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1. Introduction

The integrity and longevity of welded structures are of principal
importance across industries, ranging from automotive to con-
struction and marine engineering. Fatigue and corrosion are
the most prominent reasons for premature failure of engineering
products. As a result, increasing the usable lifetime of structures
directly impacts sustainable use and materials consumption.
Considering that 40% of the annual global steel demand is allo-
cated to replacing products that have reached the end of their
lifetime or failed prematurely,[1] it is evident that extending
the usable lifespan of infrastructure offers a significant opportu-
nity to reduce carbon oxide emissions.

Welding, while a fundamental joining
technique, inevitably introduces residual
stresses (RS) and microstructural changes
that can compromise the performance
and durability of welded components.
Among all engineering products, more than
half contain welded connections.[2] In the
context of structural longevity, cyclic loading
is especially critical for welded joints, as pro-
file changes in the weld toe can introduce
stress concentrations. Additionally, rapid
heating and subsequent cooling is responsi-
ble for localized phase transformations,
grain growth and impeded shrinkage in
the heat-affected zone (HAZ) contributing
to an impaired fatigue strength.[3–5] In order
to constrain these effects on the fatigue
strength, so-called postweld treatments are
developed. According to the International
Institute of Welding (IIW), postweld treat-

ments can be categorized into three groups. Diminishing the geo-
metric deviation from the base material, the first group focusses
on prevention of stress concentrations. Modifying the RS states in
the weld proximity, particularly reducing possible tensile RS, is
characterized by the second group, where the high-frequency
mechanical impact (HFMI) technique shows the most promising
results. The third group focusses on improving environmental
condition and shielding the weld off influential environments
by means of coatings.[6–8]

Coatings can be used in an alternative way, that is by the
introduction of RS in the near surface regions or suppression
of persistent slip bands, the precursor of fatigue crack initia-
tion sites:

Exemplary on polyimide substrates, where a drastic increase
in lifetime can be observed.[9,10] Coatings of pure Cu or Cu/Ni
multilayer with layer thicknesses far below 1 μm show, that
decreasing the individual layer thickness results in a decrease
of the density of surface intrusions and extrusions, instead cracks
initiate at internal defects and grain boundaries. Using pure Cu
as a substrate material, a Cu/Ni multilayer is electrodeposited on
Cu samples and fatigue testing is conducted.[11,12] The crack ini-
tiation period is prolonged and fatigue testing stopped after
5� 107 cycles with no failure. The suppression of dislocation
movement to the free surface prevents fatigue crack nucleation
for multilayer coated materials. Further, for nanoscale multi-
layers with other metal combinations, an increased fatigue per-
formance and prolonged crack initiation phase has been
reported, as a result of suppression of persistent slip bands.[13–15]

Alternatively, via the application of thin films and their inherit RS
states an improvement in fatigue performance can also be
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detected.[16–19] Substrate material in close proximity of the coat-
ing is influenced to show compressive RS, thus reducing the
effective stress amplitude at the surface and transferring crack
initiation sites from the surface into the material.

This article seeks to give new insights into the underlying
effects of the novel postweld treatment in using a Cu/Ni multi-
layer coating deposited onto industry-standard welded steel joints
to improve the fatigue strength.

Previous studies[20,21] presented, that an improvement of
300%–600% in service life, depending on the applied load, is
observed in butt-welded steel plates. The nanometallic multi-
layers (NMM) postweld treatment has been developed from
small-scale laboratory tests[22–24] to a scalable technology[21]

by using electrodeposition, applicable for new and existing
structures[20,25–29] as well as for metal 3D-printed structures.[30]

For the first time, the NMMs effect of welded joints is investi-
gated, especially in regard to the underlying principles of fatigue
enhancement. The hypothesized mechanisms are expected to
rely heavily on the introduction of residual compressive stresses
into the steel substrate and thereby prolonging the crack initia-
tion phase and inhibiting crack propagation. Herein, the origin
of RS in electrodeposited multilayer and their relationship in
increasing the fatigue strength of welded joints is investigated
by measuring the RS states in the multilayer coating, their influ-
ence on the compressive RS states in the substrate and their com-
bined effect on fatigue strength.

2. Experimental Section

2.1. Welded Steel Samples

For fatigue strength evaluation, S355 J2 mild steel dog-bone sam-
ples according to DIN 50 125 type E are fabricated.[31] Two steel
plates are welded together by MAG welding, using Linde
CORGON 18 (18% CO2/82% Ar) shielding gas with a volume
flow of 10 Lmin�1. The welding is performed by a UR10e weld-
ing robot, carrying a LORCH 5 XT using Böhler SG2 filler mate-
rial. In Table 1 the chemical composition of the substrate and
filler material is shown. Using a double-V (DV) butt-weld, the
plates are welded together. For the top and bottom V-weld,
I= 175 & 205 A weld current and 7 & 11mm sec�1 feed speeds
are selected, respectively. The samples are dimensioned by water-
jet cutting to the final measurements of 284� 8 mm2 (L� T)
with 35mm width in the grip section, thinned to 25mm for
the parallel width. A schematically depiction is shown in
Figure 1a. Test pieces, that undergo polishing are abrasively
grinded by up to 180 grit in parallel direction of the length.
That way, scales and oxides are removed for further electrodepo-
sition or testing.

Tensile testing of dog-bone samples showed a yield stress of
fy= 370MPa, which is used to assess the stress amplitudes for

subsequent cyclic loading. Tensile-tensile fatigue testing is per-
formed and evaluated according to DIN 50 100[32] on a servo-
hydraulic uniaxial testing machine (Schenck PC400M) with a fre-
quency of f= 8Hz. During testing the σmax is set to the described
percentage of yield strength, while σmin is set to zero, resulting in
a stress ratio R= 0. Test piece failure occurs with complete rup-
ture. Run-outs are considered, when cycle numbers exceed
Nf = 2.5� 106 cycles, and are not included in calculation of
the S-N curves.

The S-N curves of the polished weld and parameter set D are
taken from Brunow et al.[20] Parameter sets A–C are tested on a
fixed stress range, i.e., ΔσR= 0.75� fy.

2.2. NMM Deposition Process

Different layups of the nanometallic multilayer are selected for
this study. It is investigated how the variation of layer character-
istics changes the RS in the thin film and subsequently impacts
the RS states in the steel adjacent to the surface, ultimately affect-
ing the fatigue strength.

The NMM used herein is an electrodeposited thin film, com-
posed of alternating Copper and Nickel nanolayers. A summary
of the governing deposition parameters is given in Table 2.

As the influence of RS is explored, the respective sample con-
ditions are selected to increase the magnitude of RS states.
Increasing the current densities under which the thin film is pro-
duced, usually results in an increase in inherent RS.[33,34] The
role of the Ni striking/leveling layer is increasing adhesion of
the multilayer system on the steel based substrate. Reducing
the leveling layer to a minimum, allows for an unhindered force
transfer between the multilayer and the substrate, without a buff-
ering interlayer in between. Lastly, the reduction of individual
layer thicknesses is hypothesized to exhibit higher RS as a result
of higher strength, following the effect of grain boundary
strengthening. The standard layup is sample condition D, which
has been used in a previous publication.[20] From this, the var-
iants with higher current density (sample condition A), a thinner
leveling layer (sample condition B), and halved layer thickness
(sample condition C) are derived.

Before the electrodeposition process, oxides and scales are
removed by polishing and the specimen are thoroughly cleaned
by ultrasonic treatment. Electrodeposition with a citrate Cu/Ni
sulfate-based electrolyte is performed in a single-bath configura-
tion adopted from Bonhote et al.[35] Using a pulse power supply
galvanostat (Plating Electronics pe86CB-20-5-25-SGD), the NMM
is deposited up to a total thickness of ttotal= 9 μm.

2.3. Materials Characterization

Herein, three approaches are followed: First, fatigue testing is
conducted to examine the performance of the NMM postweld

Table 1. Chemical composition of base, according to material certificate and filler material.

Alloying element C [wt%] Mn [wt%] Si [wt%] Cu [wt%] Cr [wt%] P [wt%] S [wt%]

S355 J2 0.12 1.33–1.36 0.19–0.24 0.23–0.3 0.7–0.17 ≤0.018 ≤0.025

SG2 0.07 1.5 0.85 0 0 0 0
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treatment. Second, the fatigue data is correlated with the evolu-
tion of the RS in the steel substrate using energy dispersive X-ray
strain analysis. Lastly, nanodiffraction experiments are per-
formed to explain the RS development in the steel depending
on the deposited NMM layup, thus providing an approach to tune
the fatigue strength increase which corresponds to lifetime
extension of metal infrastructure. A polished and etched
cross-section image of the weld, HAZ and base material is shown
in Figure 1b. The NMM covers weld, HAZ, and partially base
material. The multilayer thickness, layup configuration, and indi-
vidual layers are characterized using a DualBeam focused ion
beam/scanning electron microscopy (FIB/SEM) FEM Helios
Nanolab G3. A rectangular trench is milled by means of FIB
and examined by SEM.

In order to measure RS distribution in the NMM as well as in
the steel substrate, different approaches are taken:

2.3.1. Energy Dispersive X-Ray Diffraction Strain Analysis

Energy dispersive X-ray diffraction (EDXRD) is carried out at
the white-beam beamline P61A of PETRA-III at DESY,
Hamburg. The polychromatic, high incident spectrum of
E= 30–200 keV enables penetration through the entire speci-
men along the 25 mm width of the specimen and receiving suf-
ficient diffraction data in a timely fashion. The beamline is
equipped with two independently positioned point detectors
at 2θ0 ¼ 5.815° vertically and 2θ1 ¼ 4, 488° horizontally. The
collimator slits are set to guarantee a 10 μm measurement
height, i.e., each data point represents a 10 μm step along
the cross-section.

A total of 25 measurements are taken for each sample, thereby
getting diffraction data up to 250 μm cross-sectional depth. The
samples are oriented so that the gauge volume is always centered
on the specimen, thereby preventing partially filled gauge vol-
umes. The measurements are performed in transmission mode.
The experimental setup is shown in Figure 2a, with the beam
and its diffracted path to the horizontal and vertical detectors.
Peak fitting is conducted with in-house software P61Viewer
using the Pseudo-Voigt fitting method. All strain analysis is per-
formed on the (211) reflection. For the calculation of strains in
an energy dispersive experiment, Bragg’s law takes the form of

dðhklÞ ¼ hc
2 sin θd

1
EðhklÞ ¼ const

1
EðhklÞ (1)

Figure 1. a) Schematic drawing of the dog-bone sample dimensions annotated in mm. b) Cross-sectional micrograph of a welded sample with the NMM
highlighted in orange. EDXRDmeasurement is performed along dotted line to a total depth of 250 μm. c) SEM image of a NMM cross-section, where the
individual Copper and Nickel layers are visible by different contrasts. Contrary to samples in this study, the image shows an exemplary sample with 5 μm
total thickness. Red squares schematically show measurement areas for nanodiffraction measurements.

Table 2. Deposition parameters for all sample sets.

Sample A B C D

Total NMM thickness [nm] 9000 9000 9000 9000

Nickel leveling layer thickness [nm] 1000 100 1000 1000

Copper layer thickness [nm] 15 15 7,5 15

Nickel layer thickness [nm] 35 35 17,5 35

Copper current density [mA cm�2] 0.8 0.8 0.8 0.45

Nickel current density [mA cm�2] 50 50 50 22
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h is Planck’s constant, c the velocity of light, θd the diffraction
angle, and E(hkl) the corresponding energy satisfying Bragg’s
law. Thereby the lattice strain is calculated

εφψ ðhklÞ ¼
dðhklÞ � d0ðhklÞ

d0ðhklÞ
¼ E0ðhklÞ

Eφψ ðhklÞ
� 1 (2)

where subscript 0 refers to the stress-free lattice plane distance
or energy, respectively.[36] The experiment is set up, that the
strains are in principle directions, setting the shear strain com-
ponents to zero. Simultaneously, the out-of-plane strains cannot
be measured in this test configuration and are also ignored
herein. With σ22 ¼ σ12 ¼ σ13 ¼ σ23 ¼ 0, the fundamental equa-
tion of X-ray stress analysis (XSA) becomes

ε11ðhklÞ ¼
1
2
s2σ11 þ s1ðσ11 þ σ33Þ (3)

ε33ðhklÞ ¼
1
2
s2σ33 þ s1ðσ11 þ σ33Þ (4)

Measurements are taken �2mm from the weld toe to lie in
the HAZ, to get accurate information about the change in RS by

the NMM, including the influences of phase transformation and
subsequent lattice expansion.

2.3.2. X-ray Nanodiffraction Strain Analysis

For investigating the RS development within the NMM, nanodif-
fraction experiments at the P03 micro and nanofocus small- and
wide-angle X-ray scattering beamline (MiNaXS) at PETRA-III
(denoted as P03 experiment) at DESY, Hamburg are performed.
Because of the comparable low photon energy of E= 19.8 keV,
special sample preparation is necessary. Rapid X-ray attenuation
within Ni and Cu necessitates the use of thin lamellae. They
are produced by precision sawing (Buehler IsoMet 4000) from
the dog-bone test pieces used in the fatigue experiment. The
dimensions after cutting are 20� 8mm2 (W�H) with a thickness
of t= 200–300 μm. With further decrease in thickness, bending,
and stress relaxation occurs, which impacts the validity of the
experiment. The experimental setup is shown in Figure 2d, where
the beam is scanned across the height and the diffracted
Debye-Scherrer (DS)-rings are detected. The beam is focused
by KB-mirrors to a small field of 350� 250 nm2 (H�W), then

Figure 2. a) EDXRD experimental setup with the incoming beam, the sample holder, and the diffracted beams reaching the point detectors. b) Energy
dispersive intensity spectrum acquired by detector 0 at 2θ0 ¼ 5.815°. c) Energy dispersive intensity spectrum acquired by detector 1 at 2θ1 ¼ 4.488°.
d) Schematic depiction of the P03 experiment with the incoming beam, the sample, and a DS-ring, diffracted onto the detector. e) Radial integration of
sample A with the crystallographic planes denoted. Square root of the counts is taken to increase visibility of planes with different intensities. Integration
and data analysis are performed with hereon in-house software Pydidas.[32]
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transmitted through the sample. After diffraction, the signal is
detected by means of single counting detector Dectris EIGER
9M, where DS-rings can be analyzed. The sample-detector dis-
tance is fixed to ddet= 17 cm, which allows the analysis of
DS-rings up to 2θ � 45°. The depth scan starts at the sample sur-
face and reaches a total depth of 45 μmwith a step size of 0.35 μm.
RS analysis is performed by means of the sin2ψ method. Because
of the position of the beam-center on the detector, only the bottom
half of the DS-ring can be used for analysis. The half-circle is
divided into 19 sections, each section with an azimuth angle seg-
ment of δ� 5°, then azimuthally integrated and peak fitted. The
corresponding dδθðhklÞ are calculated by standard Bragg’s Law.
The dδθðhklÞ versus sin2ψ plots are linearly fitted. Following

σ11 ¼
1
d0

1
1
2 s2

∂dθδ
∂sin2ψ

(5)

the RS can be calculated with the respective d0ðhklÞ and X-ray elas-
tic constants (XEC) values for Cu and Ni, taken from the software
IsoDEC.[37] σ33 ¼ σ12 ¼ σ13 ¼ σ23 ¼ 0 is applied.[38] In order to
investigate the RS states of the sample, the data is processed with
Hereon in-house software Pydidas.[39] For all diffraction data,
careful selection of the desired DS-rings for analysis is required
as Cu and Ni peaks are overlapping. A fully integrated detector
image is shown in Figure 2e. The respective crystallographic planes
are denoted as well. Selecting a peak for strain analysis has to fulfill
four requirements: First, no superposition between the Fe and
neither Cu nor Ni peaks should be visible. Second, the respective
Cu and Ni peaks should not overlap to yield peak identification and
fitting to satisfactory results. Third, intensity of the selected peaks
should be sufficient for subsequent peak fitting and data analysis.
Lastly, intersection of the strain models poses an additional con-
straint. For the given hkl, the Reuss, Eshelby-Kröner, and Voigt
models should intersect, allowing for valid predictions for strain
evaluation of the entire polycrystalline material.[40] As a result,
for Copper and Nickel the (311) plane is selected.

The purpose of the experiment at beamline P03 is to investi-
gate the RS states in the NMM. Although measurements are also
taken of the steel substrate beneath, the primary focus of
this analysis is on the NMM, which is anticipated to exhibit
an equibiaxial stress state predominantly defined by the process
parameters. In contrast, the steel substrate is influenced by the
broader manufacturing and preparation processes. Extrapolating
results from the nanoscale test volume, measuring
0.35� 0.25� 300 μm3 (H�W� T), to the entire steel substrate
is not feasible. Furthermore, variations in experimental out-
comes can be partly attributed to the smaller gauge volume used
in the P03 experiment. This limitation hampers the statistical
reliability of results due to the reduced number of diffracting
grains compared to experiments with larger gauge volumes.
However, this issue is less pronounced for the Cu/Ni multilayer,
as the nanoscale dimensions of individual grains result in
a larger number of diffracting grains within the gauge volume,
thereby enhancing the statistical robustness of the measure-
ments. As illustrated in Figure 2e, the diffraction data reveals
information from different planes and elements. The simulta-
neous measurement of the ferrite, alongside the Cu/Ni phases
suggests potential misalignment, however, it is more plausible
that the surface roughness exceeds the coating height of

ttotal= 9 μm. Additionally, it is important to note, that the incom-
ing beam has a focus point, where the dimensions 350� 250 nm2

hold true. Beyond this focal point, the beam experiences slight
divergence, which could influence the accuracy of the
measurements.

3. Results and Discussion

Table 3 summarizes fatigue test results. While the S-N curves
include a wide array of tested stresses, sample sets A–C are tested
at a fixed stress range of ΔσR= 0.75� fy, the individual sample
results are presented. The table presents mean fatigue life values
Nf,M for each parameter set, with all samples included, except
the run-outs. Mean cycles to failure for sample set D, polished
and as-welded are deducted from the ΔσR,50% S-N curves inter-
section withΔσR= 0.75� fy. Figure 3a presents mean S-N curves
ΔσR,50% for DV butt-welded specimens in three conditions:
as-welded, as-weldedþ polished, and after nanometallic multi-
layer postweld treatment, compared with data from recent
studies.[20] Fatigue data points for sample sets A–C, tested at
maximum stress level ΔσR= 0.75� fy, are indicated in the
Figure 3. The relative probability distribution is depicted as a nor-
mal distribution in the accompanying rug plot below. The NMM
postweld treatment significantly enhances fatigue strength com-
pared to both as-welded and polished conditions. Sample set D
shows a pronounced reduction in S-N curve slope to m= 6.3. As
detailed in Table 2, the sample sets vary in deposition parame-
ters. All parameter combinations increase fatigue strength com-
pared to the as-weldedþ polished condition. Among sample sets
A–C, condition B demonstrates the most notable improvement,
achieving a mean cycles-to-failure Nf,M= 431823 cycles, repre-
senting a 16.5% enhancement in service life at the tested stress
level, compared to previously published sample set D from
Brunow et al.[20] That amounts to an absolute increase in mean
cycles-to-failure Nf,M of 309% compared to the as-welded sample
set. Conversely, sample set C yields a lower fatigue strength
improvements compared with sample set D, while sample set
A exhibits only slight decrease in performance. With sample sets
D, polished and as-welded the endurance limit can be presumed.
For as-welded samples, the endurance limit seems to be located
around Sf,as-welded= 0.3� fy, for polished samples Sf,polished =
0.6� fy and for NMM coated samples the endurance limit is pre-
sumed to be Sf,NMM= 0.7� fy. These preliminary findings
require confirmation through additional testing. For all samples,
extrapolated mean S-N curves are also included to visualize the
change in the respective slopes. With sample set B, the slope is
further reduced to m= 6.6. In the rug plot of Figure 3a, the nor-
mal distributions of the experimental data are shown. For each of
the data points of sample set A–C the relative probability is plot-
ted against the respective cycles to failure Nf.

RS measurements are conducted at beamline P61A to inves-
tigate NMM effects on the steel substrate and correlate findings
to the fatigue test data. The high-energy white-beam beamline
enables penetration of thick samples without pretreatment, that
could alter RS states. Stress-free lattice parameters are obtained
by annealing, followed by analysis using lab-XRD (Stresstech
Xstress DR45). The strain-free lattice spacing is determined as
d0,Fe= 0.28680157 nm. This study provides the first
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comprehensive analysis of absolute RS values and distributions
within both substrate and NMM layers. Sample D from previous
work[20] is included for comparison, with electroplating current
densities of 0.45 and 22mA cm�2 for Copper and Nickel,
respectively.

Figure 3b presents RS distributions versus specimen depth.
Consistently high compressive RS are observed in the steel sub-
strate, with absolute values exceeding the yield strength of base

steel S355. This phenomenon is attributed to surface prepara-
tion[41] and 3D compressive stress states created by the NMM
and surrounding material, which inhibit dislocation movement.
In contrast, polishing produces tensile RS, with peak stress
σRS,11= 570MPa near the surface, equivalent to the steel ulti-
mate tensile strength.

RS measurements reveal that all NMM-treated specimens
exhibit beneficial compressive RS in the steel substrate caused

Table 3. Cycles to failure for all sample sets. Mean cycles to failure for sample sets A–C is calculated from the cycles to failure Nf, tested at ΔσR= 0.75� fy,
presented herein. Sample set mean values for D, polished, and as-welded are derived from the S-N curves intersection with the stress level ΔσR= 0.75� fy ≙
277.5MPa.

Sample set A B C D Polished As-welded

648 581 442 884 228 959 Data points taken from ref. [20]

1 429 840 379 458 342 377 – – –

114 822 361 609 436 878 – – –

81 207 275 566 134 397 – – –

69 315 1 193 901 221 371 – – –

707 967 254 173 203 608 – – –

80 985 292 820 233 510 – – –

171 321 254 173 – – – –

29 079 – – – – –

198 293 – – – – –

214 440 – – – – –

335 265 – – – – –

300 825 – – – – –

139 960 – – – – –

Mean cycles to failure Nf,M [�] 322.992 431.823 257.300 370.710 178.064 140.737

Figure 3. a) Mean S-N curves for samples in the as-welded condition, after surface polishing, and after subsequent NMM postweld treatment. Data
points represent sample sets A–C tested at a stress range of ΔσR= 0.75� fy. Dotted lines indicate extrapolated mean S-N curves based on experimental
data points. The rug plot represents the normal distribution of the experimental data for the respective sample sets A–C. b) RS σRS,11 in the steel substrate
for the in-plane s11 direction across the depth profile. For RS evaluation, the Fe (211) planes are evaluated.
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by tensile RS in the NMM. Sample A demonstrates compressive
stresses extending throughout the measured depth profile, with
maximum compressive stress reaching σRS,11=�504MPa at the
substrate-coating interface. The fundamental distinction
between samples A and D is attributed to variations in electro-
deposition current density, a processing parameter that signifi-
cantly influences mechanical properties, including hardness
and RS distribution.[42,43]

Sample B, characterized by a reduced nickel leveling layer
thickness of tNi= 100 nm, exhibits high compressive RS of
σRS,11=�496MPa, which correlate directly with enhanced
fatigue performance. In contrast, Sample C, featuring halved
individual layer thickness, displays the lowest compressive RS
of σRS,11=�211MPa, despite maintaining relatively uniform
stress distribution across the measured depth. Sample D, retains
substantial compressive stresses σRS,11=�325MPa following
fatigue testing, demonstrating the durability and robustness of
the treatment under cyclic loading.

The occurrence of residual tensile stresses in the NMMduring
processing which cause residual compressive stresses in the steel
substrate is seen as a central mechanism for fatigue life enhance-
ment. These residual compressive stresses in the substrate effec-
tively mitigate localized stress concentrations. A key advantage of
NMM treatment lies in its comprehensive 2D surface coverage,
which addresses all potential failure initiation sites including sur-
face extrusions, material defects, pre-existing cracks, and geo-
metric notches across the treated surface. The comprehensive
nature of NMM surface modification provides superior reliability
and treatment consistency compared to 1D postweld improve-
ment techniques such as HFMI, as previously shown in
Brunow et al.[20]

Figure 4 presents RS measurements for samples A–C follow-
ing the sin2ψ method. All samples exhibit residual tensile
stresses, consistent with literature findings.[44–46] Nickel consis-
tently exhibits higher residual tensile stresses relative to Copper,
with approximately constant stress distributions across the
ttotal= 8 μm multilayer depth.

Sample A, characterized by individual layer thicknesses of
tCu,ind= 15 nm and tNi,ind= 35 nm, demonstrates maximum
stresses of σRS,Ni= 1.08 GPa and σRS,Cu= 376MPa. The mea-
sured Nickel stress exceeds the yield strength of monolithic
hot-rolled Nickel,[47] which is attributed to grain size refinement
resulting from reduced layer thickness and subsequent grain

boundary strengthening consistent with the Hall-Petch relation-
ship.[48] Nickel yield stresses exceeding σy,Ni > 2 GPa have been
reported in nanocrystalline systems,[49] therefore RS above 1 GPa
in Nickel are considered reasonable. Although Copper generates
RS through similar mechanisms, measured magnitudes remain
substantially lower. Nickel emerges as the primary contributor to
residual tensile stress development, evidenced by both superior
absolute stress values and greater volumetric fraction.

Sample B maintains identical individual layer thicknesses of
tCu,ind= 15 nm and tNi,ind= 35 nm but has a reduced leveling layer
thickness of tNi= 100 nm—one-tenth that of sample A. Sample B
shows the highest fatigue strength improvement and prominent
residual compressive stress distribution in the steel substrate
with maximum stress exceeding the steels axial yield strength at
σRS,Ni= 658MPa, as demonstrated in Figure 3b, P03 experiment
results reveal significantly lower residual tensile stresses in the
NMM Copper and Nickel layers compared to sample A. The
RS values from sample B are derived from a slightly different
experimental setup. All samples are measured with the beam size
set to nanobeam size, i.e., 350� 250 nm2. Additionally, micro-
beam measurements are conducted with a beam size of
1� 1 μm2. During the measurement of sample B, the synchrotron
facility experienced a beam drop, where no nanobeam diffraction
data for sample B was collected. Therefore, the microbeam plot
is presented. The findings shown in Figure 4 confirm tensile
RS within the multilayer system.

Sample C employs reduced individual layer thicknesses of
tCu,ind= 7.5 nm and tNi,ind= 17.5 nm, which is half the individ-
ual layer thicknesses of samples A and B. The steel substrate
exhibits reduced residual compressive stress of approximately
σRS,Fe=�200MPa, correlating with reduced fatigue strength
improvement compared to sample B.

RS measurements in sample set C, NMM confirm tensile
stress states distributed uniformly across the multilayer cross-
section. Maximum tensile stresses reach σRS,Ni= 811MPa and
σRS,Cu= 177MPa for Nickel and Copper layers, respectively.

Tensile RS in electrodeposited multilayers originate from
several mechanisms during film growth. Atomic incorporation
processes, lattice parameter mismatches between dissimilar
materials, grain coalescence events, and constrained thermal
expansion collectively generate internal stress fields.[42,44,50,51]

Additionally, the electrodeposition process inherently introduces
crystallographic defects and high-angle grain boundaries that

Figure 4. RS in the NMM for the in-plane biaxial s11/s22 direction. For RS evaluation, the Ni (311) and Cu (311) planes are selected for samples A, B, and C.
Data analysis is performed with DESY in-house software Pydidas,[32] following the sin2 ψmethod. Erroneous data points due to peak misfit are cyan colored.
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contribute to stress accumulation. The mechanical properties
and consequent RS evolution can be fine-tuned through careful
control of the ionic concentrations, the use of specific additives in
the plating bath, and optimization of processing parameters.
Among these, current density stands out as the principal param-
eter governing mechanical properties during deposition.
Elevated current densities enhance the nucleation rate of crystal-
lites, leading to grain refinement and an associated increase in
material strength.[42,44,50–56]

The substantial residual compressive stresses in the substrate
correlate with significant fatigue strength improvements as seen
in Figure 3. Sample C, despite utilizing identical current density
as samples A and B, exhibits reduced residual compressive stress
in the steel substrate, suggesting that reduced individual layer
thickness, particularly Nickel, yields to lower induced RS states
and correspondingly reduced fatigue strength enhancement in
comparison to previously published findings.[20]

Sample D, processed at lower current density, demonstrates
significant residual compressive stress and high fatigue
strength improvement to a FAT class 181. This indicates that
beyond current density, individual layer thickness, particularly
of Nickel, critically influences fatigue performance. Additional
parametric studies are required to fully understand the govern-
ing process parameters responsible for residual compressive
stress built-up in the substrate and corresponding fatigue
strength increase.

Residual tensile stresses in the NMM serve as the primary
mechanism generating substrate compressive stresses, thereby
suppressing crack initiation and propagation while enhancing
fatigue strength. However, secondary effects including increased
NMM hardness may also contribute to fatigue improvement and
service life extension observed in all NMM-treated welds.

4. Conclusion

Herein a novel postweld treatment, employing NMM is investi-
gated with particular emphasis on the RS states induced during
the deposition process. Tensile RS are inherently created during
the deposition within the NMM, which induce residual compres-
sive stress states in the underlying steel substrate by stress equili-
bration. Acting as a 2D surface treatment, the NMM effectively
covers and mitigates surface-related weaknesses, which is iden-
tified as crucial in driving the significant improvements in
fatigue strength. The multiscale approach combines the investi-
gation of RS development within the NMM and its effect on the
steel substrate to explain the fatigue strength increase. The con-
clusions drawn from this study can be summarized as follows:
1) Across all samples, nanodiffraction data shows that tensile RS
are inherently created during the deposition process in the
NMM. 2) A correlation emerges between the development of
compressive RS in treated welds and fatigue strength increase
compared to as-welded samples. 3) With a thinner leveling layer
(100 vs. 1000 nm) the resulting cycles to failure are further
increased, presumably by better transition of stresses into the
substrate. 4) Nickel is identified as the primary constituent of
the multilayer, responsible for introduction of RS in the thin
film, with its increased absolute RS values and its higher volu-
metric fraction.

These findings demonstrate that careful tuning of process
parameters offers a versatile toolkit for tailoring RS profiles,
thereby enabling controlled enhancements in fatigue perfor-
mance and service life extension of welded steel components.
Future work will focus on further investigating the role of RS
in the coating, their influence into the substrate and the effect
of fatigue, summarized in S-N curves. Additionally, the role of
material properties, such as hardness, ductility, and roughness
are to be investigated.
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