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aspects of multi-component iron
oxide core–shell nanowires by means of atom
probe tomography, analytical microscopy, and
nonlinear mechanics†

Gábor Csiszár, *a Helena Solodenko,a Robert Lawitzki, a Wenhao Ma,a

Christopher Everetta and Orsolya Csiszárbc

One-dimensional objects as nanowires have been proven to be building blocks in novel applications due to

their unique functionalities. In the realm of magnetic materials, iron-oxides form an important class by

providing potential solutions in catalysis, magnetic devices, drug delivery, or in the field of sensors. The

accurate composition and spatial structure analysis are crucial to describe the mechanical aspects and

optimize strategies for the design of multi-component NWs. Atom probe tomography offers a unique

analytic characterization tool to map the (re-)distribution of the constituents leading to a deeper insight

into NW growth, thermally-assisted kinetics, and related mechanisms. As NW-based devices critically rely

on the mechanical properties of NWs, the appropriate mechanical modeling with the resulting material

constants is also highly demanded and can open novel ways to potential applications. Here, we report

a compositional and structural study of quasi-ceramic one-dimensional objects: a-Fe 4 a-

FeOOH(goethite) 4 Pt and a-Fe 4 a-Fe3O4(magnetite) 4 Pt core–shell NWs. We provide a theoretical

model for the elastic behavior with terms accounting for the geometrical and mechanical nonlinearity,

prior and subsequent to thermal treatment. The as-deposited system with a homogeneous distribution

of the constituents demonstrates strikingly different structural and elastic features than that of after

annealing, as observed by applying atom probe tomography, energy-dispersive spectroscopy, analytic

electron microscopy, and a micromanipulator nanoprobe system. During annealing at a temperature of

350 �C for 20 h, (i) compositional partitioning between phases (a-Fe, a-Fe3O4 and in a minority of a-

Fe2O3) in diffusional solid–solid phase transformations takes place, (ii) a distinct newly-formed shell

formation develops, (iii) the degree of crystallinity increases and (iv) nanosized precipitation of evolving

phases is detected leading to a considerable change in the description of the elastic material properties.

The as-deposited nanowires already exhibit a significantly large maximum strain (1–8%) and stress (3–13

GPa) in moderately large bending tests, which become even more enhanced after the annealing

treatment resulting at a maximum of about 2.5–10.5% and 6–18 GPa, respectively. As a constitutive

parameter, the strain-dependent stretch modulus undoubtedly represents changes in the material

properties as the deformation progresses.
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1 Introduction

One-dimensional nanowires (NWs) have gained considerable
attention in the last decades due to their outstanding optical,
electrical, magnetic, chemical and mechanical properties in
order to be used as building blocks in novel nanotechnological
applications such as photocatalysis, energy conversion appli-
cations, micro/nano electromechanical systems and sensing.1–5

Magnetic materials with special nanostructural congurations
are also of great scientic interest and technologically essential
in future applications.6 As a well-known example, iron oxides as
an important class of magnetic materials have been widely used
in catalysis,7 magnetic devices,8 environment protection,9
This journal is © The Royal Society of Chemistry 2020
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sensors,10 drug delivery,11 and water splitting12 due to their
promising physical properties. Many iron oxide particles fabri-
cated in a wide variety of zero-to-three-dimensional nano-
structures have already been synthesized with great success. As
a remarkable example, magnetic media with perpendicular
anisotropy allow smaller bit size, and as a result, greater
recording density.13–16

In the eld of one-dimensional objects, from a microstruc-
tural perspective, morphology and porosity determine a variety
of properties such as efficiency and stability of functional NWs.
Another critical aspect is the spatial distributed structural
defects such as vacancies or unintentional elements that can
affect the functionality of materials by modifying the catalytic
property, corrosion behaviour, or conductivity. The accurate
composition of an individual nanowire, is also of signicant
importance to NW electronic, magnetic, mechanical properties,
and consequently device performance. However, their detection
on a local scale remains a challenge and is crucial to describe
the mechanical aspects for the sake of optimizing strategies for
the design of nanomaterials. A couple of the major challenges
in nanowire synthesis are elementally related to the challenge of
analyzing nanowire composition andmorphology in order to, at
least qualitatively, control the concentration of (un)intentional
constituents, and to accurately map defect structure such as
grain boundary structure in multiple dimensions. To fully
characterize the potentially useful heterostructures fabricated
by various growth techniques, three-dimensional visualization
of nanoscale composition is also highly demanded. This need
in recent examples was highlighted including modulation-
doped core–shell nanowires17 and a quantum dot embedded
within a nanowire capped by a co-axial shell.18

Many factors determine the suitability of characterization
tools for composition analysis in terms of spatial resolution,
detectability for all elements, detection limit, and analysis
volume. In this regard, atom probe tomography (APT) is
a unique analytical characterization tool displaying several
advantages such as subnanometer-scale resolution, single-atom
sensitivity, and in an ideal case, equal detectability for all
elements.19 Furthermore, a statistical analysis of composition
variations is also manageable with sufficient volume analysis or
a sufficient number of atoms detected, and the 3D nature of
reconstruction data allows a rigorous investigation of various
features. Moreover, quantitative mapping of the constituents'
distributions has led to important insights into NW growth
kinetics and possible related mechanisms.17 As found in earlier
studies, APT elemental studies naturally contribute to a greater
understanding of the electrical, mechanical, and magnetic
properties of NWs.20–22 Even if there is an insignicant differ-
ence in the atomic numbers between the precipitates and the
matrix to identify elements by scattering alone, a successful
combination with spectroscopies by electron microscopy such
as EDS (energy-dispersive X-ray spectroscopy)23 or EELS (elec-
tron energy loss spectroscopy)24 can also be used complemen-
tarily together with APT. However, the detection limit of EDS is
not sufficient for single atomic detection, and therefore quan-
titative analysis only for larger clusters with relatively high
atomic fractions can be conducted with higher accuracy.
This journal is © The Royal Society of Chemistry 2020
The sensitivity, resolution, and 3D nature of APT facilitate
the quantitative analysis of clustering and alloy uctuations on
the nanoscale. It is particularly well suited to determine
whether composition uctuations exceed those of a random
alloy and is appropriate to characterize the distribution of
nanoscale clusters in terms of size, shape, and composition. As
an example, GaAs–AlGaAs core–shell nanowires remarkably
highlight numerous of the unique aspects of APT.22,25 The 2D
nature of projected TEM images, the limited volume of analysis
in cross-sectional samples, or the complexity of alloy segrega-
tion in radial heterostructures can restrict a rigorous quantita-
tive analysis of an alloy distribution in a restricted shell region
by using exclusively scanning/transmission electronmicroscopy
(S/TEM),26–28 whereas the nature of the alloy composition uc-
tuations can clearly be identied by APT.22,25 Moreover, by
utilizing isosurfaces, proxigrams, and 2D composition maps,
enriched regions can also be identied, and their size distri-
bution, shape, and composition can be statistically studied.25

APT is also especially benecial for understanding the
compositional partitioning between phases in thermally acti-
vated diffusional solid–solid phase transformations in metallic
alloys. Within the wide variety of diffusional phase trans-
formations, growth, and precipitate nucleation has been widely
studied inmany different metallic alloys using APT.29,30 A cluster
in context of APT data can either be a solid-state concentration
uctuation or a well-developed precipitate. Methods, such as
the maximum separation distance method31 and the proximity
histogram method,32 are used depending on the nature of the
solute cluster. To identify the precipitates and clusters, the iso-
concentration surface method has also been utilized with
signicant accuracy for multi-component Fe–Cu steel.33 Addi-
tionally, APT has been used extensively to study the correlation
of microstructure with various mechanical and magnetic
properties of Fe–Cr-based alloys.34 In this regard, APT has also
been essential for investigating solute segregation to material
defects like grain boundaries in alloys.35,36

Despite the great success, in operation, NWs are subjected to
mechanical and electrical stresses which impact signicantly
their mechanical properties.37 Moreover, the fabrication of NW-
based devices has been found to be critically connected with the
mechanical properties of NWs.38 Consequently, the reliability,
and functionality of these devices strongly depend on several
physical properties of their constituents. From a mechanical
perspective, in the last two decades, the development of exper-
imental methods such as atomic force microscopy (AFM),
electron microscopy (EM),39 and nano-manipulation techniques
based on focus ion beam technology (FIB-SEM),40 has given
mechanical characterization of NWs an advanced potential.41,42

Furthermore, mechanical properties and behaviour in terms of
uniaxial, biaxial, shear, and torsional loading through compu-
tational simulations have also extensively been investigated.43–45

As a consequence, probably due to their extremely small phys-
ical size and the high surface-to-volume ratio, the unique
physical properties of the NWs have always indicated a signi-
cant difference from that of their 2D (thin lm), or 3D (bulk)
counterparts irrespective to the applied experimental methods
or computational simulation.46–58 In many modern applications
Nanoscale Adv., 2020, 2, 5710–5727 | 5711
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Fig. 1 Schematic of the arrangement of the non-deformed-, and
deflected nanowire in terms of the reference frame.
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that involve larger strains, the deformation becomes inherently
nonlinear (geometrical and/or mechanical).59–61 Therefore, to
describe complex physical aspects of these materials, appro-
priate mechanical models are needed while they can open novel
pathways to potential applications.62–64

Here, we report a compositional and structural investigation
of core–shell NWs performed by using APT, EDS, and TEM
techniques synthesized via template-assisted electrodeposition
from an aqueous solution. Furthermore, via scanning electron
microscopy (SEM), a mesoscale technique is employed to
determine the mechanical properties using amicromanipulator
nanoprobe system installed within the SEM chamber, where
bending tests are conducted on individual, focused-ion-beam
(FIB) fabricated NWs. Finally, through this direct approach to
determine the deection curves as a function of the applied
forces, stress, strain, and also higher-order elastic tensor
components are determined by utilizing an appropriate theo-
retical model of the nonlinear elastic response of a-Fe 4 a-
FeOOH(goethite) 4 Pt and a-Fe 4 a-Fe3O4(magnetite) 4 Pt
core–shell NWs as quasi-ceramic, nano-crystalline materials.
2 Theoretical considerations for
mechanics

With moderately large (#12%) deformation, strain and stress
must be dened in the reference and the deformed congura-
tions leading to an Eulerian (current) and Lagrangian (refer-
ence) frame of approach. For nonlinear elasticity theory, we
have to confront the difficulty that the balance of stresses is
performed in the deformed state, while the constitutive relation
refers to the reference conguration. For more details, the
readers may refer to Secs. 3.1–3.3 in ref. 61, and in Sec. 1 in ESI†
and for more fundamentals, to Ogden65 on non-linear elasticity
theory. In this study, we use the total Lagrangian formulation,
where the nominal stress P (1st Piola-Kirchhoff stress) and the
material stress S (2nd Piola-Kirchhoff stress) relate forces in the
reference frame and the current frame to areas in the reference
conguration. Additionally, for the sake of simplicity, we
restrict to the material's homogeneous isotropic elastic property
that is consistent implicitly with derivatives of a strain-energy
density function depending only on the deformation gradient
F.66

For a complete description of deformation, the chosen
material stress, S, and the Green–Lagrange strain (as a function
of the deformation gradient, F), E(F), must be expressed for the
particular sample geometry and the deformation involved in the
deformation process. In this study, the concentrated load acts at
the free end of the one-dimensional, cylindrical beam (NW)
with a typical aspect ratio at or above 18, while the other end can
be considered clamped. For the bending experiment, sche-
matically shown in Fig. 1, the following assumptions are
established: (i) all material points on a given plane align on
a plane aer deformation; with an aspect ratio of about
length

diameter
¼ 18� 20, the relative amplitude of warping is on the

order of 10�3, therefore the warped cross-section can be
5712 | Nanoscale Adv., 2020, 2, 5710–5727
neglected (3xz y 0), (ii) anticlastic deformation is negligible;
with realistic values of about n ¼ 1/3 and syield/E ¼ 10�3 to 10�2,
the width or height of the beam changes up to 0.1–1% (3yy ¼ 3zz

¼ �n/Esxx) causing a negligible change in the cross-sectional
dimension, and thus, it has no effect on the deection curve
solution and the major strains/stresses (3yy ¼ 3zzy 0), (iii) cross-
sectional shape and size of the beam are assumed to be almost
constant resulting in a displacement vector as being a function
of the x-coordinate (w ¼ w(x)) only, and (iv) planar deformation
is considered exclusively meaning that the y-component of the
displacement vector vanishes (v ¼ 0).

According to the assumptions made for the bending, the
satisfying u-component (in the x-direction) of the displacement
vector (u ¼ u(x,z)i + nj + w(x)k using the i, j and k unit vector
notation; nj ¼ 0) can be dened as a linear function of z as

u(x,z) ¼ u� � q(x)z at any x, (1)

where the constant term u� is the displacement of the beam axis
(due to axial force) and q(x) denes the rotation of the deformed
cross-section.

As a result of geometrical non-linearity (see details in Sec. 3.2
in ref. 61, and Sec. 1.1 in ESI†), the remaining non-zero Exx
component of the strain tensor can be formulated as a function
of the displacement vector component, w(x) and its derivatives
as

Exx ¼ 1

2
arctan2½vxw�|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
membrane-strain

þ1

2
z2

�
vxx

2w
�2

�
1þ ðvxwÞ2

�2
� z

vxx
2w

1þ ðvxwÞ2|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
bending-strain

: (2)

As an additional feature compared to the classical elemen-
tary beam theory (Euler–Bernoulli, E–B), the beam axis also
extends due to the rotation of the deformed cross-section as the
gradient of the axial component of the displacement vector
(membrane-strain). Eqn (2) represents the Exx – Green–
Lagrange tensor component equipped by the full-nonlinearity
of the curvature with a quadratic approximation in u of the
displacement eld.

The 1st Piola-Kirchhoff stress tensor, P, describes the stress
in the reference conguration, and the non-physical 2nd Piola-
Kirchhoff stress tensor, S, is energy-conjugate to the Green–
Lagrange strain tensor, E. The S tensor can be given by the
This journal is © The Royal Society of Chemistry 2020
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product of the inverse deformation gradient tensor, F�1, and
the 1st Piola-Kirchhoff tensor, P. To be exact, shown in eqn (6)
and (9) in ref. 61, the relevant components of the corresponding
tensors are determined. Thus, a general constitutive law

Sxx ¼ f(Exx, Exz, Ezx, Ezz) (3)

with some non-linear function f can be derived. Assuming that
Exz, Ezx, Ezz terms contribute negligibly, Sxx ¼ f(Exx) is applied.

As a result, the tensor component Pxx (see details in Sec. 1.2
in ESI†) yields

Pxx ¼ 1

2
E1q

2 þ 1

8
E2q

4 � z

�
E1kvxsþ 1

2
q2�

E1 þ E2

�
1þ 1

4
q2
		

kvxs



þ z2

�
3

2
E1k

2vx
2s

þE2

�
1

2
þ 3

4
q2
	
k2vx

2s



� z3

��
1

2
E1 þ 1

2
E2

�
2þ 1

2
q2
	


k3vx
3s



:

(4)

Consequently, one of the most descriptive part of bending,
the bending moment becomes as

M ¼ �FðL� xÞ ¼ E1kvxsI|fflfflfflfflffl{zfflfflfflfflffl}
I

þ1

2
E1q

2kvxsI þ 1

2
E1ðkvxsÞ3I4th|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

II

þ
�
1

2
q2 þ 1

8
q4
	
E2kvxsI|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

III

þ1

2
E2

�
2þ 1

2
q2
	
ðkvxsÞ3I4th|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

IV

; (5)

where F is the applied concentrated force at the free end, and L
represents the total length of the nanowire (see also Fig. 1).

In eqn (5), the four distinguishable terms not only play
a decisive role to the moment, M, but they also have different
meanings with respect to elasticity. The rst term (I) as a quasi-
linear term contributes to the moment similar to E1v

2
xxwI as if

full linearity would be utilized (E–B theory). In this study, on the
contrary, the curvature is utilized with its full-nonlinear form
(quasi-linear). The second term (II) contributes toM additionally
in terms of a quadratic geometrical non-linearity (a quadratic
approximation of the displacement eld). The third term (III)
contributes in a mechanical sense to M with respect to
a quadratic approximation of mechanics, whereas the fourth
term represents a mixed term related to a quadratic geometric
and mechanical approximation.

Eqn (5) can also be expressed in terms of the deection curve
using the formula given in eqn (10) in ref. 61. This provides an
equation for the calculated moment that consists of linear and
quadratic functions of the rst and second derivatives of the
deection curve with respect to x. Thus the proposed theoretical
approach can approximate directly the constants E1 and E2 by
employing the appropriate numerical method. In this study, via
the applied shooting method, one must solve a boundary value
problem by reducing it to a system of initial value problems.

To expand the proposed description, another important
quantier similar to Young's modulus in isotropic linear elas-
ticity can be introduced. For this purpose, the incremental
stretch modulus can be introduced to study the nonlinear
This journal is © The Royal Society of Chemistry 2020
elastic response of an isotropic material under bending condi-
tions. The gradient of P with respect to the displacement
gradient, F� I, provides the incremental stretch modulus, ~Yincr,
as

~Y
incr ¼ vP

vðF � IÞ: (6)

Applying eqn (S5) in ESI,† the incremental stretch modulus
yields its nal closed form in terms of derivatives of the
deection function as given in eqn (S11) in ESI.†

To bring the theoretical considerations to a conclusion, with
the assistance of the determined Exx, Pxx and ~Yincr, an appro-
priate non-linear quadratic order description of bending can be
conducted along with experimental deection curves.

2.1 Effective bending modulus in case of a composite
structure

In case of a core–shell structure, the different contribution of
the core and the shell to the moment must be taken into
account separately. The moment–curvature relationship for
a composite beam may be determined from the condition that
the moment resultant of the bending stresses is equal to the
bending moment M acting at the cross section. Following
similar steps as for a beam of one type of material and utilizing
the result given in eqn (5), we can yield

M ¼
ð
A

PxxzdA

¼ ðE1I2ndÞ*
�
kvxsþ 1

2
q2kvxs

	
þ ðE1I4thÞ*

�
1

2
ðkvxsÞ3

	

þ ðE2I2ndÞ*
�
1

2
q2 þ 1

8
q4
	
kvxsþ ðE2I4thÞ*

�
1þ 1

4
q2
	
ðkvxsÞ3;

(7)

where (E1,2I2nd,4th)
* are the so-called effective bending moduli

with respect to the 2nd and 4th moment of inertia. Consider
now an annulus whose center is at the origin, the outside radius
is rtotal, and the inside radius is rcore. Because of the symmetry of
the annulus, the centroid also lies at the origin. We can now
determine the effective bending modulus in terms of the linear
and nonlinear parameters as a function of the second moment
of inertia as

ðE1;2I2ndÞ* ¼ Ecore
1;2

pr4core
4

þ Eshell
1;2

p

4

�
r4total � r4core

�
; (8)

where Ecore and Eshell refer to the materials' parameters (in this
study, a-Fe + a-FeOOH, or a-Fe3O4 + a-Fe for the core, and a-
Fe3O4 or Pt for the shell formation) the core and the shell are
made of (see Sec. 4). Neglecting the contribution in stress and
strain derived from the interface situated between the core and
the shell, and denote the thickness of the shell by t, the nal
expression for the effective bending moduli with respect to the
second moment of inertia yields

ðE1;2I2ndÞ* ¼ Ecore
1;2

pr4core
4

þ Eshell
1;2

p

4

�
t4 þ 4

�
rcoret

3 þ r3coret
�

þ 6r2coret
2
�
: (9)
Nanoscale Adv., 2020, 2, 5710–5727 | 5713
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Similar to the derivation of the effective bending modulus in
terms of the second moment of inertia, the effective bending
modulus consisting of the fourth moment of inertia can be
given as

ðE1;2I4thÞ* ¼ Ecore
1;2 pr6core þ Eshell

1;2

p

4

�
t6 þ 6

�
r5coretþ rcoret

5
�

þ 15
�
r2coret

4 þ r4coret
2
�þ 20r3coret

3
�
: (10)

Note here that in the case of a multiple shell formation, the
nal effective bending modulus consists of more additive terms
in eqn (8) generated by applying multiple times the same
routine. To conclude, in composite structures, as an additional
feature, the bending moment of the core and the shell can be
described appropriately as given in eqn (8)–(10).
3 Experimental
3.1 Sample preparation

3.1.1 Electrodeposition. To synthesize the Fe-based NWs,
a porous polycarbonate track-etched membrane with nominal
pore size of 50 nm and 100 nm from WHATMAN™ were used.
The pores were lled with an electrolyte for the Fe-based NWs
was comprised of 0.4 mol L�1 FeSO4$7H2O, 0.1 mol L�1 H2SO4,
0.02 mol L�1 ascorbic acid, and 0.01 mol L�1 citric acid.

For the electrodeposition, a 200 nm thick gold layer on one
side of the membrane is sputtered by ion beam (10�8 mbar;
sputtering rate of 1.3 � 0.2 Å s�1) to be served as a working
electrode. A pure iron bar was chosen playing the role of
a counter electrode. The electrodeposition was realized in a two-
electrode electrochemical cell system. Chronopotentiometry
(CP) mode was used to conduct a deposition with a xed
deposition rate. In order to ascertain the required composition
and morphology, constant currents in the range of 200 mA to 3
mA were applied. Considering that the pore density is 6 � 108

cm�2, the effective deposition area is calculated as 0.925 mm2.
This corresponds to an applied current density in the range of
216 A m�2 to 3242 A m�2. Furthermore, during the deposition,
a constantly generated electrolyte ow facilitated the crucial H2

gas bubbles to be removed from the pores.
Aer deposition, the membrane was put into a 10 mL tube

and dissolved in 0.7 mL dichloromethane (CH2Cl2) at
a temperature of 38 �C for 40 minutes. In order to proceed to the
FIB li-outs (preparation for the bending test and TEM, APT
investigations), NWs from the gold-sputtered layer were care-
fully scratched onto a TEM copper grid with a mesh size of 6.5
mm. A dual-beam FEI SCIOS FIBSEM was used to transfer iso-
lated single NWs lying on the edge of the grid onto pre-
fabricated tungsten posts and get them xed by Pt-deposition.
The average length of the NWs is found to be about 7 mm and
between 100 and 200 nm in diameter grown on the sputtered
gold layer.

3.1.2 Heat-treatment. The heat treatment of the NWs was
done aer the FIB li-out process. The NWs were rstly placed
in an ultra-high vacuum of 10�10 mbar for 24 hours to decrease
the number of adatoms on the surface. Then the annealing was
conducted at a temperature of 350 �C for 20 hours in a UHV
5714 | Nanoscale Adv., 2020, 2, 5710–5727
furnace under pressure of <10�9 mbar. The heating/cooling rate
was around 60/10 K min�1, respectively.
3.2 Characterization

3.2.1 Atom probe tomography. Laser-assisted atom probe
tomography was used for the characterization of the NW. The
measurement was performed within a custom-made device67 at
a base pressure of 4.8 � 10�10 mbar and a temperature of 66 K.
To trigger the evaporation of individual atoms, a laser with
a wavelength of 345 nm and a pulse width of 220 fs was
employed. The repetition rate was set to 100 kHz and an atom-
to-pulse ratio of 0.3–1.4%. The used laser energy was set to 0.2
mJ with a laser spot size of 80 mm. The reconstruction of the raw
data was performed by the reconstruction soware Scito
V1.40.68

3.2.2 TEM and EDS. The morphology, crystal structure and
grain structure of single NWs (before and aer the annealing)
that have been prior mechanically tested, were analyzed on
a Philips CM-200 FEG STEM operated at 200 kV applying bright-
eld (BF) and dark-eld (DF) imaging and selected area electron
diffraction (SAED). In order to visualize the grain structure,
colored DF-grain maps were obtained by an overlay of four
differently colored DF images. These DF images produced by
using azimuthally different beam tilts (0�, 15�, 30�, and 45�).
From the colored DF-grain maps, the average grain size was
calculated by an analysis of 50 grains each. The composition of
selected NWs was proven with a super ultrathin window EDS
detection system by EDAX.

3.2.3 SEM equipped by a micromanipulator. For the
mechanical characterization of NWs, SEM images were taken
with a FEI Quanta 250 SEM with an acceleration voltage of 30
kV. The in situ bending experiments on the fabricated NWs were
performed inside the SEM equipped by a Kleindiek Nano-
technik MM3A-EM Micromanipulator with an FMT-120 B force
measurement tip. A calibration of the force sensor was done
with a standard sample that has a spring constant of 9.0 N m�1.
In themeasurements, concentrated lateral loads were applied at
the free end of the NWs. As a result, SEM images of the bending
responses under different applied loads were analyzed to
determine the deection curves.
4 Results
4.1 Morphology and composition by using APT

4.1.1 As-prepared state of NWs. The microstructure and
composition of as-prepared and heat-treated NWs has been
determined by APT. The results for the as-prepared state are
presented rst and are shown in Fig. 2. From themass spectrum
(see Fig. 2a), it is evident that the wire does not consist of pure
iron, since molecular species of iron together with oxygen are
detected. In the case of a pure iron NW, no molecular ions
would be detected, only pure O/O2 and Fe. This indicates the
presence of oxides in the wire, but no conclusion can be drawn
which oxides have been formed. The majority of detected
species is Fe and a substantial amount molecular ions of Fe2O
and FeO are identied. The spectrum contains typical
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) Mass spectrum of an as-prepared NW. Mainly Fe2+ and various iron oxides are detected. The black curve shows the measured mass
spectrum, while the red displays the background corrected mass spectrum. (b) Composition profile along the wire axis. (c) Top: reconstructed
atom map of Fe (green) and O (red); bottom: additional isosurface of 22% oxygen overlayed on atom map.

Fig. 3 (a) Mass spectrum of an annealed NW. Black curve represents
the uncorrected spectrum, while red shows the background corrected
spectrum, (b) reconstructed atom map (top), 22 at% O isosurface
(bottom) showing many small O rich precipitates and one large
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contaminants (e.g. C, H, H2 and HxO), which can arise from the
FIB wire mounting process and residual gases inside the
measurement chamber, especially hydrogen. However, their
amount is negligible. The mass peaks in the spectrum show
pronounced thermal tails, which can be explained by the
increased sample temperature during measurement and
unfavourable heat diffusivity of the wire. This leads to an
overlap of mass peaks and uncertainties in the determination of
the oxygen content. For an accurate estimation of the oxygen
content, a background correction has been applied (red line in
Fig. 2a). To correct the background, the highest peaks of the
mass spectrum were approximated by a Gaussian function (to
t the main peak) and a split Pearson VII distribution (to t the
thermal tail). The sum of the Pearson VII distribution was
subtracted and added to the corresponding mass peak. Oxygen
is distributed homogeneously throughout the entire wire.
Calculating the oxygen content from the mass spectrum results
in 20.0 at% oxygen, considering the background subtraction, or
27.5 at% O including the uncorrected background. Addition-
ally, a 1D composition prole has been calculated to check the
homogeneity of the sample along its z-axis, which is shown in
Fig. 2b. It is evident that no major uctuations in the oxygen
content occur. The reconstructed atom map of the NW is pre-
sented in Fig. 2c with approximately 300 nm of the NW that has
beenmeasured successfully. Only Fe atoms (green) and O atoms
precipitate along the entire NW.

This journal is © The Royal Society of Chemistry 2020 Nanoscale Adv., 2020, 2, 5710–5727 | 5715
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Fig. 4 Comparison of normalized local mass spectra within the matrix
(red) and one precipitate (black).
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(red) are visualized, molecular ions of iron oxides have been
split into their respective constituents.

4.1.2 Annealed state of NWs. The ndings of the annealed
NW are summarized in Fig. 3. As in the as-deposited case,
tailing is observed. Comparing the mass spectrum with the
spectrum of the as-prepared state, more molecular ions of iron
oxides (Fe2O

2+
3 , FeO+

2) have been detected. In the as-prepared
state Fe2+ and Fe2O

2+ were the highest peaks (with 3.4 Mio.
and 1.3 Mio. counts), while in the heat treated state, the two
highest peaks were Fe2+ and Fe1+ (37 Mio. and 4.5 Mio. counts).
To visualize the spatial distribution of oxygen, an isosurface is
utilized (see Fig. 3b). The isosurface of 22 at% O reveals the
Fig. 5 TEM analysis of a NW in the as-deposited state (a–f) and a NW a
originating from a length of 800 nm of the NWs (weak reflections of the o
of four differently tilted and colorized dark field (DF) images visualizing th
shown in the inset; (c–e) & (i–k) EDS maps of the regions indicated in figu
indicating a homogeneous distribution of Fe and O in (c and d) and loca

5716 | Nanoscale Adv., 2020, 2, 5710–5727
presence of oxygen-rich particles across the entire measured
volume and a large oxygen-rich region at the outer range of the
detected area, running along the entire measured length of the
NW (approximately 600 nm). This large oxygen-rich region is
a part of an outer oxide shell surrounding the NW. Additionally,
as discussed later, there no enrichment of Pt was found within
the shell.

In contrast to the as-deposited state, where the NW contains
oxygen homogeneously distributed in the entire volume, in the
annealed state the surrounding matrix is depleted of oxygen
and consists of pure iron. To compare the composition of
matrix and precipitates, a local mass spectrum was extracted
from both regions. Two box lters were placed inside and
outside of the O isosurface, which are shown in Fig. 4. This
conrms furthermore that the detected ions in the matrix are
exclusively Fe, while the precipitate shows additional peaks of
O, O2 and iron oxides. The corrected composition of the
precipitates has been determined to be 71.4 at% Fe and 28.6
at% O, while the oxygen content outside the precipitates is less
than 3 at%.
4.2 Morphology, crystalline structure and composition by
using TEM and EDS

The morphology, grain, and crystal structure of the NWs before
and aer annealing has been analyzed by TEM and is presented
in Fig. 5. Both nanowires are of polycrystalline nature which can
be clearly seen in the diffraction patterns in Fig. 5a and g. In the
as-deposited NW, the grains are signicantly smaller since
single reections are barely visible in Fig. 5a; whereas in the
annealed NW, several strong reections are visible. The crystal
structure in the as-deposited wire matches well with body-
fter annealing (g–l): (a and g) indexed selected area diffraction pattern
xides Fe2O3 and Fe3O4 are indicated as dashed lines); (b and h) overlay
e grain structure; a bright field (BF) image of the corresponding wire is
res (band h); (f and l) net intensity overlay of the Fe, O and Pt EDS map
l enrichment of O in (j), and Pt in (e and k) as an outer shell formation.

This journal is © The Royal Society of Chemistry 2020
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Table 1 Atomic concentration of oxygen in the annealed NW

Region with lack of O Region in abundance of O

Conc. [at%] Net int. [%] Conc. [at%] Net int. [%]

NW #1 20.3 5.9 43.7 16.3
16.7 4.7 40.4 14.6

NW #2 12.8 3.5 34.2 11.3
— — 33.0 10.9

Average 16.6 � 3.8 4.7 � 1.2 37.8 � 5.1 13.3 � 2.6

‡ Effective length is dened as the length between the clamped end point and the
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centered cubic a-Fe. A rather weak additional ring is also visible
closest to the primary beam which would match to the intensity
of the (113) reection of a negligible amount of Fe3O4 (Fd�3m
with a¼ 0.8396 nm) structure. Moreover, it can be excluded that
it stems from a Pt crystalline phase. Aer annealing (Fig. 5g),
the DP consists of signicantly more rings. Besides the reec-
tions from bcc a-Fe (red), there are additional reections from
iron oxides. These reections were indexed by comparison to
simulated diffraction patterns with the soware package
JEMS.69 The majority of the additional reections stems from
the spinel phase magnetite Fe3O4 (Fd�3m with a ¼ 0.8396 nm)
illustrated by green rings. All remaining reections (less than
5% in total) match well to the structure of bixbyite Fe2O3 (Ia�3
with a ¼ 0.94 nm) illustrated by blue rings.

The grain structure is signicantly different before and aer
annealing, which can be seen in the colored DF-grain maps in
Fig. 5b and h. In the as-deposited state (b), the grains are very
small (2.7 � 0.9 nm) and align in domains of many grains with
similar orientation in growth/length direction of the wire. Aer
the annealing (h), the grains have a size of (14 � 8 nm) and
preferred orientations are not visible anymore. Both nanowires
are covered by a 23 � 3 nm thick shell consisting of Pt particles
embedded in a carbon precursor. This shell is an unavoidable
le-over from the preparation of the wires when using the FIB
and xing them on the tungsten posts with the gas injection
system using this precursor. To expand on this issue, also dis-
cussed later in Fig. 9, it is demonstrated, that the shell was not
measured on either side of the NW by APT. The atom probe has
a limited eld of view and therefore measures only the center
part of the specimen. Due to slight misalignment of sample to
detector center, the edge of the NW is measured only.

Chemical information of the NWs were obtained by EDS and
are presented in the elemental maps in Fig. 5c–e and i–k. In the
as-deposited NW, Fe and O are homogeneously distributed
within the wire, whereas aer annealing, iron and oxygen-rich
regions exist. This can be clearly seen, when comparing the
separate EDS maps measured for Fe and O in the as-deposited
state (Fig. 5c and d), and the overlay of the net intensity map
of Fe and O for the annealed NW (Fig. 5l), where each pixel is
colorized by the element with the highest net intensity. Addi-
tionally, the overall oxygen content is quantied to be almost
the same for both nanowires (as-deposited: �22.4 at% vs.
annealed: �24.6 at%), meaning there was no additional oxida-
tion during the annealing.
This journal is © The Royal Society of Chemistry 2020
As tabulated in Table 1, the quantitative EDS analysis for the
20 h-long annealed sample reveals a strongly uctuating oxygen
concentration along the NW. The evaluated gures indicate that
there are several regions with a 2.8 times higher normalized net
intensity of oxygen content (approximately 2.3 times higher
oxygen concentration) as oxygen-rich regions compared to those
having a lack of the oxygen. Note here, since the determination
of atomic concentration via EDS is inuenced by numerous
factors, the accuracy is rather limited.
4.3 Mechanical bending tests

To determine the deection curve w(x) of the synthesized
individual Fe-based NW, concentrated lateral forces were exer-
ted by the micromanipulator at the free end. While the clamped
end connected to the W-post was stable, a force measurement
tip detected the applied lateral forces during loadings. The force
measurement tip (M-tip, see Fig. 6) was moved in a direction
perpendicular to the NWs to apply gradually increasing lateral
force to it. Furthermore, the position of the applied lateral force
on the surface of the NW remained constant during measure-
ment. Fig. 6 (a–c for the as-deposited-, d–f for the annealed case)
illustrates a series of snapshots of SEM images that display the
process of bending of two typical individual NWs with an
effective length‡ of 2.39 � 0.06 mm (2.89 � 0.07-annealed) and
a radius of 62 � 6 nm (aspect ratio ¼ 20, (AR); 82 � 7-annealed;
AR ¼ 18). As shown in Fig. 6b, the initial point of the deection
is dened as the point where the nanowire connected to the W
post by using Pt glue. In Fig. 6a–c (d–f-annealed), the increasing
deection indicates the gradually increased lateral force up to
about a maximum force of 336 (624-annealed) nN. At higher
applied forces, residual deformation was detected, therefore,
further bending tests were not conducted since the elastic
response of the NWs is of interest. Aer each bending test
demonstrated in Fig. 6a–f, the tip was unloaded, and the free
end of NW moved back to its initial position and restored
completely its original shape without any residual plastic
deformation.

The investigated deections in the load-controlled bending
were conducted for the as-deposited state under the forces of
187 � 22 nN, 226 � 23 nN, 336 � 33 nN, whereas in the
annealed state, the applied forces were 455 � 42 nN, 546 � 48
nN and 624 � 57 nN. The deection curves are determined by
using the middle line shown schematically in Fig. 6b in
a Cartesian coordinate system. As shown in Fig. 7, with
increasing applied force, the effective maximum displacement
(see dmax in Fig. 1) of the wire at the free end reaches about
220 nm, 375 nm, 555 nm, and in the case of aer annealing,
425 nm, 600 nm, and 790 nm respectively, all in the elastic
regime. At smaller applied forces, initially, the deformation
indicates a constant gradient of the curvature along the wire,
while at larger applied forces, a stronger variation of the
gradient is demonstrated with respect to strain. Approaching to
the free end, the curvature seemingly converges to innity.
point at the NW where the force measurement tip touched it.

Nanoscale Adv., 2020, 2, 5710–5727 | 5717
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Fig. 6 (a–c) A series of SEM snapshots of a typical synthesized (as-
dep.) and (d–f) later annealed Fe-based NWs exerted by the applying
concentrated lateral force perpendicular to it. The corresponding
applied forces are also given in the images. NWs shown in (a–f) are
under gradually increased concentrated forces with concomitantly
recorded pronounced deflection characteristics. Schematics of
a coordinate system visualized in (b) assists to demonstrate the applied
method used to determine the deflection curves denoted as the
middle line. As a preprocessing operation, skeletonization algorithm
was applied using the distance transformation procedure imple-
mented in ImageJ software.70 The dotted line represents experimental
data points with errors of about 5 nm in the entire range. Note here
that the deflection curves only represent the effective length of the
wires. The scale bar given in (a) and (d) holds also for images shown in
(b, c) and (e, f), respectively.
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Consistently, the curvature of deections indicates that in the
closer region to the clamped end, the highest bending contri-
bution occurs, however, with increasing distance, the bending
Fig. 7 Typical deflection paths determined by displacements at points
100 nm. The deflections were conducted under lateral concentrated for
free end. Additionally, deflection curves defined implicitly in the nonline
dashed lines after fitting numerically to the experimental data. As a result,
constants (C111) are also given prior to, and subsequent to the thermal tre
the relation between the applied force and the elastic properties. The ex

5718 | Nanoscale Adv., 2020, 2, 5710–5727
effect vanishes. Note here that such a phenomenon is not
a unique feature of the employed nonlinear model, since from
a linear mechanical perspective one would expect similar effect.
From a different perspective, the proposed model is able to
indicate consistency with its linear counterpart.

As veried in Fig. 7 by the tted blue-colored deection
curves, in case of the smallest applied force, only the quadratic
geometrical approximation is needed, while at higher forces
(gray-, red curves), both the quadratic geometrical-, and
mechanical approximation are found to be sufficient in the
small-to-moderate regime.
5 Discussion
5.1 Composition and morphology

Fig. 8 is a top view on a slice from the center of the recon-
struction via APT, where a local concentration (a and c) and
a local atomic density analysis (b and d) was performed. The
structure of the as-deposited NW displays slight uctuations of
oxygen and the atomic densities. The TEM investigations of the
as-prepared NW indicated a very small grain size and a highly a-
Fe polycrystalline diffraction pattern. The observation of the
composition and density uctuations in Fig. 8a and b might be
due to the very small grain found within the NW. Furthermore,
grain boundaries are usually only detectable by changes of the
chemical contrast, i.e. segregation of solute atoms to the
interface and/or differences in atomic densities.71 For pure
crystalline materials, poles and zone lines are distinctive
features and a break in the symmetry corresponds to a grain
boundary. These imply always a lower atomic density. In this
study, higher oxygen content corresponds to denser regions and
vice versa. The size of the oxygen depleted regions has been
determined to be (3.3 � 1.7) nm, which would correspond to
a very small grain size and which is very close to the grain size
evaluated by TEM (2.7 � 0.9) nm. Moreover, it has also been
veried that the NWs in the as-prepared state contain oxygen
and the overall oxygen content amounts to 20–27.5 at% (see Sec.
along the middle lines of the NW with an average distance of about
ces ranged from (a) 187 nN to 336 nN, and (b) 455 nN to 624 nN at the
ar theoretical moment function (cf. Sec. 2) are shown by color-coded
the approximated Young's moduli (E ¼ C11), and the third-order elastic
atment. The color-coded rectangles are to assist the reader to identify
perimental error is in the order of the size of the symbols.

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Concentration and density maps of the as prepared (top) and annealed state (bottom): (a) and (c) local oxygen concentration maps with
schematically outlines of some grains in the as-prepared state; (b) and (d) local atomic density maps. The empty spot in the maps correspond to
a blind spot of the detector.
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4.1.1), which agrees well with the content determined by TEM-
EDS (approximately 22.4 at%).

In the annealed case, the results of the APT and TEM analysis
partially differ. While the TEM analysis indicates crystalline a-
Fe, Fe3O4 and in minority of Fe2O3 phases, the APT analysis
measures an oxygen content of 28.6 at% for the precipitates,
while the measured oxygen content in the matrix is found to be
less than 3 at% (see also Sec. 4.1.2). This oxygen content (28.6
at%) is still far off from the content that can be expected from
the crystal structure of Fe2O3 or Fe3O4 (60 at% and 57 at%
respectively), while the matrix consists of almost pure Fe (see
Fig. 4).

It is difficult to quantify the actual content of gaseous species
like oxygen and nitrogen in the atom probe since measurement
artifacts can lead to loss of these species. This loss depends on
many factors, for example, the laser wavelength, the laser
energy, and the sample temperature.72 To avoid premature
fracturing of the specimen, base temperature and laser energy
were increased. Furthermore, the geometry of the wire is rather
unfavorable for the removal of heat leading to an increase of the
base temperature73–75 and thus evaporation in between the laser
pulses, which results in the measured thermal tails. To expand
on this issue, analyzing the density distribution of the annealed
NW (see Fig. 8c and d), the precipitates display regions of
This journal is © The Royal Society of Chemistry 2020
increased density in comparison to the matrix. As a possible,
but a not exclusive explanation of the loss in oxygen and the
corresponding high density regions may be derived from the
fact that iron oxides may have a lower evaporation threshold
than the surrounding matrix. Therefore, iron oxides evaporate
readily and mostly undetected, resulting in a concave curvature
at the surface of the particle during eld evaporation. As
a consequence, trajectory aberrations lead to regions of
increased atomic densities in the reconstructed volume.76,77 To
conclude, even though the exact oxygen content could not be
determined accurately for the evolved precipitates by using APT,
it is obvious that the annealed NW consists of oxygen rich
phases implying a strongly inhomogeneous structure.

5.2 Structural considerations for the initial- and annealed
state

Based on the results given in Secs. 4.1 and 4.2, it could be said
that the investigated NWs, irrespective to the thermal treat-
ment, consists of a-Fe and iron-oxide phases with different
morphologies and as a result of the fabrication, an additional
outer shell formation. The TEM analysis given in Sec. 4.2
conrmed that NWs are fabricated together with a shell
formation consisting of Pt nanoparticles embedded in a carbon
precursor. However, this shell has not been measured by the
Nanoscale Adv., 2020, 2, 5710–5727 | 5719
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atom probe due to the fact that the eld of view in the atom
probe is smaller than the wire diameter, therefore, only a part of
this shell might have been measured.

As a result of the annealing, a large elongated grain on the
outer edge of the core of the wire indicated an additionally
developed iron-oxide shell without any Pt content detected via
APT. The measured thickness of this shell corresponds to about
13 nm at the widest point in the reconstruction. In reality, the
shell thickness may additionally uctuate, since the density (see
Fig. 8d) uctuates as well. Furthermore, the existence of the thin
oxide shell is further supported qualitatively by the analysis of
TEM-EDS (see Fig. 5l), however, quantitative analysis on the
thickness of the oxide shell cannot be conducted accurately.
Additionally, APT results also demonstrated precipitates inside
the core region, which precipitates are also conrmed by the
inhomogeneities in the oxygen EDS signal in the TEM analysis
and have most probably an Fe3O4 structure, similar to the thin
oxide shell, as concluded from the measured diffraction
patterns (see Fig. 5g). To bring this summary to a conclusion,
the initial homogeneous core–shell structure in the as-
deposited state evolves to a double-shelled structure with
a precipitated core region as illustrated by the schematic in
Fig. 9.

Consequently, based on our ndings in terms of the results
by using TEM, EDS, APT and the employed electrodeposition
method, the actual structure of the NW can be determined in
order to apply the most appropriate elastic constants used as
initial parameters in the tting procedure (see plotted results in
Sec. 4.3). In the as-deposited state, shown in Fig. 2b, the
homogeneous distribution of Fe with a slight uctuation of O
amounts to about 24 � 4% – O and 76 � 4% – Fe content in
average throughout the whole NW. During the electrodeposi-
tion, the most likely phase to be formed beside the bcc iron is
iron hydroxide.78–83 This phenomenon can also be conrmed
that a-Fe cannot take up 24% of oxygen. Furthermore, since no
further crystalline structure than the bcc Fe is detected (see
Fig. 5), an amorphous FeOOH phase is most likely present and
Fig. 9 Schematic cross-section of the annealed NW and the probed
volume due to limited field of view in APT analysis.

5720 | Nanoscale Adv., 2020, 2, 5710–5727
distributed nely, since it could not be resolved by APT either
(cf. Fig. 2). Therefore, to calculate the volume fraction of a pure
Fe and a pure FeOOH hydroxide region, we take into account
the mass densities of rFe ¼ 7.87 g cm�3, rFeOOH ¼ 4.25 g cm�3

and the atomic weights of AFer ¼ 55.85 g mol�1, AOr ¼ 16 g mol�1.
Assuming that only theses two constituents build the structure
initially and the oxygen content in average equals to 24% (Fe-
76%), the calculated volume fractions are about 60% and 40%
for the Fe and the FeOOH hydroxide, respectively. Conse-
quently, the applied Young's modulus can be approximated to
Ecore ¼ 243 � 25 GPa by using the Voigt–Reuss model with
respect to the average of the upper-, and lower bound case
employing moduli as Ea-Fe¼ 230� 20 GPa 78 and Ea-FeOOH¼ 265
� 30 GPa.78 Regarding the platinum shell, the measured
thickness, as a general production feature, is taken as of 23 �
3 nm as determined from Fig. 5. The corresponding Young's
modulus is 174 � 10 GPa.84

Aer annealing, the structure of the NW is signicantly
changed by forming an additional shell in the previously
dened core region and developed by additional precipitates.
The precipitates have most probably a stoichiometry close to
Fe3O4 similar to the newly formed inner shell. The chemical
composition of the shell and precipitates is also conrmed
indirectly via TEM shown in Fig. 5. Based on the ndings of the
APT measurement demonstrated in Fig. 3, the shell formation
can be characterized with an average thickness of about 10 �
3 nm. In previous studies, authors presented that the annealing
of a region consisting of FeOOH hydroxide at 500 �C for 2 hours
in the presence of carbon, resulted in the transformation of the
FeOOH into Fe3O4.85 Investigating the results performed via
APT (see Fig. 3a) and additionally taking into account the
ingredients of the bath used for the electrodeposition listed in
Sec. 3.1.1, the measured carbon content partially originates
from the applied acidic environment through the electrodepo-
sition. Consequently, the presence of carbon facilitates the
Fe3O4 to be formed with different morphologies (shell +
precipitates) in the core region. As a result of the temperature
test, not only the grain structure changed in both the core and
the shell region, but the previously dened core has become
a new core–shell formation. Furthermore, the Fe–Fe3O4 core–
shell structure is further equipped with the outer platinum shell
(thickness is about 21 � 3 nm; see Fig. 5) forming nally
a double-shelled NW. To expand on this, as mentioned earlier
in Sec. 4.1.2, the measured concentrations determine an almost
pure Fe prevalence around the precipitates. Moreover, in order
to calculate the volume fractions of the newly formed precipi-
tates, we used the results from the EDS measurements con-
ducted prior to and aer the annealing treatment which
revealed constant overall atomic fractions. As a consequence,
the volume fractions of the different formations (pure Fe –

matrix; Fe3O4 – precipitate and shell) can be determined.
Assuming an average 10 nm thickness of the newly formed
Fe3O4 shell, 51 nm (see Sec. 4.3) as the radius of the newly
dened core of the NW, and using the mass density of rFe3O4

¼5.17 g cm�3 together with the aforementioned atomic weights
of Fe and O, the constant 24 � 4% O overall content implies
volume fractions of a pure Fe matrix and a total volume of Fe3O4
This journal is © The Royal Society of Chemistry 2020
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Table 2 Summary of the structural parameters of the NWs used in bending tests for the initial- and annealed state

ctotalO [at%] ctotalFe [at%] rcore [nm] tPtshell [nm] tFe3O4

shell ½nm�
Va-Fe/
Vtotal [%]

Va-FeOOH/
Vtotal [%] Va-Fe3O4

/Vtotal [%] Ecore [GPa]
Eshell–
Fe3O4 [GPa]

Eshell–
Pt [GPa]

AS-DEP 24 76 39 23 — 60 40 — 243 — 174
ANNEALED 24 76 51 21 10 52 — 30 – Fe3O4–shell, 18 –

Fe3O4–prep.
240 262 174
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precipitates to be about 74% and 26% respectively determined
exclusively for the newly formed core. This relative fractions can
then be used for employing it in the Voigt–Reuss model with
respect to the average of the upper-, and lower bound case with
moduli as Ea-Fe ¼ 230 � 20 GPa (ref. 78) and Ea-Fe3O4

¼ 262 �
12 GPa.78,86 Finally, the applied effective Young's modulus is
approximated to Eanncore ¼ 240� 22 GPa. Finally, all the calculated
physical parameters together with the geometrical features of
the NWs are tabulated in Table 2.
5.3 Nonlinear deection

As shown in Fig. 7, the increasing applied force for a NWwith an
aspect ratio of about 18–20 resulted in specic experimental
deection curves (lled circle). Before annealing, from a force of
F¼ 187 nN to 336 nN, whereas aer annealing, from a force of F
¼ 455 nN to 624 nN, the deection does indicate a nonlinear
behavior featured by an effective maximum displacement at the
free end ranging from about 220 nm to 555 nm, and about
425 nm to 790 nm, respectively. By solving the differential
equation given in eqn (5) in Sec. 2 equipped additionally with
the effective bending modulus given in eqn (8), theoretical
deection curves in the case of F ¼ 187 nN and F ¼ 455 nN were
determined by applying quadratic geometrical-, while in the
other applied forces, both quadratic geometrical and mechan-
ical approximation (the former case can be identied as Linear–
NonLinear problem in which the deformation is relatively large,
with a Hookean material response). By utilizing the least-
squares method with the boundary conditions of w(0) ¼ 0 and
vxw(0) ¼ 0, the determined shape of w(x) suggests for E1 and E2
as being positive and negative, respectively. It is worth noting
here that in cases of F ¼ 336 nN (as-dep.) and F ¼ 624 nN
(annealed), the numerically determined deection curves
deviate slightly from the measured data points. As a conse-
quence, at higher exerted forces, the non-diagonal components
of the G–L strain tensor may not be excluded for an appropriate
description of the nonlinear deection.

As indicated by Fig. 5a and d, the as-deposited state implies
an a-Fe- and an Fe-oxide dominatedmaterial property where the
signicant amount of oxygen can only be situated in a disor-
deredmanner (see Secs. 4.1 and 4.2). Ea-Fe+a-FeOOH1 is found to be
almost constant in the range of 250 to 260 GPa in the course of
the increasing applied force, while EPt1 tting parameter
decreased signicantly from 170 to 135 GPa (E1 ¼ C11, E

a-Fe+a-

FeOOH
bulk,RT ¼ 243 GPa, EPtbulk,RT GPa; see Sec. 5.2). Aer

annealing, Ea-Feþa-Fe3O4
1 and Ea-Fe3O4�shell

1 has remained in the
range of 230 to 240 GPa and 250 to 255 GPa (Eanncore ¼ 240 GPa,
Ea-Fe3O4
bulk;RT ¼ 262 GPa; see Sec. 5.2), respectively, with increasing
This journal is © The Royal Society of Chemistry 2020
force suggesting, similarly to the initial state, that the proposed
volume fractions of the prevailing phases may describe a real-
istic structure consisting of an a-Fe type- and an Fe3O4 oxide
phase. Aer the thermal treatment, the EPt–ann1 tting parameter
also decreases drastically from 170 to 110 GPa as the NW is
exerted with higher forces. To develop this point further, the
approximated third-order elastic constants (E2 ¼ C111) in the as-
deposited state, at higher forces, also indicate that the elastic
behavior changes moderately with increasing force, while in the
annealed state, this feature is captured only at the outer plat-
inum shell. As one of the major results, the magnitude of the
third (III) and fourth term (IV) in eqn (5) in Sec. 2 considerably
contributes to the calculated moment,M. We note here that the
magnitudes of the tting parameter E1 and E2 may depend on
the effect of the aspect ratio on which the strength and defor-
mation mechanism may depend (cf. Ref. 87).
5.4 Non-linear strain analysis in terms of Exx

In Fig. 10a and d, the G–L strain in the as-deposited state is
demonstrated for the applied forces of F ¼ 187 nN and F ¼ 336
nN, while for the annealed case shown in Fig. 10g and j, the G–L
strain plotted for the forces of F ¼ 455 nN and F ¼ 624 nN.
Middle line of the NW shown in the inset of Fig. 10c and i that
separates the upper (red) and bottom (blue) parts is to help
emphasize the evolving strain behavior with respect to the x and
z coordinates. As an exception, the z-values regarding the plat-
inum shell, and in the case of aer annealing, the inner shell is
visualized by gray (Pt–shell) and green (inner shell) colors irre-
spective of the sign of z. In Fig. 10a, d, g and j, strains referring
to the upper part of NW as a function of z is plotted in such
a manner to be envisaged at discrete values of z with an incre-
ment of 10 nm. At the bottom region, the plot goes in a similar
manner. At z ¼ 0, where only the membrane strain is taken into
account (

1
2
arctan2½vxw�, cf. eqn (S2) in Sec. 1.1 in ESI†), the strain

is illustrated by a black solid line. It is noteworthy to mention
that at F ¼ 187 nN and F ¼ 455 nN, the NW deects nonlinearly
in terms of geometry up to 3 ¼ 1.2% (2.65%) without any
mechanical nonlinearity. Strain at the highest applied force, Fas-
dep. ¼ 336 nN (Fannealed ¼ 624 nN), however, exhibits an enor-
mous relative displacement with an amount of 7.9% (10.5%)
meaning that the elastic regime is more than an order of
magnitude broader compared to that of the bulk ferritic coun-
terpart (e.g. Δ3ferriteelastic z 0.2%). On the other hand, the result for
the as-deposited NW may consistent with earlier ndings on
single-crystal Fe3Pt NWs, where the elastic limit turned out to be
about 6.8% due to second-order-like structural trans-
formation.88 This structural transformation may occur during
Nanoscale Adv., 2020, 2, 5710–5727 | 5721
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Fig. 10 (a, d (as-dep.) and g, j (annealed)) Green–Lagrange strain, Exx, (b, e (as-dep.) and h, k (annealed)) 1st Piola-Kirchhoff stress, Pxx, and (c, f
(as-dep.) and i, l (annealed)) incremental stretchmodulus, Ỹincr, are plotted as a function of the position, x, along the length of the NW. Derivations
as strain, stress and stretch modulus are based on the numerically determined deflection curves, w(x). For all demonstrated physical quantities,
the applied concentrated forces are F ¼ 187 nN and F ¼ 336 nN (as-dep.), F ¼ 455 nN and F ¼ 624 nN (annealed). Schematic of the spatial
structure of NW defined in the reference frame is also shown in the insets of (c) and (i). The middle line of NW that separates the upper (red) and
bottom (blue) parts is to help emphasize the evolving strain, stress, and stretch modulus behavior with respect to the z coordinate. In case of the
platinum shell and the newly formed inner shell, constant gray (Pt shell) and green (inner-shell) color is used. As an example, strains referring to
the upper part of NW (red) as a function of z is plotted in such a manner to be envisaged at discrete values of zwith an increment of 10 nm. In the
bottom region (blue), the plot goes in a similar manner. At z ¼ 0, the corresponding physical quantities are illustrated by black solid lines. Note
here that by employing a quadraticmechanical approximation, the negative E2 causes relatively stiffermaterial response in the compression zone
compared to that of the tension zone (reverse coloring). As a consequence of using non-linear elasticity, the incremental stretch modulus varies
along the NW.
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the deection via a stress-driven redistribution of the carbon
atoms. Furthermore, if dislocations are less present initially in
the material, a considerably larger elastic strain is achievable as
has been demonstrated in nanosized specimens89 and some
whiskers (z4%).90,91 Moreover, the FeOOH phase as a result of
the relative fast electrodeposition, and the carbon-rich plat-
inum shell by nature may take up an amorphous state facili-
tating a deformation mechanism through short-range order
(SRO) structures in a sense of evolving different packing
5722 | Nanoscale Adv., 2020, 2, 5710–5727
densities during deformation.92 In case of the annealed struc-
ture, the prevailing mayor ordered structure of Fe3O4 and the
minor Fe2O3 may also play a role in inhibiting the movement of
dislocations because the Burgers vector is large in the ordered
structure.

In a bending test, the bending- and membrane strain usually
compete. Irrespective to the applied force, at x ¼ 0, the G–L
strain, Exx ranges symmetrically in the range of (i) �0.008 to
+0.008 (F ¼ 187 nN) and �0.0185 to +0.0185 (F ¼ 336 nN), (ii)
This journal is © The Royal Society of Chemistry 2020
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�0.012 to +0.012 (F ¼ 455 nN) and �0.023 to +0.023 (F ¼ 624
nN) with increasing/decreasing z. At the highest applied force,
the broad range may be treated as being already non-linear. At x
¼ 0, as a result of annealing, the generated strain falls into
a somewhat broader range than that of the corresponding
initial state. This contribution is purely bending strain, signif-
icantly large at higher force at the clamped end. To expand on
this point, at small, increasing x values, the overall strain is
characterized by a strongly convex regime, which relates to the
membrane strain added to the diminishing bending strain (e.g.
narrowing red/blue bands in Fig. 10). Aer the convex regime,
the strictly increasing membrane strain becomes decreasing
inducing a strongly concave regime and it develops with
a concomitant reduction of the prevailing bending strain. As
a result, when x approaches the free end, the drastically esca-
lating membrane strain governs the overall strain. Conse-
quently, the regions under themiddle line closer to the clamped
end is still characterized by compression, however, further from
this end, the overall strain becomes tensile as a function of z. At
larger applied forces, this phenomenon becomes even more
striking. On the contrary, the upper region above the middle
line is always characterized by tension. To sum up, the asym-
metry originating from the competing strain contributions
represents a considerable sensitivity to the signed ratios of the
local membrane- and bending strains.

The applied method may be an underestimation of the real
deformation at higher strains. However, in respect of the
applied assumptions, the overall strain is found to be appro-
priately described by the applied model conrmed by the
accuracy of the shape of the generated deection curves, shown
in Fig. 7 by tting them to the experimental data. As a possible,
but a more cumbersome description of the strain behavior, the
Green–Lagrange strain (see eqn (S2) in ESI†) could be approxi-
mated by taking higher-order terms in the Taylor expansion of
the displacement eld. This is, however, out of the scope of the
present study.
5.5 Non-linear stress analysis in terms of Pxx

As a general feature, the stresses at x ¼ 0 as a function of z
ranges in a symmetric way, for example, between (i) Pxx ¼
�3 GPa and +3 GPa (F ¼ 336 nN; as-dep. – core) whereas the
corresponding range broadens to that of Pxx ¼ �4.15 GPa and
+4.18 GPa (F ¼ 624 nN; annealed – core 4 inner shell).
Regarding the platinum shell, the corresponding range is
somewhat lower than that of the core. Additionally, the deter-
mined nonlinear stress (see Fig. 10e and k), in the case of the
core (as-dep.)/core 4 inner-shell reaches a considerably high
magnitude of Pxx z +13 GPa and Pxx z +16 � +17.5 GPa at F ¼
336 nN and F ¼ 624 nN, respectively, still in the elastic regime.
Similarly, the Pt shell can be characterized by amaximum stress
of about Pxx z +7 GPa and Pxx z +9 GPa at F ¼ 336 nN and F ¼
624 nN, respectively. It is worth noting that the yield strength of
e.g. an iron-based superalloy strengthened by nanotwins and
nanoprecipitates is in the range of 1130–1420 MPa.93 Further-
more, these results are in the range of that related to perfect
single-crystalline Cu NWs, where the elastic limit was found to
This journal is © The Royal Society of Chemistry 2020
be about 5.8 GPa.94 The slightly higher results may be attributed
to the fact that the prevailing grain size can vary in the range of
the NWs' diameter (demonstrated in Sec. 4.2) and their
morphology also determines the mechanical property.

The different contributions of both membrane and bending
strain (cf. eqn (S2) in Sec. 1.1 in ESI†) to the stress distribution
as a function of z causes the zero stress axis to be shied along
the x axis. This implies an initial bending-, then later a tension-
dominated response developed along the NW. At z ¼ 0, the
membrane stress plays a role exclusively (black solid line). This
aspect is consistent with the diminishing contribution of
bending strain with a concomitant evolving strain of the beam
axis due to rotation (cf. Fig. 10a, d, g and j).

Another surprising phenomenon, shown in Fig. 10a, b, d,
e, g, h, j and k pairwise, is that for all four given force levels, the
strain vanishes completely at a certain position of x with
a concomitant reducing stress even though the beam undergoes
moderately large deformation. As shown in eqn (S9) in ESI,† the
Pxx stress function contains additional terms, for example,
1
2
q2
�
E1 þ E2

�
1þ 1

4
q2
		

kvxs, as compared to a stress function

determined by applying a linear approximation both in geom-
etry and mechanics. As a consequence, these terms do account
for the nonlinear stress and strain phenomena.

5.6 Stretch modulus, second- and third-order elastic
constants

In the case of a study of nonlinear elastic response of an
isotropic material, ~Y incr plays a crucial role in order to reect
soening (or stiffening) in a material as a function of a varying
elastic nonlinear strain. As shown in Fig. 10c, f, i and l, the
incremental stretch modulus reects a varying elastic response
along the NW. As a general feature, at lower exerted forces
(Fig. 10c and i), the stretch modulus deviates slightly from the
determined Young's modulus, however, it does vary along the
NW. On the contrary, at larger applied forces (Fig. 10f and l),
~Y incr decreases drastically with increasing strain. The drastic
reduction in stretch modulus is the consequence of the third-
order polynomial approximation of the strain energy density
function.

The strain energy density, U, limiting the nonlinear features
to the third order, and revisiting the aforementioned relation
for Sxxmentioned in Sec. 1.2 in ESI,† it gives rise to the equation
and relations as

UðEÞ ¼
�
l

2
þ m

	
Exx

2 þ ðeþ f ÞExx
302

�
l

2
þ m

	

¼ E1 and 3ðeþ f Þ ¼ 1

2
E2 (11)

where l, m are the Lamé constants, e, f are the nonlinear Landau
moduli.95 The Lamé constants and the nonlinear Landau
moduli can be expressed in terms of Young's modulus, E, and
Poisson's ratio, n, or, in terms of the stiffness tensor compo-
nents as

l ¼ nE

ð1þ nÞð1� 2nÞ ¼ C12; (12)
Nanoscale Adv., 2020, 2, 5710–5727 | 5723
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m ¼ E

2ð1þ nÞ ¼ C44; (13)

e ¼ 1

4
ðC111 � C112Þ (14)

and

f ¼ 1

4

�
C112 � 1

3
C111

	
: (15)

Since the system is assumed to be isotropic, the Cauchy
relation 2C44 ¼ C11 � C12 is always fullled. Revisiting the given
assumptions in Sec. 2, the negligible change of the cross-
sectional dimensions implies that the Poisson's ratio can be
assumed to be about or slightly below than one third, n < 1/3.
Therefore, the parameters E1 and E2 can nally be approxi-
mated to E1 ¼ C11 ¼ E and E2 ¼ C111.

The determined coefficients of the linear and quadratic term in
the stress–strain relation are found to be decreasing in the as-
deposited state as CFeOOH+Fe(bcc)

11 ¼ 260 0 250 GPa, CPt
11 ¼ 170

0 135 GPa and CFeOOH+Fe(bcc)
111 ¼ 3200 0 �2000 GPa, CPt

111 ¼ 2200
0 �1100 GPa. As a result of the thermal treatment, the linear
coefficients of the newly-formed core and inner-shell slightly vary
in the range of CFe3O4þFeðbccÞ

11 ¼ 2400235 GPa,
CFe3O4�shell

111 ¼ 2550250 GPa, while the linear term of Pt and the
quadratic terms of each phase indicate a considerable reduction as
CPt
11 ¼ 170 0 110 GPa, CFe3O4þFeðbccÞ

111 ¼ �20000� 1500 GPa,
CFe3O4�shell

111 ¼ �21000� 1500 GPa andCPt
111¼ 9000�400GPa as

a function of the applied force. Additionally, the determinedmoduli
and effective moduli are in the range of that of the bulk counter-
parts or of that calculated from them. This strongly indicates that
the existence of the different types of oxides and their relative
volume fractions can determine an effective Young's modulus
derived from the individual bulk Young's moduli. To elaborate
further, based on the tted elastic constants, two, mechanically
different groups of material can be distinguished. The rst group
belonged to the newly formed core and inner-shell, consists of
a more ordered, crystalline a-Fe and Fe3O4 with a small amount of
Fe2O3 phase transformed from the so-called mixture of an a-Fe and
FeOOH phases. This group possesses a constant mechanical
behavior in a linear sense, but from a quadratic point of view, they
indicate some sensitivity to a soer aspect. The slightly soer
feature may be attributed to the still prevailing amorphous content
derived from the initial FeOOH phase (fast electrodeposition). To
expand on this issue, the linear and the quadratic elastic constants
of the mixture of the a-Fe and FeOOH phase in the as-deposited
state shows a slightly varying elastic property. Similarly, the
carbon-enriched Pt shell behaves consistently in both the as-
deposited- and annealed case, where the elastic constants are
signicantly reduced as the applied force gradually increases.

The reduction of the elastic constants of the initial core and
outer shell formation may tie in with the amorphous nature of
their constitutive FeOOH and Pt phases, respectively. Even aer
annealing at 350 �C for 20 hours, the majority of the Pt phase is
still amorphous, since the recrystallization temperature of Pt is
above 500 �C. The mechanical properties and their evolution
5724 | Nanoscale Adv., 2020, 2, 5710–5727
during elastostatic bending of amorphous alloys are closely
related to the degree of disorder which can be related to the
atomic packing density in terms of short-range order atomic
clusters.96–98 In an elastostatic deformation process, as a general
principle, the fractions of the densely packed polyhedra, such as
(0,0,12,0) and (0,1,10,2), decrease with increasing strain, while
the fractions of the loosely packed polyhedra, such as (0,3,6,4),
increase.92 Therefore, the enhancement of the deformation is
considered to happen with a concomitant development of the
increased degree of disorder, i.e., excess free volume, which is
associated with an increase in the average interatomic spacing,
resulting in a lowering of the atomic bonding force. Conse-
quently, the lowering Young's modulus of the bent NWs arise
due to this increase in interatomic spacing.

The benecial higher-order approximation of the strain
energy function clearly conrms that the material possesses
a relatively stiffer response to the external force compared to
that of the as-deposited state. This relatively stiffer aspect e.g. in
the case of the core region, is well-visualized in Fig. 10f and l as
the stretch modulus decreases in both cases to approximately
the same extent (z140 GPa), but in the case of the annealed
state with larger evolved strain (z11%) determined along the
NW. At z ¼ 0, illustrated by a black solid line, the stretch
modulus is based on only the membrane stress and strain.
Consequently, at higher applied loads (F ¼ 336/624 nN) close to
the free end of NW, the approximated 7.9%/10.5% strain gives
rise to a drop of the stretch modulus from about ~Y incr ¼250/
235 GPa to ~Y incr ¼ 110/95 GPa, respectively. Furthermore, the
almost purely axial strain with its evolving magnitude to 7.9%/
10.5% implies that the nonlinear mechanical contribution to
the elastic response develops drastically causing a signicant
reduction in the stretch modulus.

Additionally, it is worth mentioning that the elastic modulus
is sensitive to the geometric shape, size, morphology, crystal
orientation, point defects, or different oxygen/hydrogen
concentration. These factors signicantly inuence the
bonding strength and the periodicity of the lattice and hence
the elastic moduli. Moreover, relating to what was mentioned
earlier, the relative fast deposition compared to epitaxial
growth, may cause an initially high defect density in the NWs. In
most cases, the factor of surface enlargement impacts also the
mechanical properties leading to an improvement in adhesive
strength. Therefore, the mechanical characteristics of the
surface of a nanowire inuences its overall mechanical prop-
erties. Beside the numerous qualitative factors, the proposed
model is also sensitive to the determined cross-sectional
dimension of the NWs. Based on the terms in eqn (5) consist-
ing of moments of inertia, the determined radius impacts the
nal results of the second and third elastic moduli. Conse-
quently, the determined elastic constants, the incremental
stretch modulus and the nonlinear stress quantify to
a maximum of 15% experimental error.

6 Conclusions

In this study, we provide explicitly a bending moment function
with terms accounting for the linear, quasi-linear, geometrical,
This journal is © The Royal Society of Chemistry 2020
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and nally mechanical non-linearity as a global feature of
moderately large elastic deformation. We apply the method to
experimental data generated by NWs with multiple Fe-oxide
substances under different concentrated loadings. The major
ndings can now be summarized as the followings:

(1) The experimental results do indicate the robustness and
relevance of APT analysis in the eld of 1D objects by revealing
a signicant change from a homogeneous to an inhomoge-
neous structure inside the NWs and a concomitant existence of
a thin oxide shell which would not be apparent by means of
TEM analysis.

(2) During the thermal test, compositional partitioning
between phases as a-Fe, a-Fe3O4 and Fe2O3 in diffusional solid–
solid phase transformations may take place with a concomitant
distinct grain growth in the NWs. Additionally, a nanoscale
ordering of the evolving phases is also conrmed by TEM-EDS
analysis, and together with the results supported by APT led
to a considerable change in the description of the elastic
material properties.

(3) Conrming the necessity of nonlinear elasticity, no tting
parameters were found to be appropriate to characterize the
deection curves at higher applied forces except when higher-
order approximation in both geometry and mechanics are
utilized.

(4) The existence of the amorphous phase of the Pt shell and
the FeOOH constituent of the core can be characterized by
a reduction of the second- and third-order elastic constants with
increasing force. This implies a signicant increase in the
degree of disorder through the relative increase of the fractions
of loosely packed polyhedra to the densely packed ones.

(5) Strains at higher applied forces (F ¼ 336/624 nN) at the
free end exhibit an enormous relative displacement with an
amount of 7.9%/10.5% meaning that the elastic regime, more
than an order of magnitude broader compared to that of the
bulk counterpart.

(6) The determined non-linear stress can gain a considerably
high magnitude of Pxx ¼ +17.5 GPa at F ¼ 624 nN still in the
elastic regime.

(7) The incremental stretch modulus, ~Y incr, at higher applied
loads (F ¼ 336/624 nN), reect a considerable soening in the
core region as a function of a varying elastic nonlinear strain.
Close to the free end of NW, the approximated 7.9%/10.5%
strain gives rise to a drop of the stretch modulus from about
~Y incr ¼ 250/235 GPa to ~Y incr ¼ 110/95 GPa, respectively. Addi-
tionally, the Pt shell possesses a similar behavior with
increasing strain. This indicates a strong dependence of the
stretch modulus on the varying Green–Lagrange strain along
the NW.
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D. Raabe, Science, 2015, 349, 1080–1083.
36 M. Miller, Microsc. Res. Tech., 2006, 69, 359–365.
37 C. Wang, Y. Hu, C. Lieber and S. Sun, J. Am. Chem. Soc., 2008,

130, 8902–8903.
38 E. Gil-Santos, D. Ramos, J. Martinez, M. Fernandez-Regulez,

R. Garcia, A. San Paulo, M. Calleja and J. Tamayo, Nat.
Nanotechnol., 2010, 5, 641.

39 G. Stan, S. Krylyuk, A. V. Davydov, I. Levin and R. Cook, Nano
Lett., 2012, 12, 2599.

40 R. J. Young, M. V. Moore, Dual-Beam (FIB-SEM) Systems in,
Introduction to Focused Ion Beams: Instrumentation, Theory,
Techniques and Practice, ed. L. A. Giannuzzi and F. A.
Stevie, Springer, US, Boston, MA, 2005, p. 247.

41 G. Jing, H. Duan, X. Sun, Z. Zhang, J. Xu, Y. Li, J. Wang and
D. Yu, Phys. Rev. B: Condens. Matter Mater. Phys., 2006, 73,
235409.

42 Y. Kim, K. Son, I. Choi, I. Choi, W. Park and J. Jang, Adv.
Funct. Mater., 2011, 21, 279.

43 H. Zhan and Y. Gu, Comput. Mater. Sci., 2012, 55, 73–80.
44 Y. Gao, F. Wang, T. Zhu and J. Zhao, Comput. Mater. Sci.,

2010, 49, 826–830.
45 W. Liang and M. Zhou, Proc. Inst. Mech. Eng., Part C, 2004,

218, 599–606.
46 G. Csiszár, L. Balogh, A. Misra, X. Zhang and T. Ungár, J.

Appl. Phys., 2011, 110, 043502.
47 G. Csiszár, Mater. Sci. Eng., A, 2014, 609, 185–194.
5726 | Nanoscale Adv., 2020, 2, 5710–5727
48 Y. Chen, G. Csiszár, J. Cizek, X. Shi, C. Borchers, Y. Li, F. Liu
and R. Kirchheim,Metall. Mater. Trans. A, 2016, 47, 726–738.

49 E. Huang, G. Csiszár, Y. Lo, B. Clausen, Y. Huang, W. Lee,
T. Ungár and P. Liaw, Adv. Eng. Mater., 2012, 14, 902–908.

50 B. Jóni, T. Al-Samman, S. Chowdhury, G. Csiszár and
T. Ungár, J. Appl. Crystallogr., 2013, 46, 55–62.
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