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The nanomechanical properties of three-dimensional (3D) porous metal/metal oxide composite (Bi/
Bi»05) films grown by direct current electrodeposition have been studied by nanoindentation at two
different loading rates. The synthesized films exhibit a mixture of crystallographic phases of metallic
Bi and ®-Bi»Os3, as evidenced by X-ray diffraction. An in-situ compaction of the sample during
the nanoindentation assays has been observed. This in-situ compaction has an influence over both the
hardness and elastic modulus of the material, being more important on the latter and, therefore, on
the determination of the degree of porosity of the composite film. The influence of the loading rate on
the mechanical properties has been investigated. In addition, time-dependent deformation processes
(creep tests) have been also performed, revealing an anelastic behavior irrespective of the loading rate.
From these creep tests, a viscoelastic non-Newtonian behavior of the sample is evidenced, which is well-
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described by a three-element Voigt model.
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1. Introduction

Three-dimensional (3D) porous films have become increasingly
popular in the last years as they offer a large number of applica-
tions in electrocatalysis [1], separation and concentration of gas
molecules [2], batteries [3], sensors [4], electronic devices [5] and
even in magnetic applications in which the surface area plays an
important role [6]. Several strategies are currently being pursued
for the preparation of porous films like de-alloying [7], galvanic
replacement [8] or templating [9].

The vast majority of the studied porous materials are:
(i) polymers (used for example for bone tissue engineering [10]);
(ii) metallic foams, which can be produced through several routes
such as de-alloying, electrodeposition or vapor deposition [11],
presenting different structures (as wires or spheres) [12] and they
are used as high temperature resistant materials or biomaterials,
among others; and (iii) metal oxides, which can be synthesized in
several ways [13] such as soft templating [14], anodic oxidation of
Al and Ti to obtain porous anodic alumina membranes (PAA) [15-
18] or TiO, nanotubes [19-21] and reinforced crystallization
method [22] using a silica/carbon enforcement method [12,23].
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In the last years, metal oxide materials have become increasingly
studied as they present a wide range of applications, namely in
solar cells [24-26], supercapacitors [27] or catalytic processes
[28,29]. Many of these applications can be improved by providing
porosity to the material. Besides the degree of porosity and pore
size, the orientation and distribution of pores also have an
important influence on the mechanical properties of the compo-
sites and, consequently, on their applications. Interestingly, porous
multi-phase or composite materials, particularly porous metal-
ceramic materials, have not been thoroughly studied yet. These
composites are important due the synergy of properties between
the components of the material and the surface/interphase inter-
actions. In the metal-ceramic composite materials, mechanical
properties are convoluted, presenting a relatively high hardness
(ceramic phase) and ductility (metal phase).

Irrespectively of the application, the mechanical properties of
porous materials are of paramount importance for the robustness
and integrity of any device. Despite the porous coatings have been
used as impact dampers [30,31], porous materials of finite dimen-
sions are usually brittle. Because of this fragility, the study of the
mechanical properties of porous materials is very challenging:
they usually break under tension or torsion. An additional problem
stems from the modification of the degree of porosity of the
material when it is loaded in compression, thus making it difficult
to assess the intrinsic mechanical properties of the pristine
material. For all these reasons, the most appropriate method to
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measure the mechanical properties of porous materials is nanoin-
dentation [15,32-39]. Nanoindentation has been widely used to
measure the mechanical properties of coatings because of its many
advantages over conventional methods [40]. Namely it can deform
materials on a very small scale. The assessment of the mechanical
properties of porous materials using nanoindentation is a chal-
lenge since a densified zone is formed underneath the indenter
during indentation. Nevertheless, a good correlation between
hardness and elastic modulus with both the degree of porosity
and pore geometry has been established. Fleck et al. [41] studied
the effect of porosity on indentation and they found that the
average indentation pressure increases as the level of initial
porosity decreases when the indentation is performed on bulk
materials with known elastic modulus and porosity.

Previous works have reported on the mechanical characteriza-
tion of porous metal oxide films and it has been shown that both
hardness (H) and reduced elastic modulus (E,) decrease mono-
tonically as the mean pore diameter increases [15]. Some works
have pointed out that the densification has some important
implications on H but not so much on E, [42]. Meanwhile other
authors have reported the opposite trend [43]. These studies
suggest that special care should be taken when assessing the
effect of porosity on indentation of porous materials and further
investigation of these issues is required. The mechanical properties
of this kind of materials typically depend both on the pore shape
and size, as well as on the interconnections between solid regions.
Furthermore, the influence of the test's loading rate on the
mechanical properties of porous materials has not been system-
atically studied. Almost all the previous studies on the effects of
indentation strain rate have been performed on metallic foams
[44], and not on metal-ceramic composites.

In this paper, porous metal/metal oxide Bi/Bi,Os composite
films, with a thickness of 130 pm, have been synthesized by means
of electrodeposition. Both the structural and morphological prop-
erties of the Bi/Bi,O3; composite film have been characterized by
X-ray diffraction (XRD) and scanning electron microscopy (SEM)
techniques, respectively. Also the mechanical properties have been
determined using nanoindentation tests at two different loading
rates. The method of Oliver and Pharr [45] has been applied to
determine the mechanical properties (both H and E,). The values of
the elastic modulus have been used to estimate the degree of
porosity of the sample, as well as its variation as a function of the
applied load. In addition, time-dependent deformation processes
during nanoindentation have been investigated in order to study
the anelastic behavior (elasticity that depends on time) of the
sample and a behavior analogous to a viscoelastic non-Newtonian
fluid has been observed. Finally, finite element (FE) simulations of
Berkovich indentation have been used to study the variation of the
mechanical properties as a function of the applied load and,
consequently, as a function of the penetration depth.

2. Materials and methods
2.1. Preparation of Bi/Bi»03

Bi/Bi,O3 composite was obtained by direct current electrode-
position in a thermostatized one-compartment three-electrode
cell using a PGSTAT302N Autolab potentiostat/galvanostat (Eco-
chemie). The working electrode was positioned vertically within
the electrolyte and consisted of 5 mm x 6 mm Si chips (crystal
orientation 100), on top of which a Ti adhesion layer of 50 nm and
a Au seed-layer of 500 nm had been successively deposited
through e-beam evaporation. The working area was 0.25 cm?. A
double junction AglAgCl (E=+0.210 V/SHE) reference electrode
(Metrohm AG) was used with 3 M potassium chloride (KCI) inner

solution and an interchangeable outer solution. The outer solution
was made of 1 M sodium chloride (NaCl). A platinum sheet served
as counter electrode. The electrolyte contained 1.2M HC],
8.1073M BiCls, 2-10~2 M NaCl and variable amounts of Triton
X-100. Triton X-100 (Cy4H20(C3H40),) is a nonionic surfactant
that has a hydrophilic polyethylene oxide chain and an aromatic
hydrocarbon hydrophobic group. The sample was obtained galva-
nostatically by applying a constant current density of —1 A-cm 2.
Deposition was conducted at room temperature under vigorous
stirring (5000 rpm) using a magnetic stirrer bar. Prior to deposi-
tion, the Au surface was degreased with acetone and dried with a
soft tissue. The Si backside was insulated by painting it with a
nonconductive ink to ensure only the Au surface was conductive.

2.2. Morphological and structural characterization

The morphology of the deposits was studied by SEM using a
Zeiss Merlin microscope. The structure and phase percentages of
the powders were assessed by XRD using an X'Pert Philips
diffractometer and Cu K, radiation, in the Bragg-Brentano geo-
metry operating in the step scan mode. The phase percentages of
the composite film were quantified from the XRD patterns by
means of a data analysis program based on a full pattern fitting
procedure (Rietveld method) using the MAUD software [46]. The
chemical composition of the film was determined by Energy
Dispersive X-Ray Spectroscopy (EDX).

2.3. Mechanical characterization

Mechanical properties of the Bi/Bi,Os films were evaluated
using a nanoindenter (UMIS) from Fischer-Cripps Laboratory and
the obtained data was treated with the IBIS software.

Force displacement load-unload curves were measured for
different conditions in load control mode using a calibrated
Berkovich tip made of single crystalline diamond. The values of
H and E, were evaluated, using the method of Oliver and Pharr
[45]. The obtained data was treated in order to correct for the
thermal drift (which was lower than 0.05 nm/s during nanoin-
dentation), the instrument compliance, the indenter shape func-
tion (i.e., blunting of the tip) and the initial penetration depth (a
pre-contact of 0.2 mN was applied to detect the surface). Two
different conditions (slow and fast) were used reaching maximum
loads (Pp,qx) between 1 mN and 5 mN in steps of 0.2 mN, allowing
the study of the variation of H and E, as a function of P, The
tests were programmed using different loading rates, indenting
the sample in arrays of 17 x 17 indents which were separated from
each other by 70 um. This separation between indents was
imposed in order to avoid the influence of neighboring indenta-
tions. On the other hand, the creep tests (performed to study the
anelastic behavior of the sample) consisted in indenting the
sample at a constant load of 5mN, in arrays of 5 x5 indents
which were separated from each other by 120 pm, also at different
loading rates.

H and E, were derived from the method of Oliver and Pharr,
using the unloading stage of the load-displacement curves, in
which it is assumed that only elastic deformation is occurring on
the material. From the initial unloading slope, the contact stiffness
(S) was determined as:

dP
S= an (1)
where P and h are the applied force and the penetration depth
during the nanoindentation test, respectively. The reduced elastic
modulus has a relation with the projected contact area A and the
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contact stiffness, so it can be evaluated as:
S= /}iE VA 2)
=pEr

where f# is the so-called King's factor, which depends on the
indenter's geometry and has a value of 1.034 for the Berkovich tip
[47]. Also the reduced elastic modulus takes into account the
elastic displacement that occurs in both sample and indenter:

e 3

where subindexes m and i refer to the material and indenter,
respectively, and v is the Poisson's ratio. The hardness was
determined using the following expression:

Pmax
H= 4
A (C))
where P4« is the maximum applied force during nanoindentation
and A is the projected contact area between the indenter and the

material.

2.4. Finite element simulations

While indenting a porous material, it is reasonable to assume
that its mechanical properties will change as a result of compac-
tion. In order to study this variation, we performed Berkovich
indentation finite element simulations with the commercial ABA-
QUSO© software [48]. As the response of the material was supposed
to be isotropic under indentation, we considered an axisymmetric
model consisting of 37,060 linear four-node fully-integrated ele-
ments (CAX4). A mesh-refinement technique was used to ensure
both, optimal resolution during contact and reasonable computa-
tional time. The indenter was modeled as a rigid cone with a
characteristic angle equal to 70.32° to reproduce the response of a
Berkovich indenter in a three-dimensional model. Contact
between indenter and material was chosen to be frictionless and
the load is applied by displacing the indenter. Two models were
selected while studying the experimental P-hs curves: (i) an
elastic-perfectly plastic model (Eq. (5)), being the input mechan-
ical properties Young's modulus (E) and the yield stress (o) of the
material, and (ii) incorporating an associated linear Drucker-
Prager (DP) criterion (Eq. (6)), where E, the frictional angle (/)
and oy, are the required mechanical properties. Basically, what the
DP criterion provides is a pressure-sensitive model in which the
yield surface changes with the hydrostatic pressure according to a
frictional angle. In other words, as the material compacts (increase
of hydrostatic pressure) the yield surface changes. DP is exten-
sively used during modelling of porous materials [49-51].

c/E ifo<oys
€= 6/oys if 6> 0y ©)
F= LIyE S:S tan f—d 6
=5 E( :S)-p - (6)

Being F the yield surface, § the deviatoric stress tensor, p the
hydrostatic pressure and d the cohesion expressed as

d=(1-1 tan f)oys )

Regardless of the used model, the values for E and 0,5 were
considered to change with the applied load.

3. Results and discussions
3.1. Morphological and structural characterization

The crystallographic structure of the prepared Bi/Bi,03 film was
studied by X-ray diffraction (XRD) and the obtained pattern is
shown in Fig. 1. Apart from the reflections coming out from the
substrate (Si and Au, shown as breaks in Fig. 1) some of the
diffraction peaks can be attributed to the rhombohedral metallic Bi
phase (space group (S.G.) R3m, JCPDS [52] 44-1246) and to the so-
called a-phase of Bi,03, which is monoclinic (S.G. P24/c, JCPDS 41-
1449). Hence, the films consist of a mixture of metallic Bi and
ceramic Bi,Os. According to the Rietveld refinement, the volume
percentage of Bi and a-Bi,03 are 70% and 30%, respectively.

On-top scanning electron microscope (SEM) images of Bi/Bi,O3
metal-metal oxide composite were obtained before the nanoin-
dentation tests, as shown in Fig. 2. At low magnification, the films
display uniform porosity over the entire surface (Fig. 2a). A close-
up observation reveals the existence of micron-sized pores
(Fig. 2b).

Remarkably, the pore walls are not dense but inherently
porous. Hence, the films are hierarchically porous. An on-top
SEM image after the nanoindentation tests is shown in Fig. 2c.
The nanoindentation experiments left as a result an ordered array
of indentations with inverted pyramid geometry. At high magni-
fication, Fig. 2¢c reveals compaction of the material in the indented
regions. A higher degree of compaction appears at the center of
the imprint than at the edges; this is because at the center of the
indentation, the applied compressive stress is larger.

3.2. Effect of compaction and strain rate

As aforementioned, different nanoindentation tests were per-
formed at two different loading rates in order to see how the
mechanical properties were modified as a function of this para-
meter. The penetration depth corresponding to the maximum
force (approximately 12 pm) is the maximum penetration depth
that can be obtained without having an influence of the substrate
on the mechanical properties, according to the expression [40]:
Rimax < % ®)

where d is the sample's thickness (130 pm in the present
study).

The influence of the loading rate on the indentation tests can
be explained from Fig. 3a and b, where the variation of the applied

* Bi
+ o-Bi,0,

I"2(a. u.)

20 25 30 50 60
26 (°)

Fig. 1. XRD pattern of the Bi/Bi,Os composite. Characteristic peaks of metallic
bismuth and «-Bi,O3 are observed.
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Fig. 2. SEM on-top images of the Bi/Bi,O3; composite (a) and (b) before nanoin-
dentation, where porosity over the entire surface is observed and (c) after
nanoindentation, where the print of the Berkovich nanoindenter due the compac-
tion of the sample is observed.

force is plotted as a function of time. The results reveal that the
unloading time is higher for the slow test and smaller for the
fast test.

The strain rate (¢) gives an idea of the deformation of the
material in the neighborhood of a certain point and it is defined as

. de

82& )]
where ¢ is the strain (& = (dh/h)), so that [53]

. h_dh/de

8_E_T (10)

where h is the penetration depth. The strain rate values obtained
in this work were determined using Eq. (10). The strain rate values
at the end of the loading segment were corresponding to 4 mN
from the load-displacement curves for the different velocities, as
shown in Table 1.

From Fig. 3c and d it can be seen that the maximum penetra-
tion depth reached during the fast test is lower than the one
reached in the slow tests, indicating larger hardness when the
loading rate of the indentation is higher. From these curves, the
unloading slope, S, has been plotted as a function of the applied
force and rate, as shown in Fig. 4a. Using the method of Oliver and
Pharr, both E, and H were determined, as shown in Fig. 4b and c,

respectively. As can be seen from Fig. 4b, the reduced Young's
modulus depends on the applied force (and therefore on the
penetration depth). Larger values of E, are observed for higher
loads, particularly at the fast rate. Interestingly, a linear relation
between E, and H is also encountered (Fig. 4c).

A correlation between the porosity volume fraction (P,,) and
the mechanical properties (E. and H) can be established; S, E. and
H increase as the applied force increases (i.e. when the degree of
compaction is higher). It is known from finite element calculations
that Poisson's ratio of porous ceramic materials does not change
significantly as a function of porosity [54] and, therefore, a
constant value of 0.22 (according to the volume percentage of Bi
and «o-Bi;O3 and their corresponding Poisson's ratio) was used in
all calculations.

Porosity level is known to have a strong influence on the elastic
constants of metallic and ceramic materials [55] and, in a first
approximation, it has been shown that [56] :

Eparous _ <pporous> " 11
Ebulk Phulk

where the right-hand term of Eq. (11) is the relative density and
the coefficient n depends on the material (we took n=2 because
our sample presents an open-cell porosity [34,38]). This relative
density can be related to the material porosity volume fraction P,,
[55]:

pporous =1-P,, (12)
Pbulk

Combining Eqs. (11) and (12) it is possible to give a first
approximation of the degree of porosity of the studied sample as
a function of the elastic modulus:

P _ ] (EIJOTOUS) ]/n
or — - (13)
Ebuik

Actually it is well known that even a low degree of porosity
typically leads to a drastic reduction in E, [57]. This effect is
considered in the approach by Ramakrishnan and Arunachalam,
which takes into account the intensification of pressure at the
surface of spherical pores due to interactions between the pores
and the surrounding bulk solid material [57]. For a given porosity
fraction, the elastic modulus of the porous material (Eporous) iS
related to the elastic modulus of the fully dense material (Epy)
according to:

Eporous _ (1= Por)?
Epuk ~ 142Por —3VPy;

(14

where v is Poisson's ratio of the bulk non-porous material. Solving
Eq. (14) it is possible to determine, in a more precise way, the
degree of porosity of the sample. This is because Eq. (12) only
considers the sample's porous density in relation to the bulk
density while Eq. (14) also considers the pressure intensification
at the surface of the spherical pores, as aforementioned. Never-
theless, we have observed that the difference between Egs. (12)
and (14) is not too significant as one could expect.

The value of Ep,; was determined using the rules of mixtures
for the isostrain (IS) and the isostress (IT) conditions. These are the
two limiting cases, so in our geometry Ep, is probably in between.
For the isostrain analysis

Epie = 0.7Eg; +0.3Eg;,0, = 43.40 GPa
while for the isostress analysis

IT EgiEgi,o,

B =78 1 0.3E50, = 51161 P2

where Eg; and Eg;,o, are the elastic modulus of metallic bismuth
and bismuth oxide, respectively, and 0.7 and 0.3 correspond to the
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Fig. 3. Force-time curves for (a) fast and (b) slow loading rates and (c) and (d) their corresponding load-displacement curves, respectively.

Table 1
Strain rate values (s~ ') obtained with an applied
force of 4 mN for the different loading rates.

Strain rate (s )

0.02833
0.00548

Fast test
Slow test

volume fraction of bismuth and bismuth oxide as determined by
XRD. We then assume that the elastic modulus of the metal-metal
oxide composite is

IS IT
Ebulk — Ebulk‘ZFEbulk —47.51 GPa

These two methods used to determine the degree of porosity of
the sample are based on the values of the elastic modulus obtained
during the nanoindentation test.

Note that the compaction effect on porosity is more pro-
nounced in the fast tests, as evidenced in Fig. 4b.

It can be observed that both the H and E, values depend on the
loading rate; the degree of porosity and compaction is different in
each case. It can be noticed, from Table 2, that the values of the
degree of porosity are very high. These values are probably
overestimated because the surface of the Bi/Bi,Os composite is
not flat; surface roughness gives an underestimation of the values
of Eporous and Hporous,» Which can be as much as 20% [58-60]. Hence,
taking into account this effect, the values of P, would be reduced
down to, approximately, 70%, which are more reasonable values.

Fig. 4a shows that as the loading rate is higher, a larger value of
S is obtained (which implies a smaller elastic recovery of the

material). This observation can be related to the behavior of a
viscoelastic non-Newtonian fluid [61].

3.3. Viscoelasticity

Creep tests for each loading rate were performed to assess the
plastic deformation in porous Bi/Bi,O3 composite at a maximum
applied force of 5 mN and with a holding segment of 600 s. The
obtained data is shown in Fig. 5a and b until a maximum time of
300 and 400 s, respectively.

The variation of the penetration depth during the creep is
larger for the slow loading rate (Ah=0.064 pm) than for the fast
loading rate (Ah=0.040 pm), as evidenced from Fig. 5b, where the
left y-axis refers to the penetration depth of the fast loading rate
and the right y-axis refers to the penetration depth of the slow
loading rate.

From Fig. 5a an anelastic behavior, analogous to the anelastic
behavior of a bulk metallic glass (BMG) [62], can be observed. In
BMGs this effect is explained from the occurrence of free volume.
By analogy it is easy to establish a direct relation between the free
volume concentration of a BMG and the pore density of a porous
material. Creep behavior in BMGs was reported to depend on the
loading rate [62], becoming more pronounced as the loading rate
was smaller. This effect is typical of non-Newtonian fluids. Hence,
the Bi/Bi,Os composite exhibits a viscoelastic non-Newtonian
behavior which follows the so-called three-element Voigt model.
This model considers the system as a spring and a dashpot
connected in parallel, which are at the same time connected in
series with a second spring, as shown in Fig. 6. These elements are
characterized by an elastic constant for the springs (E; and Es,
Fig. 6) and a viscous constant for the dashpot (#, Fig. 6).

The springs represent the elastic component (o; =E&; and
o, =Ee;) of the material while the dashpot represents the
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Fig. 4. Mechanical properties of the Bi/Bi,O3 composite (a) S vs. P (b) E, vs. P (c) E,
vs. H. The influence of the loading rate over the mechanical properties is evidenced,
obtaining larger values of both E, and H as the loading rate increases.

Table 2
Values of the degree of porosity of the nanoindented sample as a function of the
loading rate.

P (mN) Slow Fast
Eq. (11) Eq. (12) Eq. (11) Eq. (12)
0.5 0.96 0.94 0.95 0.92
1 0.95 0.92 0.94 0.89
2 0.93 0.89 0.92 0.86
3 0.92 0.88 0.89 0.83
4 0.91 0.87 0.88 0.82

viscous (03 = nég) component. This model is a modification of the
so-called Kelvin and Voigt model [40], which is based on a spring
and a dashpot connected in parallel. In the Kelvin-Voigt model (i.e.
without E, in Fig. 6), the total strain, &, is equal to the strain in

a T T T T T
124 [ . - - AT PTG T T I .,_
122 | = Fast
E Slow
S 120 g
= 96t 1
ey
94 e
92 1
90 L L L 1 1
0 50 100 150 200 250 300
t(s)
9.48 e 41236
o g A AT
%:Wzr?’ﬂ'
9.46 G Ah=0.023 112.34
—_ 2
= $
= 12.32
=
12.30
9.40 | 11228
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60 [ =
45 | 1
=
o = Fast
AV 3.0 - Slow 4
X —— Fitting
w
151 . .
00| =« |

o
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Fig. 5. (a) Time-dependence of the indenter displacement into the sample during
the constant-load segment for different loading rates; (b) h vs. t normalized to the
same initial starting depth during creep. The left-side scale shows the penetration
depth reached by the nanoindenter for the fast loading rate while the right-side
scale corresponds to the slow loading rate; (c) shows the dependence of the strain
vs. t.

Ul

Fig. 6. Schematic representation of the three-element Voigt model, consisting in a
spring connected in parallel to another spring and a dashpot, which are connected
in series.

each of the components:
E=€p=E&s (15)

And the applied load (o) is supported jointly by both the spring
and the dashpot:

6=01+03 (16)
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Combining Egs. (15) and (16) with the elastic and viscous beha-
viors it is easy to see that

c=01+03=E161+né&3 17)

If the applied stress is constant (Gp), that is, during a creep
experiment:

oo :E1e+né=E1€+n¥‘ (18)
tl3
the solution to Eq. (18) is
_00(q_ ,-a
et = (1 e ) (19)

where t is time and A is the so-called time of relaxation, defined as
A= Eq /1’] (20)

where # is the viscosity. If now a second spring (E=E,) is
connected in series to the dashpot and spring 1 (as shown in
Fig. 6), Eq. (19) becomes

e(t):g—s+g—f(l—e’51t/’7) 1)
Interestingly, the obtained strain vs. time curves from nanoinden-
tation at different loading rates are well-fitted with Eq. (21), as can
be seen from Fig. 5¢, which confirms that the Bi/Bi,O3 composite
shows a well-defined viscoelastic behavior. Since during nanoin-
dentation with a Berkovich tip shear motion governs deformation,
it is usual to express the mechanical constants of the model
described above in terms of the shear modulus (G) [40] instead
of Young's modulus. Then, from the shear modulus it is possible to
determine the elastic modulus:

E
Gepy = 2(1+v)
where v is Poisson's ratio and Gy the effective shear modulus,
which is determined from the following expression:

111
Ger Gi Gy

(22)

(23)

since the springs of the model (Fig. 6) are connected in parallel.

From the parameters obtained from the fitting, it has been
possible to determine both E and # values, as shown in Table 3.
Where the parameter a has been defined as 6y/G;, b has been
defined as 0y/G, and 4 as G;/#, being op:
_F

fyh?
where F is the applied force (5 mN), h is the penetration depth
reached at that force and f3 is a function that depends on the
indenter shape. For a Berkovich indenter, fz=24.56 [40].

As can be observed from Table 3, the values of the effective
elastic modulus determined using the three-element Voigt model
agree rather well to the values obtained experimentally. Also, from
the values obtained with the three-element Voigt model, it is
possible to determine the viscosity of the Bi/Bi,Os sample (Eq.
(20)). As can be seen from Table 3, a higher value of viscosity is
obtained when the loading rate is higher. This tendency is in
complete agreement with the results shown in Fig. 3c and d,

(o) (24)

Table 3

where it can be observed that the penetration depth increases as
the loading rate is smaller. This is because the Bi/Bi,O3 composite
offers a major resistance to deformation when the loading rate is
higher, which implies that the viscosity should be larger.

3.4. Simulation studies

Table 4 shows the mechanical properties used during simula-
tions for the fast and slow loading rates. E in Eq. (5) was
determined from the fit of the E-P evolutions shown in Figs. 4b
for 0.5, 1, 2, 3 and 4 mN. Once E is determined, the corresponding
hardness is found from the fitted results of E-H curves shown in
Fig. 4c. Finally, it is assumed that 6,,=H and o,,=H/3. To trigger
each different set of mechanical properties, we created different
stages of penetration depth. The maximum penetration depth of
each stage corresponded to the load at which E and o, change.
This maximum penetration depth was determined through the
experimental P-h; curves shown in Fig. 7.

From Fig. 7 it can be seen that 6,,=H/3 is a better assumption
than oys=H. Moreover, Fig. 7 reveals that the simulations with the
elastic-perfectly plastic model share the same features as the
experiments. In Fig. 7b simulations overestimate the experiment,
although the (himaxPmax) Points from simulations and experiments
agree quite well. On the contrary, from Fig. 7a it is obvious that the
simulation (with o,s=H/3) is underestimating the experimental
curve and the (hyaxPmax) POint is not captured anymore. However,
by incorporating the Drucker-Prager (DP) model into the simula-
tion for the fast loading rate the agreement between simulation
and experiment improves and the trend becomes analogous to
what is seen in Fig. 7b. This suggests that depending on the
loading rate, the material response is different. For small loading
rate it appears that the material deforms according to an elastic—
perfectly plastic model. Once the loading rate reaches a certain
value, a frictional component with a DP model is needed to
properly account for the deformation mechanism.

These FE simulation results are in agreement with the viscoe-
lastic behavior of the sample. They show, as aforementioned, that
is necessary to introduce a friction parameter (DP) when the
loading rate increases, which indicates that the viscosity of the
metal-ceramic composite changes with the loading rate.

Table 4
Values of the elastic modulus and the yield stress for different values of applied
load at different loading rates, with a friction angle of 20°.

P (mN) Slow Fast B
E (MPa) oys (MPa) E (MPa) oys (MPa)

0 128 0.15 53 0.08 20°

1 186 0.26 278 0.20

2 244 0.37 503 0.32

3 302 0.47 728 0.44

4 360 0.58 953 0.56

Values of the Voigt model fitting parameters, shear modulus, viscosity and elastic modulus at an applied force of 5 mN for the different indentation loading rates.

Adjusting parameters Shear modulus (GPa) Ef (GPa) n (GPas)
a b A(s™h Gy (e Theoretical Experimental
Fast 0.00169 0.00326 0.0393 1.3508 0.7002 0.4612 1.1253 0.9898 34.37
Slow 0.00183 0.00429 0.03396 0.7289 0.3109 0.2179 0.5318 0.5029 21.46
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Fig. 7. FE simulations of the loading-displacement curves for (a) fast (where a
Drucker-Prager coefficient, DP, has been introduced in order to consider a frictional
parameter) and (b) slow loading rates.

4. Conclusions

Porous Bi/Bi,O3; composite films have been grown by one-step
electrodeposition in acidic electrolyte to favor hydrogen evolution
and, hence, the creation of porosity. The films are rather rough and
exhibit porosity along the entire surface, as confirmed by SEM.
Concerning the structural characterization, XRD analyses reveal
that the composite film shows characteristic peaks of metallic Bi,
which is rhomohedral, and the so-called a-phase of Bi,Os (or
bismite), which is monoclinic.

The nanomechanical properties of the Bi/Bi,O3 composite film
have been studied as a function of the loading rate and maximum
applied load. The nanoindentation assays reveal that, for a given
applied force, the penetration depth is larger as the loading rate is
made lower. In turn, the elastic modulus increases with the
loading rate. From the E, and H values obtained from nanoinden-
tation tests, the degree of porosity has been determined. The
obtained values of porosity are probably overestimated since the
models existing in the literature do not take into account the
existence of surface roughness.

Strain rate has also been determined and has been observed to
increase with the increase of loading rate. Creep tests have also
been performed, revealing an anelastic behavior of the sample that
follows a non-Newtonian viscoelastic behavior, which can be well-
fitted by the strain equation of the three-element Voigt model.
Finally, the experimental results have been compared with those
obtained by FE simulations, and a relatively good agreement
between the measured and the calculated nanoindentation curves
has been obtained. For the fast loading rate, the Drucker-Prager
(DP) model has been incorporated to account for the increase of
viscosity (considering the analogy between our nanoporous com-
posite and a non-Newtonian viscoelastic material).

The present paper provides insight into the deformation
mechanisms of a novel class of material, consisting of a highly-
porous metal-ceramic composite, that can be used in diverse
applications, ranging from purely structural/mechanical (e.g. as
impact damper) or in hybrid platforms for photocatalysis and
other physico-chemical applications.
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