for early crack detection
within a fatigue test is based on analysing the tempera-
ture response of a specimen under loading regarding the
characteristic changes of the temperature response of the
material, which is related to changing strain and material
damage [17]. The temperature response of a sample under
cyclic loading can be split into a linear part, which can be
determined by the harmonic loading, and a nonlinear part,
which describes the deviation of the temperature response
from the linear temperature signal [18]. As fatigue-related
processes like plasticisation as well as crack movement
cause a significant local increase within the nonlinear tem-
perature amplitude, analysing the nonlinearities allows the
investigation of the damage behaviour of a sample [18].
Changes in linear temperature amplitude display stress
redistributions; hence, crack initiation is additionally
characterised by a significant local decrease in the lin-
ear temperature evolution, combined with an adjoining
strong increase [17]. Therefore, analysing the tempera-
ture response of a sample depending on the number of

load cycles allows to investigate the damage behaviour. In
[2], this approach has already been successfully applied
to investigate the crack initiation and crack propagation
behaviour of HFMI-treated welds.

5.1 Test procedure and preparation of specimens

In order to investigate the effect of a robotic performed
HFMI treatment on the crack initiation behaviour, infra-
red thermography measurements were carried out simul-
taneous to several fatigue tests on automated and manual
HFMI-treated specimens. Figure 11 shows the test setup of
the fatigue tests with simultaneous infrared thermography
measurements.

After regular intervals, image sequences were recorded
by an infrared camera over a recording duration of 2 s with
arecording frequency of 189 pictures per second. According
to [18], the loading frequency of the fatigue tests was set to
7 Hz, so that around 27 pictures could be recorded per load
cycle. An image sequence consists of 368 single images with
a resolution of 320 x 253 pixels per image.

To ensure a direct comparability, the load levels of the
fatigue tests, as well as the intervals after which the image
sequences were recorded, were chosen to be the same for the
automated and manually treated specimens. In Table 6, the
test program of the fatigue tests with simultaneous infrared
thermography measurements is displayed.

The areas, captured by the infrared camera, were covered
with a graphite spray to ensure a consistent high emissivity
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Fig. 11 Test setup of the fatigue
tests with simultaneous infrared
thermography measurements

Table 6 Test program of No

. Series no Weld condition Pin @ (mm) Ao (N/mm?) N; (-) Intervals
the infrared thermography (number of load
measurements cycles)

1 No. 1 HEFMI-robo 3 320 96,453 10,000
2 No. 1 HFMI-robo 3 360 23,030 500

3 No. 1 HFMI-robo 3 250 873,495 10,000
4 No. 2 HEMI-robo 3 320 157,362 10,000
5 No. 2 HFMI-robo 3 250 874,037 10,000
6 No. 3 HFMI-man 4 320 359,955 10,000
7 No. 3 HFMI-man 4 360 32,910 10,000
8 No. 4 HFMI-man 3 320 181,432 10,000
9 No. 4 HFMI-man 3 250 877,567 10,000

of the surface during the recording of the image sequences
[18]. Within the evaluation of the infrared camera data,
the relative displacement of the single images of an image
sequence must be adjusted. Therefore, an aluminium refer-
ence marker is applied on the surface. Figure 12 shows an
appropriately prepared specimen.

Evaluation of the infrared thermography data The raw data
first consists of several image sequences, each including 368
pictures. The evaluation of these data sets is performed by
an evaluation method that was developed by Medgenberg in
[18]. As described in [17], the thermography data set must
be prepared before the actual analysis of the recorded evolu-
tion of temperature. Therefore, at first, the intensity values
recorded by the infrared camera are converted into tempera-
ture values. In a second step, the relative shift of the single
images within a sequence is compensated with the help of
the applied reference marker.

In the following analysis of the evolution of the tempera-
ture, the difference signal of every recorded pixel signal to a
homogenous reference signal is determined. As a reference

@ Springer

signal, a pixel signal out of a less stressed field of the speci-
men is chosen, which, due to the harmonic evolution of the
applied loading, adopts a nearly sinusoidal evolution as well.

Reference mark

Graphite coating

Fig. 12 Specimen prepared for infrared thermography measurements
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For calculating the difference signal of a pixel signal, the
determined reference signal is first fitted to the sequence
of time of the pixel signal. For a further analysis of the
temperature response, the linear and nonlinear temperature
amplitudes are determined, based on the calculated differ-
ence signal to the applied load sequence. Afterwards, the
damage behaviour can be investigated by a graphical evalu-
ation of the linear and nonlinear temperature amplitudes.

5.2 Results of the infrared thermography
measurements

5.2.1 Graphic evaluation of the temperature response

The graphic evaluation of the linear and nonlinear tempera-
ture distribution is explained below, using the example of
a manually treated sample (specimen No. 9 in Table 6). \*
MERGEFORMAT Fig. 13 shows the linear and nonlin-
ear temperature amplitudes in the centre of the specimen
dependent on the numbers of load cycles.

The first picture represents the initial state after
N=40,000 load cycles (N/N;=0.05). Respecting that the
distribution of the linear temperature amplitude indicates the
stress field as well as stress concentrations, the weld toe is
characterised by a significantly increased linear temperature
amplitude compared to the nominal cross section as well as
the area of the weld and the transverse stiffener, where the
linear temperature amplitude is nearly homogeneous [17]. At
the right side of the bottom weld toe, locally decreased linear
temperature amplitudes can be recognised. Those punctually
decreased linear temperature amplitudes within the weld toe
shortly after the beginning of the fatigue test can be caused
by defects near the surface such as weld spatter [18]. In the
initial state, no or hardly, any nonlinearities can be found in
the temperature response of the sample.

The infrared sequence recorded after N=240,000 load
cycles (N/Nf=0.27) shows the point in time at which a sig-
nificant increase in the nonlinearities first indicates local
plasticisation. Changes in the linear temperature amplitude
cannot be detected at this time.

Locally significantly reduced linear temperature ampli-
tudes, combined with an increase in the direct adjacent
areas, such as in the middle of the upper weld toe, indicate
stress redistributions due to cracks [2]. After N=420,000
load cycles (N/N;=0.48), in the same place as the increase
of the non-linearities, a first very localised decrease of the
linear temperature amplitude can be spotted; this can be
taken as the point of crack initiation.

The infrared sequence after N=700,000 load cycles
(N/N;=0.72) exemplary displays the temperature response
of the specimen at a later state of the fatigue test, after
advanced crack propagation. Compared to an earlier state,
an increase of the non-linearities in the area of the damage
leading to failure can be noticed. The linear temperature
amplitude has further decreased, combined with an increase
in the directly adjacent areas, which indicates stress redistri-
butions caused by the crack.

The last picture belongs to the last image sequence,
recorded after N=_870,000 load cycles (N/N;=0.99) just
before the end of the fatigue test. Strongly increased linear
temperature amplitudes in the remaining cross-section at
the edges of the sample indicate the stress concentrations,
due to the crack in the middle of the upper weld toe. The
non-linearities around the crack have become zero as the
crack growth has progressed so far that there is no more tem-
perature transfer. Only small areas with increased non-linear
temperature amplitudes at the edge of the crack indicate the
plasticising of the crack tips.

As another example, Fig. 14 shows the distribution of
the linear and nonlinear temperature amplitudes of an auto-
mated treated sample (specimen No. 3 in Table 6) depend-
ent on the number of load cycles. The graphic evaluation of
the temperature evolution corresponds to the results for the
manually treated specimen presented in Fig. 13. In the fol-
lowing, the evaluation of the crack initiation and propagation
behaviour is presented using the data of the two samples
shown in Figs. 13 and 14.

Evaluation of the crack propagation behaviour According
to [2], the crack propagation can also be displayed using
contour lines, representing a defined magnitude of deviation
of the temperature A9 of the linear and nonlinear tempera-
ture amplitudes compared to the initial state in dependence
on the number of load cycles. Figure 14 shows the crack
propagation of a manually treated sample (sample No. 9 in
Table 6). Figure 15 exemplary presents an automated treated
sample (No. 3 in Table 6). Since there were no beach mark
tests carried out and the point of crack initiation can there-
fore not be determined exactly, only a qualitative comparison
of the temperature response of the manual and automated
HFMI-treated samples has been carried out. Due to the lack
of the possibility of matching with beach marks, the magni-
tude of the deviation of the temperature amplitudes A9y;, and
A3, ;, used in the evaluation was chosen according to [2].
The aim is a qualitative comparison of the crack propaga-
tion behaviour of the automated and manual HFMI-treated
samples.
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Fig. 14 Distribution of the
linear and nonlinear tempera-
ture amplitudes in the centre of
the automated treated specimen
tested with Ag=250 N/mm?,
after a specific number of load
cycles; left, linear temperature
amplitudes; right, nonlinear
temperature amplitudes
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Fig. 15 Crack propagation of a manually treated sample tested with Ac=250 N/mm?, represented by a difference amount A9 of the linear and

nonlinear temperature amplitudes compared to the initial state

HFMI-robo, A’slin =0.02K

number of load cycles

310,000, N/N, = 0.35
370,000, N/N, = 0.42
450,000, N/N, = 0.52
3 580,000, N//N, = 0.66
i 810,000, N/N, = 0.93
R 830,000, N/N, = 0.95
870,000, N/N, = 1

>
0

o

N
o
<
.

Distance from the center [mm]

0 10 20 30 40 50 60
Width [mm]

Fig. 16 Crack propagation of an automated treated sample tested with
nonlinear temperature amplitudes compared to the initial state

When comparing the contour lines, it can be noticed
that only a single crack appears during the entire course
of damage of the manually treated sample (Fig. 15), while
the damage progression of the automated HFMI-treated
specimen (Fig. 16) is characterised by the occurrence of
several incipient cracks. As this could not be confirmed
by the evaluation of the other samples, the number of
cracks occurring is not seen as a characteristic differ-
ence between manual and automated treatment. The focus
of further evaluation therefore lays on differences of the
crack initiation phase. For a qualitative comparison,
the image sequence, for which a deviation magnitude
of A ~0.02 K within the linear temperature amplitude
could first be recognised, was defined as technical crack
initiation. In Fig. 17, the results of the qualitative evalu-
ation of the crack initiation are presented as the ratio of
the number of crack load cycles to the number of fracture
load cycles at the respective stress range.

Since the points of the determined ratio of the number
of crack load cycles to the number of fracture load cycles
are close to each other at all the tested load levels, no
significant difference between a manually performed and
an automated HFMI treatment could be noticed in the
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automated HFMI-treated weld toes seems to be compa-
rable to manually treated weld toes.

400
g HFMI-robo
HFMI-man
350 E(>
e
300

Ao [N/mm?]

250 - o

200

150 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1

NN, []

Fig. 17 Qualitative evaluation of the crack initiation



Welding in the World

500 T T T
400F <A A : E
300F e~ \ ]
200 b b
S
=
Z
< 100 1

(0)
o o
S o
T

Stress range A
5

N
o
T

/A HFMi-robo
AW-reference

10 . .
10* 10° 108 107

Number of load cycles Nf [

Fig. 18 S-N curve of the automated treated specimen

6 Testresults

Figures 17 and 18 present the S-N curves for the automated
and manually treated samples, calculated according to [19].
Corresponding to this approach, the mean fatigue resist-
ance Aoy, for a survival probability P =50% was com-
puted based on a linear regression. The characteristic S—-N
curves were determined, using a one-sided lower 95% pre-
diction bound, and therefore represent a survival probability
of P=95%. The calculated reference value of the fatigue
strength Ao, as well as the mean value Aoy, is given for
N,=2X 10 load cycles, as shown in Table 7.

As there is no difference in the treatment parameters of
the two series with automated HFMI-treated specimen, they
are summarised in the statistical evaluation shown in Fig. 18.
The manual HFMI treatment was applied using two different
pin radii. Thus, the two HFMI-man series were first evalu-
ated separately. The results of the separate evaluation can be
taken from Table 7. Outliers, such as samples with failure
in the load application as well as run outs with more than
N=5x10°load cycles, were not considered in the statistical
evaluation. Regarding the calculated values of the fatigue

strength, as well as the slope of both HFMI-man series, no
significant difference can be found. This indicates that the
influence of the pin diameter on the HFMI treatment result
is negligible for these series. Therefore, the test results of the
manually treated specimens were summarised in one S—-N
curve, shown in Fig. 19.

For a comparison of the test results of manual and auto-
mated performed HFMI treatment, both S-N curves are
displayed in Fig. 20. The statistical investigation of the
results of the AW reference by a linear regression resulted
in a slope of m=3.55 and a characteristic fatigue strength
of Ac,=90 N/mm?. Thus, the results of the AW reference
series confirmed to the fatigue class (FAT) 80, according to
[20], quite well.

According to the IIW recommendations [21] and the
DASt guideline [22], the considered notch detail of a trans-
verse stiffener made of S355 with HFMI-treated weld toes
is assigned FAT 140. With the calculated characteristic
values of the fatigue strength of Ao, grppmrman =202 N/
mm? and A6, HEMI-robo = 207 N/mm?, both manual and auto-
mated HFMI treatment show a higher characteristic fatigue
strength, compared to the specified FAT 140.
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Fig. 19 S-N curve of the manually treated specimen

Table 7 Results of the fatigue

Series no Number of Weld condition Slope

Standard ~ Scatter, Ty, Fatigue strength

tests specimens deviation 3 2
Aoy (N/'mm?~) Ao, (N/mm”©)
No. 1 15 HFMI-robo 821 0.17 1:2.76 223 203
No. 2 14 HFMI-robo 829 0.17 1:2.52 228 209
No.1+2 29 HFMI-robo 822 0.16 1:2.62 225 207
No. 3 15 HFMI-man 737 0.26 1:4.81 229 195
No. 4 15 HFMI-man 6.88 0.21 1:3.41 234 201
No.3+4 30 HFMI-man 722 0.24 1:4.13 232 202
No. 5 14 AW 355 0.08 1:1.62 101 90
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Fig.20 S—N curves of the automated and manually treated specimen

A comparison of the S—N curves of both treatment states
HFMI-man and HFMI-robo in Fig. 20 shows that there is no
considerable difference in the fatigue results of the automated
and manually treated specimens. Regarding the different treat-
ment parameters used for the automated and the manually
performed treatment, this is in agreement with results of
previous studies like [3, 15, 16] where no significant effect
of varying treatment intensities on the fatigue strength was
observed either. As there is no significant difference between
the calculated characteristic values of the fatigue strength with
A6 yFpMLman =202 N/mm? and A6, ypyr_robo =207 N/mm?,
the results indicate that an automated performed adaptive
application of the HFMI treatment, which is able to adapt to
irregularities in the course of the weld toe, enables the same
increase of the fatigue strength as a common manual HFMI-
treatment. In contrast, the statistical evaluation shows a differ-
ence in the scatter of the test results. With Ty yryy ropo = 1:2.62
and Ty grvirman = 1:4-13, the lower scatter of the fatigue test
results of the automated HFMI-treated samples implies that
a more consistent treatment quality can be reached, using an
adaptive automated HFMI treatment. Based on the test results,
it is assumed that an automated HFMI treatment, performed
using an adaptive robotised HFMI application, achieves a
treatment quality, which is at least comparable to the results
achieved by a manual applied treatment.

7 Conclusion

The aim of this work was to evaluate the effect of an adaptive
robotic HFMI treatment on the groove geometry, the crack
initiation behaviour and the achieved increase of the fatigue
strength compared to a common, manually performed HFMI
treatment. For this purpose, several experimental investiga-
tions were carried out on the notch detail transverse stiffener.
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Measurements of the groove geometry revealed that the
differences between automated and manually performed
HFMI treatment, regarding the consistency of the geom-
etry parameters as well as the evaluated mean values,
are negligible. Additionally, the smaller variation of the
groove geometry indicates that the HFMI groove, created
by the developed adaptive robotic HFMI treatment, offers
the potential to realise a more consistent groove geometry.

In order to evaluate the crack initiation behaviour of
automated and manual HFMI-treated welds, infrared ther-
mography measurements were carried out, simultaneous
to some of the fatigue tests. The qualitative evolution of
damage was evaluated, based on the recorded infrared
sequences. Similar to the results of the geometry meas-
urements, no significant difference between robotic and
manual HFMI treatment could be detected in a qualitative
comparison of the crack propagation. For a more precise
evaluation of the crack initiation as well as the continuing
crack propagation, in further research, infrared thermogra-
phy measurements should be accompanied by fatigue tests,
creating beach marks, as performed in [2].

Based on the results of the fatigue tests, the effective-
ness of an adaptive robotic HFMI treatment regarding the
achieved increase of the fatigue strength could be confirmed.
As the statistical evaluation of the test results showed, the
calculated fatigue strength, achieved by the adaptive robotic
and the manual treatment, was almost the same. Thereby,
the lower scatter of the test results of the automated treated
specimens indicates that an adaptive automated HFMI treat-
ment can result in a more consistent treatment result, com-
pared to a manually performed treatment.

The results of the experimental work therefore con-
firmed the effectiveness of an adaptive robotic HFMI
treatment, using the developed HiFIT application. It is
assumed that the treatment quality, achieved by the auto-
mated application, is at least comparable to the treatment,
resulting from a manually performed treatment, while the
robotic application has the potential to minimise the scat-
ter of the treatment result and, thus, realise a more consist-
ent treatment quality.

In order to enable a greater more diverse use of the
robotic HFMI treatment, future investigations should focus
on further details. In this context, the practicability and the
achieved treatment result of automated treatment on more
complex component geometries are of interest.
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