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Abstract

Amorphous/crystalline multilayer structures of Fe-P alloys were deposited electrochemically using
the single bath technique. Hall-Petch behavior of microhardness with respect to sublayer thickness
was observed down to a sublayer thickness of 15 nm. For thinner sublayers, a hardness plateau was
obtained. The transition at a sublayer thickness of 15 nm coincides with the loss of the multilayer
structure as observed in transmission electron microscopy. The transition is a possible result of a
change in the amorphous to crystalline sublayer thickness ratio and the interface roughness
development during the deposition process. Additionally, crack deflection at the interfaces was

observed for the layered structures with small sublayer thickness in microbending experiments.
Keywords: electrodeposition; multilayer; hardness; Hall-Petch behavior; iron alloys

1. Introduction

Lamellar structures with lamella widths in the submicron to nanometer regime have attracted much
attention due to their unique properties, for example concerning magnetism [1-3] or mechanical
strength [4]. The mechanical strength is generally observed to increase with decreasing lamella
thickness for crystalline structures. This is equivalent to the Hall-Petch behavior in bulk materials
[5, 6]. Indeed, the size dependency for lamellar structures is well described in many cases using the
Hall-Petch equation with the sublayer thickness instead of the grain size [7-10]. In other studies, a
linear behavior of hardness or yield stress as a function of the reciprocal sublayer thickness was
observed [11, 12]. Independent of the exact relationship of strength and sublayer thickness, no
further increase or even a decrease of strength is observed below a certain sublayer thickness, which
is typically between 2 and 50 nm [8-10, 13]. Various explanations for this phenomenon, which are
mainly based on a change of deformation mechanisms on the nanometer scale, are discussed in
literature [9, 10].

On the contrary, no clear dependence of the strength on the layer thickness is reported for

amorphous layers [14]. This can be attributed to the different deformation mechanism of amorphous
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structures which is based on shear transformation zones as the carriers of plastic deformation [15].
Multilayer structures of alternating amorphous and crystalline sublayers are promising candidates
for high strength materials since the combination of the different deformation mechanisms allows
materials with high strength, strain hardening and reduced tendency for strain localization.

Most previous studies on the mechanical properties of amorphous/crystalline multilayer structures
have been conducted on sputtered Cu/Cu-Zr multilayer structures [16-18]. It was found that the
presence of the crystalline layers prevents the formation of catastrophic shear bands in the
amorphous phase which was attributed to a minimum size that is necessary to induce shear
localization [16]. Similar results were obtained by Donohue et al. for sputtered Cu/Pd-Si multilayer
structures [19].

Multilayer structures can also be produced using electrochemical deposition. Two different
techniques for electrodeposition of such structures exist [7]. In the dual bath technique, different
electrolytes are used for each set of sublayers and the sample is transferred between the baths after
deposition of each sublayer. This technique allows a large variety of multilayer systems, but is
technologically challenging due to possible contamination during the transfer between the baths [7,
20]. The other technique, which is used in the present study, is the single bath technique. The
complete multilayer structures are deposited from one electrolyte by changing one deposition
parameter periodically during the deposition process. Thus, the technique is restricted to systems, in
which all sublayer structures can be deposited from the same bath changing only one deposition
parameter such as current density [7]. Both techniques have been applied to many systems, also
including amorphous/crystalline multilayers [21-24].

Although later and less intensively investigated than the analogous systems Co-P and especially Ni-
P [25], electrodeposition of Fe-P alloys is well known and various properties of such alloys have
been examined. The structure of electrodeposited Fe-P alloys depends on their phosphorus content.
For more than about 15 to 22 at.-% P an amorphous material is formed, whereas for smaller
phosphorus contents the alloy crystallizes as interstitial solid solution of body-centered cubic
structure [26-30]. Regularly, a mixture of crystalline and amorphous structures is reported for
intermediate phosphorus contents [27, 28]. Similar results are also known for electroless Fe-P alloys
[31, 32]. The phosphorus content of the deposits depends on many deposition parameters, such as
bath composition, current density and temperature [27, 30, 33]. The composition range of
amorphous structures can be extended towards lower phosphorus contents using pulsed deposition
current [34, 35].

Although the dependency of the structure on the phosphorus content provides the possibility to
produce layered structures with periodically changing phosphorus contents using the single bath

technique, only a few studies exist on this topic, which are even restricted to the analogical system



3

Ni-P. Elias et al. deposited amorphous/crystalline multilayer samples in the Ni-P system and proved
an improved corrosion resistance as compared to homogeneous coatings [36]. The Ni-P systems
was also used as a model system during the improvement of the dual bath technique [20, 21] and
diffusion measurements were performed on amorphous/crystalline multilayers produced with this
technique [22]. Besides, indications of multilayer structures were found in Ni-P deposits prepared
under constant potential or current density, respectively [37, 38]. For the Fe-P system, Kamei and
Maehada investigated pulsed electrodeposition, but reported multilayer structures only for the Fe-
Cu-P system [34]. Thus, no study on deposition of amorphous/crystalline multilayers of Fe-P alloys
and no investigations on the mechanical properties of amorphous/crystalline electrodeposits in
general exist to the authors' knowledge.

In this work, Fe-P multilayer structures are prepared using the single bath technique. The use of
electrodeposition allows the production of samples with a significantly larger total thickness as
compared to previous work on sputtered films [18]. The deposition parameters are chosen in such a
way that both amorphous and crystalline sublayers can be obtained by changing the current density.
The dependence of the mechanical properties of these structures on the sublayer thickness is
evaluated using microhardness, nanoindentation, and microbending testing. Additionally, direct
current samples are investigated to get more insights into the properties of the two phases combined

in the multilayer structures.

2. Experimental details

2.1. Electrodeposition

The multilayer structures were deposited electrochemically on mechanically polished
polycrystalline copper plates of 12 mm diameter. The bath composition was 160 g/l iron(Il) sulfate
heptahydrate, 12 g/l sodium chloride, 20 g/l ammonium chloride, 15 g/l sodium hypophosphite
hydrate, 0.2 g/l sodium dodecyl sulfate. Deposition was carried out at 60°C and a pH of 2.35+0.05
was adjusted both before and during the experiments using sulfuric acid. An iron rod was used as
soluble counter electrode. All deposition experiments were performed under galvanostatic control
using an IPS Jaissle PGU OEM-2A-MI potentiostat. The current density was switched between -10
mA/cm? and -80 mA/cm? to obtain amorphous and crystalline layers, respectively. For all samples,
except where noted otherwise, an identical nominal layer thickness for the amorphous and the
crystalline layers was chosen. This nominal layer thickness was varied over a large range from 10
nm to 800 nm for different samples. The deposition times for each layer were chosen accordingly

using Faraday’s law. The total layer thickness was 50 um for all samples.

2.2. Sample characterization
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Cross-sections were investigated using scanning and transmission electron microscopy (SEM and
TEM). SEM samples were polished with water-free suspensions. For investigations of the
multilayer structures, they were subsequently etched for 10 seconds in a diluted nital solution
consisting of 0.25 vol.-% nitric acid in ethanol. SEM investigations were carried out using a Zeiss
LEO 1525 instrument, which was also used for energy-dispersive X-ray spectroscopy (EDX). A
Philips CM12 machine was used for TEM analysis on cross-sections prepared by mechanical
polishing and subsequent thinning in a focused ion beam machine. High-resolution TEM and EDX
were performed on a JEOL 2100F machine.

X-ray diffraction (XRD) measurements were performed on the as-deposited film surface using a
Rigaku SmartLab instrument with CuKa radiation. Vickers microhardness testing was also carried
out on the as-deposited surface with a load of 100 g (HV 0.1). Nanoindentation was performed with
a diamond cube corner tip on water-free polished surfaces both parallel and perpendicular to the

substrate surface using a Hysitron Triboscope with a maximal load of 6 mN.

2.4. Micromechanical testing

Microbending beams were prepared as described in [39] using a HITACHI E-3500 ion polisher and
a Zeiss LEO 1540XB focused ion beam machine. The cuboidal bending beams were approximately
30 um long, 9 um broad and 5 um thick after the final polishing with a Ga* ion current of 200 pA.
The loading axis was perpendicular to the substrate surface. The beams were bent until catastrophic
failure under displacement control with a velocity of 1 um per minute. The bending experiments
were carried out using an ASMEC UNAT-SEM microindenter in a Zeiss LEO 982 SEM.

3. Results

3.1. Comparative samples without multilayer structure

To prove the suitability of the system for amorphous/crystalline multilayer deposition, direct current
deposits were prepared with the current densities that were later used for the two sets of sublayers in
the multilayer samples. The XRD patterns of these deposits reveal the mainly amorphous and
crystalline structure obtained at -10 mA/cm? and -80 mA/cm?, respectively (Fig. 1). However, the
XRD pattern of the amorphous structure contains some small Bragg peaks. Most of them can be
attributed to the copper substrate, but the peak at 26 = 82° seems to originate from bcc Fe-P
crystallites. Nevertheless, these deposition conditions are a suitable candidate for the deposition of
amorphous sublayers in a multilayer structure since the prolonged deposition with low current
density for the direct current samples makes the formation of crystals more probable due to the
depletion of phosphorus in the bath. Table 1 shows the hardness and the phosphorus contents for the

direct current deposits. The difference in hardness obtained from microhardness testing and
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nanoindentation is attributed to the different indenter geometries, i.e. a Vickers indenter and a cube
corner tip, respectively, in combination with the well-known indentation size effect [40]. The
phosphorus contents correspond well with the compositions of amorphous and crystalline Fe-P

electrodeposits according to literature [26-30].
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Fig. 1: XRD patterns of direct current deposits prepared with current densities of -80 mA/cm?

and -10 mA/cm?2 resulting in a crystalline and amorphous structure, respectively.

Current density [mA/cm?] -10 -80
Structure amorphous crystalline
Microhardness [GPa] 4.65+0.18 494 +0.18
Nanoindentation hardness [GPa] 6.07 £ 0.04 8.70+£0.14
at.-% P 19.3+0.1 6.8+0.2

Tablel: Hardness, phosphorus content and structure of direct current deposits. The phosphorus
contents were determined using EDX in the SEM. Nanoindentation was performed on cross-

sections.

3.2. Structural characterization of multilayer samples

The total thickness of the deposits was measured from SEM micrographs and the cathodic current
efficiency was calculated using Faraday's law assuming that only the reduction of ferrous ions to
iron atoms takes place at the cathode. The cathodic current efficiency scatters in a range from about
30 to 60 % without any obvious dependency on the sublayer thickness or any other measured
deposition parameter. The average sublayer thickness for each sample was calculated as the product
of the nominal sublayer thickness and the cathodic current efficiency obtained from the total film
thickness measured in the SEM, assuming equivalent thickness of amorphous and crystalline

sublayers.



multilayer structure becomes visible over the complete range of sublayer thicknesses of this study

(Fig. 2). Only for sublayer thicknesses of less than 15 nm the multilayer structure was usually not
observed over the whole sample, but only in some regions. Besides, in thin multilayer structures

also delamination, i.e. cracking parallel to the layer orientation, was observed (Fig. 2d). However,

no cracks were observed on the same samples before etching.

$ s 14 A% ALY 1 J T ) i AT {4
Fig. 2: SEM micrographs of etched multilayer samples with (a) 250 nm, (b) 100 nm, (c) 30 nm, and

(d) 5 nm average sublayer thickness.

Amorphous and crystalline structures can be differentiated in the SEM since one set of sublayers is
almost unaffected by etching, whereas the other one is attacked by the etching solution and shows a
substructure indicating the presence of crystalline grains (Fig. 2a). The amorphous and crystalline
structure of the sublayers was proven by TEM for selected samples (Fig. 3). For a sample with
250 nm average sublayer thickness, the area diffraction patterns recorded in the two sets of
sublayers show their crystalline or amorphous structure, respectively (Fig. 3a). High-resolution
TEM performed with samples of 290 nm (Fig. 3b) and 30 nm sublayer thickness (not shown)
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confirm these findings. For smaller sublayer thicknesses, the amorphous/crystalline multilayer
structure was observed down to an average sublayer thickness of 15 nm (Fig. 3b-c). However, for
average sublayer thicknesses of less than 15 nm, no multilayer structure was observed in TEM (Fig.
3d). For some samples, the sublayer thicknesses in the TEM micrographs deviate significantly from
the average sublayer thickness. This can be attributed to local fluctuations of the sublayer thickness
as well as to non-perpendicularity of the TEM cross-sections.

For an average sublayer thickness of 290 nm, 14 at.-% P and 3 at.-% P were measured using EDX
in the TEM for the amorphous and crystalline sublayers, respectively. For the sample shown in Fig.

3c having a sublayer thickness of 30 nm, measurements in the amorphous layers revealed 11 at.-% P

whereas 4 at.-% P were measured for the crystalline parts of the sample.
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Fig. 3: TEM images of cross-sections: (a) Bright field micrograph and two selected area diffraction
patterns of the indicated areas from a sample with 250 nm average sublayer thickness. The
amorphous and crystalline sublayers are indicated as A and C, respectively. (b) High-resolution
image of an interface in a sample with 290 nm sublayer thickness. The FFT patterns prove the
amorphous (left) and crystalline (right) nature of the indicated areas. (c)-(e): Bright field

micrographs of samples with (c) 30 nm, (d) 15 nm, and (e) 8 nm average sublayer thickness.

The roughness of the interfaces was evaluated from SEM cross-sections. The interface roughness
increases during growth and reaches Rmms = 50 nm to Ryps = 100 nm at a distance of ten
micrometers from the substrate. The final roughness at the surface scatters between R;ms = 100 nm
and Rms = 250 nm without any obvious dependence on the sublayer thickness.

Residual stress measurements on selected samples using XRD regularly resulted in non-linear
sin2y plots, which may occur due to texture or stress gradient effects [41]. However, more
sophisticated measurements are necessary to measure the absolute residual stresses in the crystalline
set of sublayers, which is beyond the scope of this work. Nevertheless, all sin?y plots have a
positive slope and sin?y analysis indicates tensile residual stresses in the order of several hundred

megapascals.

3.3. Microhardness and nanoindentation

Fig. 4a-b show the microhardness as a function of the sublayer thickness. The microhardness
increases with decreasing sublayer thickness down to an average sublayer thickness of 15 nm,
whereas below this value a hardness plateau is obtained. The hardness increase is approximately
linear with the inverse square root of the sublayer thickness (Hall-Petch plot, Fig. 4a), but also with
the inverse sublayer thickness (Fig. 4b). The former fit has the higher Pearson correlation
coefficient, whereas the latter results in the better coefficient of determination (Table 2). Thus, both

models describe the measured data with a similar quality.
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Fig. 4: Microhardness and nanoindentation results plotted (a) in a Hall-Petch plot with respect to the
average sublayer thickness and (b) as a function of the inverse average sublayer thickness. The
dotted lines show the limit of a sublayer thickness of 15 nm, whereas the dashed lines show the

hardness plateau beyond this point.

Fitting model Hardness vs. d° Hardness vs. d*
Slope 13.6 + 1.4 GPanm®® 47.6 +5.8 GPa nm
Intercept 3.3£0.2 GPa 4.1+0.2 GPa
Pearson R 0.937 0.915

R2 0.878 0.837

Table 2: Results of the linear fits from Fig. 4a+b and the corresponding Pearson correlation

coefficients and coefficients of determination (R2).

The lowest measured hardness value of 4.13 GPa corresponds to an indention depth of 3.0 um. This
is more than the generally recommended 10% of the total layer thickness. However, measurements
with reduced load resulted in more scatter due to the smaller indent size, but no significant change
in hardness. Thus, no effect of the total layer thickness, i.e. the substrate, on the measured hardness
values is expected.

The nanoindentation results scatter significantly more as compared to the microhardness (Fig. 4a-b).
However, a similar trend of a hardness increase up to a plateau with decreasing sublayer thickness is
observed. Fitting the data in the range of increasing microhardness also results in a positive slope,

i.e. an increase in hardness with decreasing sublayer thickness. However, the error of the slope is
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too large to extract any further information from 'it.” The plateau which s visible in the
microhardness data, is almost indistinguishable and only indicated by the data point from the very
thinnest layers in the nanoindentation results. Interestingly, no significant deviations between the
two investigated loading directions (normal and parallel to the surface normal) occur. All indention
curves are smooth without any pop-ins that would be expected if the indentation had initiated
delamination along sublayer interfaces (Fig. 5a).

Since the Hall-Petch behavior is often observed in crystalline, but not in amorphous materials,
additional hardness measurements were carried out on samples with a fixed nominal crystalline
sublayer thickness of 100 nm and a nominal amorphous sublayer thickness varying from 25 to 300
nm. The results show no dependence of the microhardness on the thickness of the amorphous

sublayer, but depend more on the scatter of the actual crystalline sublayer thickness (Fig. 5b).
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Fig 5: (a) Exemplary nanoindentation curves of samples with 6, 11, and 309 nm sublayer width, d,
which show no sudden displacement bursts (pop-ins). (b) Microhardness measurements of samples
with a constant nominal crystalline sublayer thickness of 100 nm and varying amorphous sublayer
thickness, d,. The numbers indicate the crystalline sublayer thicknesses. All sublayer thicknesses
were measured on etched cross-sections in the SEM.

3.4. Microbending tests

Fig. 6a shows the normalized load-displacement curves from the microbending experiments, which
were performed on samples with 5 nm, 40 nm, and 310 nm average sublayer thickness. Despite the
larger scatter of the data, the highest normalized load, i.e. the highest stresses, are obtained for the
40 nm sample, followed by the 5 nm and finally the 310 nm sample. Despite the highest stresses,
also a deviation from a linear load-displacement relationship exists for some of the bending beams
from the 40 nm sample. The in-situ SEM observation during the bending experiments of this sample

revealed, that a crack is first initiated at the top surface of the bending beam and subsequently



11

grows through the beam upon further loading (Fig. 6b, video S1c). In contrast, the bending beams
of the 5 nm and 310 nm samples all break through instantaneously after the crack was observed
(videos Sla-b).
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Fig 6: (a) Normalized force displacement diagram of the microbending tests. (b) In-situ SEM

micrograph during the microbending experiment of the 40 nm sample with growing crack.

All bending beams failed parallel to the loading direction. The fracture surfaces were investigated
with the SEM to gain information about the crack path. For the 310 nm sample, the fracture surface
consists of alternating layers of small dimples and relatively flat regions (Fig. 7a). The thickness of
these alternating layers corresponds well with the sublayer thickness of the multilayer structure.
EDX measurements revealed a higher phosphorus content in the flat regions of the fracture surface,
indicating that these regions correspond to the amorphous sublayers. However, absolute phosphorus
contents could not be obtained due to the large interaction volume for EDX measurements in the
SEM. In the fracture surface of the 40 nm sample, a layered structure was also observed, but only in
a part of the fracture surface (Fig. 7c+d). Again, the layer thickness equals approximately the
sublayer thickness of the multilayer structure. However, no amorphous and crystalline layers could
be identified due to the smaller layer thickness. The fracture surface indicates that the crack was
deflected at many layer interfaces, but finally kept its main growth direction parallel to the loading
axis leaving no indications of the multilayer structure on the final part of the fracture surface. On
the contrary, no layered structure was observed on the fracture surface of the 5 nm sample, which
coincides with the loss of the multilayer structure for this sublayer thickness according to the TEM
investigations (Fig. 7b).
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Fig. 7: SEM images of the fracture surfaces of the microbending beams with (a) 310 nm, (b) 5 nm,

and (c+d) 40 nm sublayer thickness. The images were taken with the primary electron beam

approximately 30° (a+b) or 45° (c+d) to the fracture surface.

4. Discussion

4.1. Hall-Petch behavior for larger layer thicknesses

For the microhardness data of this study, both the Hall-Petch relation and a linear behavior with the
inverse sublayer thickness describe the data with similar accuracy. Also in literature, both linear
dependence on the inverse square root sublayer thickness (Hall-Petch) or on the inverse sublayer
thickness are reported [7-12]. In the following, the results of the Hall-Petch fit are analyzed
quantitatively and discussed in detail.

The hardness of the multilayer structure is assumed to combine the hardness of the two phases via a
linear rule of mixture. The hardness of the amorphous phase is independent of the layer thickness,
as it is observed in amorphous/amorphous multilayers [14]. It may change if its composition
changes with varying sublayer thickness. Although the results from the EDX measurements in the
TEM indicate such a change, it will not be taken into account in the following analysis. On the one
hand, even some signal from the substrate was observed in the EDX measurements indicating that
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the signal originates not completely from the intended area of interest. This explains the slightly
lower phosphorus contents as compared to literature values for amorphous Fe-P alloys as well as the
decreasing phosphorus content with decreasing sublayer thickness since more low-phosphorus
crystalline material is in close vicinity of the measurement area. On the other hand, slight variations
in compositions are not expected to have such a significant effect as in crystalline matter. For these
reasons, the hardness of the amorphous structure is set to a constant value of 4.65+0.18 GPa as
measured for the amorphous samples produced with direct current (Table 1). On the other hand, the
hardness of the crystalline phase is assumed to depend on the sublayer thickness according to the
Hall-Petch relation. With these assumptions, an intercept of 1.99+0.40 GPa and a slope of
859.2+88.8 MPa um®® are obtained for the Hall-Petch equation of the crystalline phase. Using a
conversion factor of three [42], this equals oy = 660+130 MPa and kyp = 28630 MPa um®® for the
yield stress. The intercept is significantly lower than the hardness of the crystalline single phase as
obtained from the direct current samples (Table 1). However, possible deviations of the structure in
a sublayer of a multilayer structure and in a direct current sample, which are prepared with the same
deposition parameters, have to be considered. First, during the deposition of a crystalline sublayer
on a multilayer structure, that has already a certain total thickness, less phosphorus is expected to be
incorporated as compared to the deposition with the same parameters on a direct current sample of
the same thickness, since the concentration of hypophosphite in the electrolyte close to the substrate
is lower due to the larger previous consumption. This change in phosphorus content directly affects
the mechanical properties due to solid solution hardening. Secondly, the high current density and
the enrichment in phosphorus in the direct current samples result in a grain size that is significantly
too small to take these samples as materials with quasi-infinite grain size as necessary for the
intercept of the Hall-Petch plot. In most interstitial-free steels, the yield stress is much lower than
the results of this analysis, but they contain only a small amount of phosphorus [42]. In solution
treated Fe-P alloys a similar hardness to the hardness intercept in the present study was obtained
with about 1 to 2 at.-% P [44], which is close to the compositions measured with EDX in the TEM.
These measurements also indicate that there is no significant change of composition with varying
sublayer thickness since the difference from 3 at.-% to 4 at.-% going from 290 nm to 30 nm
sublayer thickness is close to the measurement inaccuracy of EDX.

The obtained Hall-Petch constant of 286+30 MPa um°'5 for the yield stress seems to be too large for
Fe-P alloys since the Hall-Petch constant for interstitial-free steels is reported to be between 130
and 180 MPa um®® [45] and is slightly lowered by the presence of phosphorus [46]. The presence
of interstitial carbon would increase the Hall-Petch constant significantly, even for very low
concentrations [46]. However, sodium dodecyl sulfate, which is the only component of the

electrolyte that contains carbon, is present just in very low concentrations and is not known to result



14

in co-deposition of carbon. Thus, the presence of carbon in the deposits can be excluded. The
uncertainty of the conversion factor between hardness and yield strength might also be another
reason for the discrepancy, since the conversion factor of three is just an approximation [42] and a
large range of conversion factors is reported in literature [47, 48]. However, the main reason for the
too large Hall-Petch constant might be the assumption of equal thickness of amorphous and
crystalline sublayers for the determination of the sublayer thicknesses. The TEM results indicate
that the assumption is approximately correct for large sublayer thicknesses, but the amorphous
sublayers are much thinner than the crystalline ones for smaller thicknesses (see Fig. 3). Thus, the
phase fraction of the crystalline phase increases with decreasing sublayer width, resulting in an
additional increase of strength beside the Hall-Petch effect as soon as the crystalline phase is harder
than the amorphous phase. This effect was not included in the analysis above, which results in a too
large Hall-Petch constant. However, a quantitative analysis of this effect would require the accurate
measurement of the crystalline sublayer thicknesses for all samples which is impossible due to local
fluctuations, calling for an unmanageable number of TEM samples, and the effect of etching
parameters on the thickness of the individual layers for SEM investigations. Furthermore, for the
largest sublayer thicknesses, grains smaller than the sublayer thickness are visible in the TEM
micrographs (Fig. 3a); in this case the hardness could be additionally influenced by the grain size.
However, there are at least some grains going through the complete crystalline sublayer for all
sublayer thicknesses. Thus, the maximum grain size in growth direction of the films always equals
the sublayer thickness. For this reason, we do not expect a significant influence of grain size in our
samples. However, a detailed grain size analysis was not performed and is out of the scope of this
study. To separate the effects of grain size and sublayer thickness, one had to produce samples with
constant sublayer thickness but different grain sizes. This may be achieved by modifying the
deposition parameters. However, this might induce a simultaneous change in composition resulting

again in two different hardening mechanisms which are difficult to separate.

4.2. Breakdown of the Hall-Petch relation and loss of multilayer structure for thinner layers

Transitions from Hall-Petch behavior to a hardness (or yield strength) plateau at a grain size or
sublayer thickness in the nanometer regime are frequently reported. They are usually attributed to a
change in deformation mechanism due to a threshold size below which no dislocation pile-up at the
grain boundaries or multilayer interfaces can form [9, 10]. This cannot be excluded for the
transition observed in this study. However, from the TEM images in Fig. 3 another reason for the
restricted range of validity of the Hall-Petch relation in the present case can be suggested: the loss
of the amorphous/crystalline multilayer structure. The absence of continuous amorphous sublayers

for average sublayer thicknesses smaller than 15 nm allows crystallites to grow to a size much
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larger than the intended sublayer thickness. The presence of multilayer structures in some regions of
the samples in the SEM investigations indicate that there is still a periodic modulation (probably of
phosphorus content) which results in a periodic change of the attack by the etching solution. Two
main reasons may result in the loss of the amorphous sublayers for short periodicity lengths: the
interface roughness and the decreasing amorphous-to-crystalline phase ratio with decreasing
sublayer thickness. The roughness causes an inhomogeneous current density distribution during the
deposition process. Once this inhomogeneity becomes too large, the current density during the
deposition of the amorphous sublayers becomes sufficiently large to deposit not an amorphous, but
a crystalline alloy at the regions, where the current density distribution has its maxima. The
opposite effect during the deposition of crystalline sublayers at the minima of the current density
distribution is less likely, since the minima coincide with the lowest points in the surface profile of
the deposit, which are surrounded by an electrolyte depleted in hypophosphite due to geometrically
impeded mass transport or diffusion, respectively. The decreased ratio of amorphous-to-crystalline
sublayer thickness enhances the proposed mechanism for the breaking of the multilayer structure,

since the thinner amorphous layers facilitate the penetration by crystalline phase.

4.3. Microbending tests and nanoindentation

The results in both microbending and nanoindentation scatter more than the microhardness
measurements. This can be attributed to the smaller volume which is tested in these small-scale
techniques. When local defects such as small pores or inclusions (e.g. hydroxides or phosphides) on
nanometer scale are present in the tested volume of such tests, they result in measurable reduction
in strength or hardness, respectively. On the other hand, a larger volume is probed in microhardness
testing and the obtained values are averaged over a larger volume. Additionally, roughness and local
deviations in sublayer thickness also attribute to the larger scatter in the testing methods with a
smaller testing volume.

Despite the scattering, the microbending tests indicate some ductility for the intermediate nominal
sublayer thicknesses, for which the sublayer thickness is already in the nanometer regime, but the
amorphous/crystalline multilayer structure is still present. This can be attributed to the multiple
crack deflection at the large number of interfaces, as visible on the fracture surfaces.

However, the maximum stresses obtained in microbending are lower than expected from the
hardness measurements. Besides local defects, as discussed above, the residual stresses in the

deposits are another reason for this discrepancy. Tensile residual stresses for the crystalline phase,
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that were obtained from X-ray stress analysis, are a typical feature of iron electrodeposits [49] and
have also been found in purely amorphous Fe-P deposits [29]. They promote crack initiation and
crack growth in the tension part of the bending beam. On the other hand, their influence in the
complex stress field during indentation is more complicated, but is expected to be less significant
since the stresses are mainly compressive and the strains are quite large in the vicinity of the indent.
The tensile residual stresses can also cause the observed delamination in multilayers with small
sublayer widths after etching (Fig. 2d), since the etched region acts as a notch, which results in
crack growth or delamination under the tensile residual stresses if the stress concentration is high,
i.e. if the notch is sharp enough. Thus, further improvement of the mechanical properties may be
obtained by a reduction of residual stresses, which can be reached by changes in the deposition

process (e.g. addition of suitable additives or pulse plating).

5. Summary

It was shown that amorphous/crystalline multilayer structures of Fe-P alloys can be prepared using
the single bath electrodeposition technique. However, the multilayer structure breaks down below a
sublayer thickness of 15 nm which is attributed to the role of roughness and amorphous-to-
crystalline layer thickness ratio during the deposition process. A significant increase in strength
according to the Hall-Petch relation was observed in the multilayer region, whereas a hardness
plateau was observed when the multilayer structure was broken. Microbending tests showed that
high strength and crack deflection at the interfaces can be obtained. Further improvement of the
mechanical properties may be achievable in future by appropriate changes in the deposition process
in order to decrease the minimum sublayer thickness for intact amorphous/crystalline multilayer

structures as well as the number of local defects and the amount of residual stresses.

Acknowledgments

The authors would like to thank Karoline Kormout (Erich Schmid Institute, Austrian Academy of
Sciences) for help with TEM experiments and for performing the EDX and high-resolution
measurements. We gratefully acknowledge the financial support by The European Research Council
under ERC Grant Agreement No. 3401 85 USMS and by the Austrian Science Fund (FWF):
J3468-N20.

Supplementary Material:
S1: videos of in-situ SEM observation of microbending experiments at three bending beams with

(@) 310 nm, (b) 5 nm and (c) 40 nm average sublayer thickness.



17

References

[1] LK. Schuller, S. Kim, C. Leighton: Magnetic superlattices and multilayers, Journal of
Magnetism and Magnetic Materials Vol . 200 No. 1-2 (1999), 571-582. DOI: 10.1016/S0304-
8853(99)00336-4

[2] L. Peter, I. Bakonyi: Electrodeposition and Properties of Nanoscale Magnetic/Non-magnetic
Metallic Multilayer Films. In: G.T. Staikov (ed.): Electrocrystallization in Nanotechnology. Wiley-
VCH, 2007, pp. 242-260

[3] I. Bakonyi, L. Peter: Electrodeposited multilayer films with giant magnetoresistance (GMR):
Progress and problems. Progress in Materials Sciene Vol. 55 No. 3 (2010), 107-245. DOI:
0.1016/j.pmatsci.2009.07.001

[4] B.M. Clemens, H. Kung, S.A. Barnett: Structure and strength of multilayers. MRS Bulletin Vol.
24 No. 2 (1999), 20-26. DOI: 10.1557/S0883769400051502

[5] E.D. Hall: The deformation and ageing of mild steel. Proceedings of The Physical Society of
London Section B Vol. 64 (1951), 747-753. DOI: 10.1088/0370-1301/64/9/303

[6] N.J. Petch: The cleavage strength of polycrystals. Journal of The Iron ans Steel Institute Vol. 174
(1953), 25-28.

[7] C.A. Ross: Electrodeposited Multilayer Thin Films. Annual Review of Materials Science Vol. 24
(1994), 159-188. DOI: 10.1146/annurev.ms.24.080194.001111

[8] A. Misra et al.: Structure and mechanical properties of Cu-X (X=Nb,Cr,Ni) nanolayered
composites. Scripta Materialia Vol. 39 No. 4/5 (1998), 555-560. DOI: 10.1016/S1359-
6462(98)00196-1

[9] R.G. Hoagland, R.J. Kurtz, C.H. Henager: Slip resistance of interfaces and the strength of
metallic multilayer composites. Scripta Materialia Vol. 50 (2004), 775-779. DOI:
10.1016/j.scriptamat.2003.11.059

[10] A. Misra, J.P. Hirth, R.G. Hoagland: Length-scale-dependent deformation mechanisms in
incoherent metallic multilayered composites. Acta Materialia Vol. 53 (2005), 4817-4824. DOI:
10.1016/j.actamat.2005.06.025

[11] S.L. Lehoczky: Strength enhancement in thin-layered Al-Cu laminates. Journal of Applied
Physics Vol. 49 No. 11 (1978), 5479-5485. DOI: 10.1063/1.324518

[12] S.L. Lehoczky: Retardation of Dislocation Generation and Motion in Thin-Layered Metal
Laminates. Physical Review Letters Vol. 41 No. 26 (1978), 1814-1818. DOI:
10.1103/PhysRevLett.41.1814

[13] S. Menezes, D.P. Anderson: Wavelength-Property Correlation in Electrodeposited
Ultrastructured Cu-Ni Multilayers. Journal of The Electrochemical Society Vol. 137 No. 2 (1990),
440-444. DOI: 10.1149/1.2086459



18

[14] J.B. Vella et al.: Mechanical properties of nanostructured amorphous metal multilayer thin
films. Journal of Materials Research Vol. 19 No. 6 (2004), 1840-1848. DOI:
10.1557/JMR.2004.0248

[15] Ch. Schuh, T.C. Hufnagel, U. Ramamurty: Mechanical behavior of amorphous alloys. Acta
Materialia Vol. 55 (2007), 2067-4109. DOI: 10.1016/j.actamat.2007.01.052

[16] Y. Wang et al.: Ductile crystalline-amorphous nanolaminates. Proceedings of the National
Academy of Sciences Vol 104 No. 27 (2007), 11155-11160. DOI: 10.1073/pnas.0702344104

[17] Y.Q. Wang et al.: Size- and constituent-dependent deformation mechanisms and strain rate
sensitivity in nanolaminated crystallline Cu/ amorphous Cu-Zr films. Acta Materialia Vol. 95
(2015), 132-144. DOI: 10.1016/j.actamat.2015.05.007

[18] W. Guo et al.: Intrinsic and extrinsic size effects in the deformation of amorphous
CuZr/nanocrystalline Cu nanolaminates. Acta Materialia Vol. 80 (2014), 94-106. DOI:
10.1016/j.actamat.2014.07.027

[19] A. Donohue et al.: Suppression of the shear band instability during plastic flow of nanometer-
scale confined metallic glasses. Applied Physics Letters Vol. 91 (2007), 241905. DOI:
10.1063/1.2821227

[20] C.A. Ross, L.M. Goldman, F. Spaepen: An Electrodeposition Technique for Producing
Multilayers of Nickel-Phosphorus and Other Alloys. Journal of The Electrochemical Society Vol.
140 No. 1 (1993), 91-98. DOI: 10.1149/1.2056116

[21] L.M. Goldman et al.: New dual-bath technique for electrodeposition of short repeat length
multilayers. Applied Physics Letters Vol. 55 No. 21 (1989), 2182-2184. DOI: 10.1063/1.102351
[22] C.A. Ross et al.. Measurements of interdiffusion in electrodeposited nickel-phosphorus
multilayers. Journal of Applied Physics Vol. 72 No. 7 (1992), 2773-2780. DOI: 10.1063/1.351528
[23] M. Onoda et al.: Preparation of amorphous/crystalloid soft magnetic multilayer Ni-Co-B alloy
films by electrodeposition. Journal of Magnetism and Magnetic Materials 126 (1993), 595-598.
DOI: 10.1016/0304-8853(93)90697-Z

[24] G. Rivero et al.: Control of magnetic anisotropy in electrodeposited CoP/Cu multilayers. IEEE
Transactions on Magnetics Vol. 31 No. 6 (1995), 4097-4099. DOI: 10.1109/20.489873

[25] A. Brenner: Electrodeposition of Alloys Volume 11, Academic Press, 1963, p. 457

[26] E.J. Hiltunen, J.A. Lehto: On the structure of Fe-P amorphous alloys prepared by
electrodeposition and melt spinning methods. Physica Scripta Vol. 34 (1986), 239-244. DOI:
10.1088/0031-8949/34/3/011

[27] S. Vitkova, M. Kjuchukova, G. Raichevski: Electrochemical preparation of amorphous Fe-P
alloys. Journal of Applied Electrochemistry Vol. 18 (1988), 673-678. DOI: 10.1007/BF01016891



19

[28] G. Dietz et al.: The microstructure of electrodeposited amorphous or microcrystalline Fe-P
alloys. Zeitschrift fur Physik B Condensed Matter Vol. 81 (1990), 223-228. DOI:
10.1007/BF01309352

[29] S. Armyanov, S. Vitkova, O. Blajiev: Internal stress and magnetic properties of
electrodeposited amorphous Fe-P alloys. Journal of Applied Electrochemistry Vol. 27 (1997), 185-
191. DOI: 10.1023/A:1018404024196

[30] F. Wang et al.: Relationship between the crystallographic structure of electrodeposited Fe-P
alloy film and its thermal equilibrium phase diagram. Materials Transactions Vol. 44 No. 1 (2003),
127-132. DOI: 10.2320/matertrans.44.127

[31] C. Ruscior, E. Croiala: Chemical iron-phosphorus films. Journal of The Electrochemical
Society Vol. 118 No. 5 (1971), 696-698. DOI: 10.1149/1.2408146

[32] G-F. Huang et al.: Studies on the Fe-P film plating from a chemical bath: Deposition
mechanism and parameter effects. International Journal of Electrochemical Science Vol.3 (2008),
145-153

[33] V.V. Bondar, Yu. M. Polukarov: Composition and magnetic properties of electrodeposited iron-
phosphorus alloys. Elektrokhimiya Vol. 4 No. 12 (1968), 1368-1369.

[34] K. Kamei, Y. Machara: Structure and magnetic properties of pulse-plated Fe-P and Fe-Cu-P
amorphous alloys. Materials Science and Engineering A Vol. 181/182 (1994), 906-910. DOI:
10.1016/0921-5093(94)90767-6

[35] A. Miko et al.: Mdssbauer and XRD study of pulse plated Fe-P and Fe-Ni thin layers.
Hyperfine Interact Vol. 165 (2005), 195-201. DOI: 10.1007/s10751-006-9265-x

[36] L. Elias et al.: Development of nanolaminated multilayer Ni-P alloy coatings for better
corrosion protection. RSC Advances Vol. 6 (2016), 34005-34013. DOI: 10.1039/C6RA01547F

[37] J. Crousier, Z. Hanane, J.-P. Crousier: Electrodeposition of NiP amorphous alloys. A multilayer
structure. Thin Solid Films Vol. 248 (1994), 51-56. DOI: 10.1016/0040-6090(94)90210-0

[38] C.C. Nee, R. Weil: The banded structure of Ni-P electrodeposits. Surface Technology \Vol. 25
(1985), 7-15. DOI: 10.1016/0376-4583(85)90043-3

[39] S. Wurster et al.: Micrometer-sized specimen preparation based on ion slicing technique.
Advanced Engineering Materials Vol. 12 No. 1-2 (2010), 61-64. DOI: 10.1002/adem.200900263
[40] W.D. Nix, H. Gao: Indentation size effects in crystalline materials: A law for strain gradient
plasticity. Journal of the Mechanics and Physics of Solids Vol. 46 (1998), 411-425. DOI:
10.1016/S0022-5096(97)00086-0

[41] C. Genzel: Problems related to X-ray stress analysis in thin films in the presence of gradients
and texture. In: E.J. Mittemeijer, P. Scardi (ed.): Diffraction Analysis of the Microstructure of

Materials. Springer, 2004



20

[42] D. Tabor: The hardness and strength of metals. Journal of The Institute of Metals Vol. 79 No. 1
(1951), 1-18.

[43] W. Guo et al.: Effect of phosphorus content on properties of warm-rolled interstitial-free steel
sheets. Metallography, Microstructure, and Analysis Vol. 2 (2013), 249-256. DOI: 10.1007/s13632-
013-0086-4

[44] E. Hornbogen: Precipitation of phosphorus from alpha iron and its effect on plastic
deformation. Transactions of American Society for Metals Vol. 53 (1961), 569-589.

[45] S. Takaki: Review on the Hall-Petch relation in ferritic steels. Materials Science Forum Vol.
654-656 (2010), 11-16. DOI: 10.4028/www.scientific.net/MSF.654-656.11

[46] N. Nakada et al.: Effect of phosphorus on Hall-Petch Coefficient in Ferritic Steel. ISIJ
International Vol. 51 No. 7 (2011), 1169-1173. DOI: 10.2355/isijinternational.51.1169

[47] EJ. Pavlina, C.J. van Tyne: Correlation of yield stress and tensile strength with hardness for
steels. Journal of Materials Engineering and Performance Vol. 17 No. 6 (2008), 888-893. DOI:
10.1007/s11665-008-9225-5

[48] P. Zhang, S.X. Li, Z.F. Zhang: General relationship between strength and Hardness. Materials
Science and Engineering A Vol. 529 (2011), 62-73. DOI: 10.1016/j.msea.2011.08.061

[49] Y.D. Gamburg, G. Zangari: Theory and Practice of Metal Electrodeposition. Springer, 2011, p.
355





