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1. Introduction

Multilayers of different materials or differ-
ent microstructures of one material have
enhanced material properties due to the
synergies of material properties and can
lead to new properties, e.g., giant magneto-
resistance. Improved hardness,[1] tough-
ness,[2] and reduced wear[3,4] or improved
corrosion resistance[5] are reported in the
literature. As a result, multilayers are used
in many products, including roller and ball
bearings, cutting tools, and car wheels.[6]

One reason for the improved mechanical
properties is a potentially evolving size effect
as layer thicknesses decrease. A size effect
on yield stress and tensile strength in multi-
layers with grain size modulation in a NiCo
alloy is described. Many thin coarse grain
interlayers lead to a deviation from the mix-
ing law above a certain interfacial density.[7]

A size effect in the hardness of multilayers
of two different materials has been found in
the way that lower layer thicknesses resulted
in higher hardness, for instance.[8–10]

Furthermore, an intrinsic size effect arises from the effect of grain
size on plastic deformation behavior. Down to a grain size of about
1 μm, this is described as the well-known Hall–Petch effect where
yield strength and hardness increase with 1/d(1/2) and is caused by
dislocation pile-up at grain boundaries causing a backstress on dis-
location sources inside the grain. In the sub-micrometer regime,
this trend is still observed, but the exponent can deviate from�1/2
due to an increasing role of the grain boundaries (GBs). As grain
size decreases, innergranular dislocation sources become scarce
and GBs can act as dislocation sinks or even transmit dislocations.
Plastic deformation can become dominated by GB sliding, rota-
tion, or migration rather than dislocation movement as grain sizes
decrease to 10–20 nm. Hardness decreases due to the so-called
inverse Hall–Petch effect. For a comprehensive treatment, the
reader is referred to the review by Pineau et al.[11] As multilayers
are composites, the interfacial cohesion is crucial for mechanical
behavior.[12–14]

There are several top-down and bottom-up processes for pro-
ducing multilayers. The most important of these is briefly
described here. Top-down processes include accumulated roll
bonding with achievable individual layer thicknesses of a few
micrometers and below, where the challenge is to achieve con-
sistent, homogeneous multilayer structures.[13,15,16] There are
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Metal multilayers exhibit improved material properties in a wide range of
applications. Used as coatings, they can make a component more resistant to
wear or corrosion in particular environments. Multilayer coatings can also be
used to add additional properties to a component and make it multifunctional.
The fabrication and characterization of multilayers are therefore an important
issue. Herein, both the fabrication and characterization of Ni/Cu and nano-
crystalline/coarse-grained Ni (nc/cg-Ni) multilayers are presented. The produc-
tion by means of electrodeposition also allows a variation of layer thicknesses
from a few nanometers up to a few hundred micrometers and is easily scalable to
industrial application. This article describes the single-bath deposition and
analyzes the microstructure and composition of the homogeneously deposited
Ni/Cu and nc/cg-Ni multilayers. A modulation of hardness in nc/cg-Ni varying
from 4.9 to 6.1 GPa is achieved while the elastic modulus is nearly constant. In
Ni/Cu multilayers, hardness varies from 6.4 to 6.1 GPa in the Ni- and Cu-rich
layers, respectively. Additionally, the reduced Young’s modulus ranges from 187.2
(Ni-rich) to 169.8 GPa (Cu-rich). The layer interfaces in both sample types are
tested using microbending cantilevers and are found be pore-free, mechanically
stable and show crack-free plastic deformation.
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also bottom-up processes such as physical vapor deposition
(PVD)[17] and chemical vapor deposition (CVD).[17,18] These vac-
uum processes can achieve total layer thicknesses of up to several
100 μm (CVD) and nanoscale individual layer thicknesses (PVD
preferred). A special CVD process is atomic layer deposition,
which offers high thickness control but can only produce layers
of a few 100 nm.[19,20] An industrially established and cost-
effective process is electrochemical deposition (ED).[6,21] Ions dis-
solved in an electrolytic bath are deposited at the cathode by the
flow of electric current. In ED, the microstructure can be specifi-
cally adjusted by using additives and tuning the current param-
eters, e.g., from direct current to pulsed current (PC) and reverse
PC (RPC).[22] The grain size of the deposit is determined by the
concurrent processes of nucleation and growth. These, in turn,
can be influenced by the overvoltage. At high overvoltage, nucle-
ation is favored due to a rapid accumulation of atoms, but the
starvation of ions in front of the cathode can lead to the out-
growth of individual grains, which in turn favors grain growth.
This phenomenon is known as mass transport-controlled
growth. At very low overpotentials the adatoms have enough time
to assume a favorable energetic position at a growth edge
through surface diffusion instead of contributing to the forma-
tion of new grains, so that larger grains are favored here.[23] In
the present study, pulsed electrodeposition (PED), ED with PC, is
used.

With ED, multilayers can, in principle, be produced by two
different methods,[24] either by changing the electrolyte (two-
bath synthesis)[25] or by changing the deposition parameters such
as current, stirring,[26] temperature, and so on (single-bath syn-
thesis)[27] to change composition and structure. In two-bath syn-
thesis, the variety of electrolytes available[28] and the robustness
of the deposition parameters are an advantage, while the inter-
face between the layers can be a weak point (e.g., due to oxide
formation during sample transfer from bath 1 to bath 2 and
vice versa[24]), which can affect the desired multilayer properties.
In industrial large-scale applications, a change of electrolyte is
hard to achieve because of large volume, causing cross-
contamination, and so on. One disadvantage of single-bath
synthesis is the limited choice of electrolytes available for the dif-
ferent combinations of metal ions. Examples of possible combina-
tions are Co/Cu,[29] Sn/Cu,[30] and NiFe/Cu[31] as well as Ni/
Cu.[32,33] Deeper insight is given in ref. [6]. In addition to the
two-bath synthesis of Ni/Cu by Lamovec et al.[34] Agarwal
et al.[35] produced Ni/Cu alloy layers by single-bath synthesis with
different compositions but inhomogeneous microstructures. Xue
and Zhang report on the microstructure and tribological proper-
ties of Ni/Cu multilayers from single-bath synthesis with a maxi-
mum individual layer thickness of 300 nm and a total layer
thickness of 8 μm.[32,33]

As described above, to the best of the authors’ knowledge,
there is little literature on the production of Ni/Cu or nanocrys-
talline/coarse-grained (nc/cg) multilayers with PED. In addition,
the interface of the coatings has rarely been explicitly investigated
mechanically. In this work, the production of Ni/Cu, i.e., mate-
rial variation, and nc/cg-Ni, i.e., microstructure variation, by
means of PED is presented. The microstructure of the produced
multilayer systems is characterized by scanning electron micro-
scope (SEM) backscatter electron (BSE) images and energy-
dispersive X-ray spectroscopy (EDS) as well as transmission

electron microscope (TEM). Furthermore, the mechanical prop-
erties of the individual layers are measured by nanoindentation.
The mechanical properties of the interfaces are analyzed using
microcantilever samples in situ SEM.

2. Experimental Section

2.1. Material Manufacturing

2.1.1. Electrodeposition Setup

All electrodepositions were carried out in a double-walled
glass vessel of 1.5 L. The glass vessel was constantly supplied
with 50 °C hot water via a circulation thermostat (Julabo ED-5,
JULABO GmbH, Seelbach, Germany). For continuous filtration
of the electrolyte, a filter (KL 13 OF, Mahle Aftermarket GmbH,
Stuttgart, Germany) was used via a pump (NF 100 KT.18s, KNF
DAC GmbH, Hamburg, Germany) with a downstream pulsation
damper. The electrodes and the stirring unit (DSMP320-12-51-
BF, MSW Motion Control GmbH, Werther (Westf.), Germany)
were attached to an adapted lid of the container to ensure the
reproducibility by a constant setup and resulted in a vertical depo-
sition geometry. Deposition was galvanostatic, with a function
generator (WW 5061, Taboer Electronics Ltd., Nesher, Israel)
defining the pulse shape, which was then amplified by a galvano-
stat (Wenking HP 96, Bank Elektronik—Intelligent Controls
GmbH, Pohlheim, Germany). The variation of the pulse param-
eters for multilayer deposition was carried out via a MATLAB
(The MathWorks Inc., Natick, United States) control of the func-
tion generator.

For all depositions, a cathode with an area of 30mm by 30mm
made of 2mm thick copper sheet was used, which was rounded
at the edges and ground to a grain size of 4000 SiC grinding
paper. Cleaning was carried out with isopropanol. For nc/cg-
Ni deposition, the anode, referred to as Ni pellets (Ampere
GmbH, Schönebeck, Germany) in the table below, consisted
of a basket made of expanded Ti metal in which the pellets were
held and contacted with the galvanostat. A semipermeable dialy-
sis tube (VISKING-Membra-Cell, RCT Reichelt Chemietechnik
GmbHþ Co., Heidelberg, Germany) was placed around the bas-
ket to keep particles that were produced when the pellets were
dissolved away from the electrolyte. Pt-coated expanded metal
was used as an insoluble anode for the Cu-containing deposits.

2.1.2. Electrolyte

A nickel sulfamate electrolyte[36] was used as the basis. The exact
compositions for the Ni/Cu and nc/cg-Ni electrolytes can be
found in Table 1.

Nickel sulfamate (Enthone, 185 g L�1 Ni) served as ion source.
Boric acid (CHEMSOLUTE, ≥99.8%, 10043-35-3) was used as a
pH buffer; sodium dodecyl sulfate (SDS, AppliChem GmbH,
≥99.5%, 151-21-3) as a surfactant and saccharin sodium salt
dihydrate (Merck KGaA, ≥99.0%, for synthesis, 6155-57-3)
and 2-butyne-1,4-diol (Merck Schuchardt OHG, ≥99.0%, (not
stabilized) for synthesis, 110-65-6) were additives for grain
refinement and brightening. For the nc/cg-Ni deposition, nickel
chloride hexahydrate (VWR, ≥98%, 7791-20-0) promoted the
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dissolution of the Ni pellets. Copper sulfate pentahydrate
(Grüssing GmbH, ≥99.0%, 7758-99-8) served as copper ion
source for the Ni/Cu deposition. The ingredients were
completely dissolved in distilled water at 50 °C before the electro-
lyte was filled into the deposition vessel via filtration. The pH
value for the deposition of pure Ni layers was kept in the range
of 2.9–3.2 by adding amidosulfuric acid (Merck KGaA, ≥99.0%,
for synthesis, 5329-14-6). For the Cu-containing deposits, an ini-
tial pH value of 3.8 was used and the electrolyte was discarded
when as the pH value fell below 2.9.

2.1.3. Deposition Parameter

An overview of the deposition parameters for the various mate-
rial compositions and microstructures is given in Table 2. The
temperature of the electrolyte during all depositions was held
at 50 °C and the bath was stirred. Growth rates of 2.03 nmmin�1

for nc-Ni, 18.52 nmmin�1 for cg-Ni, 2.67 nmmin�1 for Ni-rich,
and 0.49 nmmin�1 for Cu-rich layers were achieved based on the
deposition parameters. For the nc/cg-Ni multilayers, a high over-
potential was chosen in order to achieve a cg structure via mass
transport-controlled growth. As nc parameter set, the current–
time curve from previous work[36,37] was optimized with regard
to the lower saccharin content (from 45 to 40mA cm�2). The off
time prevented excessive starvation of the ions in front of the
cathode and thus mass transport-controlled growth.

To modulate the composition of the Ni/Cu multilayers, the
current density was varied, with Ni-rich deposits forming at a
higher current density and a Cu-rich deposit at a lower current
density, as shown in the literature.[38] The lower current density
corresponded to a lower potential at which the reduction of the
nobler copper ions was increased relative to nickel ions. In a

current–potential curve, the deposition reactions of the different
compositions were assigned to different potential ranges. These
ranges were influenced by the ion concentrations and their
ratios. For galvanostatic deposition, these potential ranges must
also be assigned to different current ranges, which can be set
using the parameters mentioned above. In preliminary work
for this article, the relevant current density range was narrowed
down to 5–45mA cm�2 using a parameter study, for the Cu-rich
and Ni-rich, respectively.

2.2. Material Characterization

The characterization of the layer systems was carried out in the
central area of the cathodes during the parameter study to iden-
tify the effective parameters in Table 2. This guarantees that edge
effects during deposition were excluded. An edge region of about
2mm formed a slightly thicker deposit due to a higher current
density at the edges. Thus, all investigations were carried out
with a distance of at least 5 mm to the edge.

2.2.1. Composition and Microstructure

The composition, microstructure, and layer thickness distribu-
tion were characterized along the horizontal central axis of the
substrate at intervals of 5 mm over a distance of 20mm. The
cross sections were metallographically prepared by grinding with
SiC paper, polishing with diamond suspensions of grain sizes 3
and 1 μm, and finally polishing with colloidal oxide suspension.
For final polishing, OP-S NonDry 0.25 μm (Struers GmbH,
Willich, Germany) was used for the nc/cg-Ni layers and OP-U
NonDry 0.04 μm (Struers GmbH, Willich, Germany) for the
Ni/Cu layers both using a fine polishing cloth ChemoMet
(Buehler, ITW Test & Measurement GmbH European
Headquarters, Leinfelden-Echterdingen, Germany) for 4 min.

The microstructure of all samples was examined using BSE
images in the SEM (Sigma VP, Carl Zeiss IQS Deutschland
GmbH, Oberkochen, Germany). BSE images were used to
exclude possible defects and to ensure preparation artefacts from
the focused ion beam (FIB) liftout in the TEM. The compositions
of the Cu-containing deposits were measured by EDS (Oxford
Instruments, Abingdon, UK) at 20 kV using a line profile along
the direction of growth. For high-resolution inspection in the
nanocrystalline layers, TEM lamellas were prepared using
Xe-PFIB (Xe PFIB, Helios PFIB G4 CXe, Thermo Fisher
Scientific Inc., Waltham, United States), for Ni/Cu multilayer
or Gallium FIB (Ga FIB, Helios NanoLab600, FEI, Hillsborow,
United States), for nc/cg-Ni multilayer liftout, which are, how-
ever, limited to a few individual layers. Quantitative grain size
determination of nc/cg samples was done using electron back-
scatter diffraction (Velocity Plus, EDAX LLC, Pleasanton, CA,
United States) in the Xe-PFIB at 20 kV on a Xe-PFIB-polished
cross section. Patterns were recorded and postprocessed in
OIM Analysis 9 using the NPAR (Neighboring Pattern
Averaging and Reindexing) algorithm followed by spherical
indexing to account for the low pattern quality in the nc layers.
In the Ni/Cu samples, the grains were even smaller so that a
transmission Kikuchi diffraction (TKD) measurement with
10 nm step size was performed on the TEM lamella at 30 kV high

Table 2. Deposition parameters for nc/cg-Ni and Ni/Cu multilayers.

Electrolyte
[–]

Layer [–] Anode
material [–]

Stirring
[rounds
min�1]

Current
density Ion
[mA cm�2]

ton
[ms]

toff
[ms]

nc/cg-Ni nc-Ni Ni pellets 32 40 5 10

nc/cg-Ni cg-Ni Ni pellets 32 120 1 –

Ni/Cu Ni-rich Pt 20 45 5 10

Ni/Cu Cu-rich Pt 20 5 5 10

Table 1. Composition of the two different electrolytes used.

Concentration

Component nc/cg-Ni Ni/Cu

Nickel sulfamate [mL L�1] 595 595

Boric acid [g L�1] 35 35

Nickel chloride [g L�1] 5 –

SDS [g L�1] 0.2 0.2

Copper sulfate [g L�1] – 4

Sodium saccharin [g L�1] 0.18 1

Butynediol [g L�1] 0.02 –
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voltage and 45° sample tilt as a compromise between detector
signal and lateral resolution. Again, postprocessing via NPAR
and spherical indexing was applied to improve indexing rate.
The Ni/Cu lamella was placed on an Mo liftout grid to improve
the validity of EDS measurements. Particular attention was paid
to the layer transitions. TEM investigations were performed in a
thermal field emission microscope (JEM-F200, JEOL (Germany)
GmbH, Freising, Germany) at 200 kV equipped with a dual EDS
detector system (JEOL (Germany) GmbH, Freising, Germany)
used for compositional line scans and element mappings in scan-
ning TEM (STEM) mode. Microstructure imaging in TEM was
done using an STEM bright-field (BF) detector.

2.2.2. Hardness and Young’s Modulus

The hardness and the reduced modulus of elasticity were deter-
mined using nanoindentation (TI 980, Bruker Corporation,
Billerica, United States) with a diamond Berkovich tip
(Synton-MDP AG, Nidau, Switzerland). A grid of 6� 25 inden-
tations was measured over a range of 9 μm� 37.5 μm. The load
was applied in force open loop control up to about 2mN maxi-
mum force. This means that the deformation zone for expected
indents in a metal with 200 GPa modulus of elasticity and 6 GPa
hardness is small enough compared to the grid spacing of 2 μm,
so that no influence of the indents on each other is expected. The
indentation grid was rotated by 5–10° relative to the multilayers
to ensure a uniform distribution of indents in the layers of about
4 μm single layer thickness.

2.2.3. Mechanical Properties of Interface

As described in the introduction, special attention must be paid
to the layer interfaces. The mechanical properties were tested in
this work by means of quasistatic bending of microcantilevers
with a cross-sectional B�W, of about 12 μm� 12 μm and lever
arm of 40 μm. The microcantilevers were produced using FIB on
sample edges that had been ground and polished finally with
1 μm diamond polishing suspension. The interface to be tested
was placed in the area of the highest stress and was localized and
increased by a notching. The cantilevers were tested in situ in the
SEM using a nanoindenter (Alemnis, Thun, Switzerland) and a
wedge tip for uniform force application. The indenter performed
displacement-controlled at a speed of 50 nm s�1, so that a

Figure 1. Result of a 4 μm Ni/Cu layer system. a) SEM BSE image with
recognizable fine-grained microstructure, b) corresponding EDS line data,
c) STEM BF image of a layer transition to characterize the interface, and
d) EDS line data of the TEM sample from (c) showing the sharp transition
within the layers.

Figure 2. Results of the nanoindentation measurements for Ni/Cu multi-
layer a) SEM BSE image of the test position and b) hardness and Young’s
modulus along the layer system. A moving average filter is added as a
guide to the eye.
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quasistatic test of the interface was performed. Unloading seg-
ments made it possible to determine the stiffness, which could
be used to detect possible crack growth. To analyze the local
deformation, the interface was imaged in the SEM and examined
using FIB cross sections.

3. Results and Discussion

The microstructure of the layers across the width of the substrate
is qualitatively homogeneous, whereby the absolute layer thick-
nesses at a distance of 10mm from the center are ≈28% higher
(Ni/Cu) and 37% higher (nc/cg-Ni) due to the electric field ele-
vation toward the edge. The higher current applied to the cg
layers tends to enhance this effect. Due to the comparable micro-
structure, only the results from the center area of the substrate
are shown below.

3.1. Ni/Cu Multilayer

3.1.1. Composition and Microstructure

A layer system with 4 μm single layer thickness is shown in
Figure 1a. Here, deposition was carried out alternately with a

current density of 45 and 5mA cm�2 (see Table 2). According
to an EDS line scan, the composition varies between 10 and 15
and just under 50 at% Cu content in the layers, respectively
(Figure 1b). The microstructure is shown in higher resolution
in Figure 1c, where no clear layer interface can be seen. Note
the absence of growth defects at the interface, e.g., pores or oxide
layers. Due to the small difference in average atomic number,
compositional contrast in STEM imaging is essentially absent.
High-resolution TEM imaging was affected by a large amount
of lattice defects, grain boundaries and diffraction contrast, which
obstruct possible compositional contrast. Nevertheless, an STEM
EDS line scan shows a sharp transition between the layers within
7 nm (Figure 1d). The grain size in the TEM lamella wasmeasured
with TKD with a maximum of the grain size distribution between
60 and 100 nm. This is in the range of grain size-induced hard-
ening rather than softening (inverse Hall–Petch effect), due to GB
moderated flow as known for very small grain-sized nanocrystal-
line materials. In nickel, the transition from Hall–Petch effect to
inverse Hall–Petch effect occurs around 15 nm grain size.[39]

3.1.2. Hardness and Reduced Modulus

Figure 2a shows an SEM BSE image of the nanoindentation
measurement of the Ni/Cu layer sample starting at the substrate.

Figure 3. a) Ni/Cu cantilever and wedge tip illustrating the geometry of the quasistatic bending experiment. b) Detail of the cantilever after bending
showing the transition from FIB-cut notch to actual deformation and plastic deformation on the front face. Red arrows in (a,b) indicate the area of local
deformation which takes place mainly in the Cu-rich layer. c) Corresponding load–displacement curve including unloading segments shows pronounced
plastic deformation and constant stiffness. d) SEM BSE image of a FIB cross section showing the position of the notch and pronounced deformation of
the first Cu-rich layer. No layer delamination can be seen. Red arrows indicate the position of the interfaces.
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The corresponding values of hardness and reduced modulus are
shown in Figure 2b. The reduced modulus shows a clear varia-
tion across the layers in a range of 169.8 GPa (Cu-rich layer) and
187.2 GPa (Ni-rich layer). In contrast, the hardness varies much
less between 6.1 and 6.4 GPa. Based on the Young’s modulus of
the pure metals nickel (205 GPa) and copper (130 GPa) and layer
composition of Ni90Cu10 and Ni50Cu50, the measured values
are in good agreement with the rule of mixtures. The high hard-
ness values are caused by the Hall–Petch effect due to small grain
sizes.

3.1.3. Mechanical Properties of Interface

The mechanical strength of the interface between the Ni-rich and
Cu-rich layers was tested quasistatically along the layers as shown
in Figure 3. Figure 3a shows the cantilever tested with a wedge
indenter with a notch at the transition from a Ni-rich to a Cu-rich
layer. Local deformation and necking can be seen in the Cu-rich
layer to the left-hand side of the notch (Figure 3b red arrow). The
force–displacement curve with unloading segments is shown in
Figure 3a and shows elastic–plastic behavior without spontane-
ous force drops that would indicate brittle failure. A postmortem
FIB cross section indicates that the plastic deformation was
mainly carried by the Cu-rich layer (Figure 3d) which is in good

agreement with the lower hardness measured in Cu-rich layer.
No interface failure can be detected.

3.2. nc/cg-Ni Multilayer

3.2.1. Microstructure

The microstructure of the pure Ni coating was characterized
using BSE in the SEM, as shown in Figure 4a,b. A uniform
and homogeneous thickness of the layers is observed without
larger defects such as pores. The layer transitions from nc to
cg appears smoother than the transitions from cg to nc, although
the resolution in the SEM is not sufficient to resolve the grain
structure. Therefore, a TEM lamella was examined in the
STEM for a closer look at the layer transitions (Figure 4c,d).
The STEM BF images confirm the impressions from the SEM
images. In addition, the difference in grain size between the
layers becomes quantifiable. The observations suggest that the
uneven transitions are a consequence of the direction of growth.
The cg layer forms a rougher surface, which is levelled by a sub-
sequent nc layer. Furthermore, a clear difference in grain size
can be observed in the layers. The grains in the cg layers are
columnar in the growth direction with a mean minimum
Feret diameter of 0.819 μm and a small spread and a wide spread

Figure 4. a) SEM BSE overview of the nc/cg-Ni multilayer showing homogeneous thickness distribution and a total thickness of about 80 μm. nc-Ni layers
are the light gray and the cg-Ni layers are the dark gray layers. b) Detail of the layer interfaces in SEM BSE mode shows rougher transition from cg to nc.
STEM BF images showing c) a smooth nc to cg transition and d) a rough cg to nc transition. Red arrows indicate the approximate location of the
interfaces. Both types of interface are free from growth defects. Growth direction from left to right.
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maximum Feret diameter without a clear maximum from 0.334
to 6.455 μmwhereas the finer grained layer has grains with mean
diameter of 0.263 μm.

3.2.2. Hardness and Young’s Modulus

Figure 5a shows an SEM BSE image of the nanoindentation mea-
surement of the nc/cg-Ni layer sample starting at the substrate.
The corresponding values of hardness and reduced modulus are
shown in Figure 5b. The reduced modulus varies between 190
and 210 GPa with an average value of 202.9 GPa. A slight varia-
tion with grain size can be recognized. Possible causes are dif-
ferent texture states in connection with the elastic anisotropy of
nickel and the higher volume fraction of grain boundaries in the
nc layers. Furthermore, a difference in grain-size-dependent
deformation mechanisms could lead to a different height of
material pile-up around the indents in the two layers. In general,
a difference in H/E ratio as observed here is a hint for that. A
larger pile-up results in a larger contact area which affects the
calculation of the reduced modulus that could be origin of the
observed small oscillations. The hardness, on the other hand,
varies significantly across the layers with values of 4.9 GPa in
the cg layers and 6.1 GPa in the nc layers. This variation is in
good qualitative agreement with the Hall–Petch law. The abso-
lute values are fully consistent with published data for nc-Ni
by Maier et al.[40] and Yang and Vehoff.[41]

3.2.3. Mechanical Properties of Interface

Here, the mechanical stability of the nc/cg-Ni layer system was
tested quasistatically. Figure 6a,b shows a cantilever with notch at
the transition from cg to nc layer before the test. Figure 6c shows
the force–displacement curve of the quasistatic bending with
unloading segments. The curve shows a pronounced elastic–
plastic deformation of the cantilever without a load drop that
would indicate brittle failure; the unloading segments show
no change in the cross section and thus no crack growth. To con-
firm this, the cantilever was polished after the test using FIB and
imaged in BSE contrast (Figure 6d). The plastic opening of the
notch without cracking is clearly visible which is typical for
microbending experiments due to size effect. Furthermore,
the cg layer to the left-hand side of the notch shows necking,
which means that the yield stress was exceeded at this point,
reflecting the lower hardness in cg. The deformation in the cg
layer takes place via dislocation nucleation, dislocation move-
ment in the grains, dislocation interactions with the GBs, and
GB movement, for example, whereas in the nc layer the volume
fraction of GBs is higher and the movement of the dislocations is
more limited, for example, due to backstress from the bound-
aries. The result shows that the interface from cg-Ni to nc-Ni
does not represent a mechanical weak point.

3.3. Comparison of Multilayer Systems

An alternation in hardness and Young’s modulus could be
achieved. The Ni-rich layer of the Ni/Cu system is similar to
the nc layer of the nc/cg-Ni system in terms of microstructure,
hardness, and Young’s modulus. The higher saccharin content
leads to smaller grains which fits well to the measured grain sizes
in the different layers and possible texture effects can explain the
slight difference.

A difference can be seen in the transition of the layers. The
material variation shows no microstructural jump or effect at
the transition from Cu- to Ni-rich and from Ni- to Cu-rich layer,
whereas the transition from nc to cg layer is very planar and from
cg to nc layer follows the contour of the large grains. For the Ni/
Cu multilayers, the clear interface can be explained by the simi-
larity of the lattice parameters of Cu and Ni, with a change of
layers within the grains. On the other hand, the rough interface
in nc/cg-Ni multilayer of cg to nc layer is related to the growth
front of the ED, because the cg layer has a rough growth front
with a matt surface, while the nc layer has a smooth growth front
and therefore a shiny/reflective surface. This behavior could pos-
sibly be adjusted with RPC technology and thus a pulsed partial
dissolution, especially of the protruding roughness of the upper-
most layer.[22] For the global mechanical properties, there are ini-
tially no signs of major effects of the uneven layer transitions.

A limiting factor for the achievable total layer thickness on a
laboratory scale results from the small cathode surface area of
30� 30mm2, which leads to electric field peaks at the edges
and therefore uneven thickness distribution over longer deposi-
tion times. In addition, the limited electrolyte volume of 1.5 L and
the lack of conditioning on a laboratory scale are critical for
depositing thicker layers. However, both limitations can be easily
overcome on an industrial scale, enabling deposition of total layer

Figure 5. Results of the nanoindentation measurements for nc/cg-Ni mul-
tilayer. a) SEM image of the test position and b) hardness map Young’s
modulus map line diagram. A moving average filter is added as a guide to
the eye.
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thicknesses in the order of millimeters with individual layer
thicknesses from a less than a micrometer up to several hundred
micrometers. A limitation could be the presence of residual
growth stresses, although nc-Ni single layers of 2 mm thickness
could already be produced on a laboratory scale without any prob-
lems. No unusually high residual stress (bending of the lamella)
was observed in the TEM sample preparation by FIB liftout in
this study, indicating that the deposition parameters chosen here
could be suitable for thicker layers.

4. Conclusion

Single-bath PED was used to produce multilayer systems with
compositional variation (Ni/Cu) and with microstructure varia-
tion (nc/cg-Ni): 1) Ni/Cu multilayers show a sharp transition
from 10 to 15 at% Cu to ≈50 at% Cu content. nc/cg-Ni multi-
layers make the transition from cg to nc more complex due to
large grains. 2) Ni/Cu multilayers show a reduced modulus rang-
ing from 169.8 GPa for Cu-rich layers to 187.2 GPa for Ni-rich
layers. nc/cg-Ni multilayers exhibit hardness from 4.9 GPa for
cg layers to 6.1 GPa for nc layers. 3) The interfaces in both mul-
tilayer systems are pore-free, mechanically stable, and show duc-
tile and crack-free behavior in microbending.

This confirmed the positive effects of deposition from single-
bath synthesis on the interface cohesion and successfully estab-
lished the deposition method. Further variation of the current
parameters and deposition conditions of the Ni/Cu system could
produce an even greater difference in Young’s modulus and thus

further overall property variation. Furthermore, it is conceivable to
vary both hardness and Young’s modulus in a layer system
through a combined material and microstructure variation, which
would further extend the possible property variations of the layer
systems.

From another point of view, this fabrication route allows the
intrinsic size effect to be studied in fatigue tests using the meth-
ods described in refs. [42,43].
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