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In this work, an experimental and numerical analysis and characterization of functionally graded struc-
tures (FGSs) is developed. Nickel (Ni) and copper (Cu) materials are used as basic materials in the numer-
ical modeling and experimental characterization. For modeling, a MATLAB finite element code is
developed, which allows simulation of harmonic and modal analysis considering the graded finite
element formulation. For experimental characterization, Ni–Cu FGSs are manufactured by using spark
plasma sintering technique. Hardness and Young’s modulus are found by using microindentation and
ultrasonic measurements, respectively. The effective gradation of Ni/Cu FGS is addressed by means of
optical microscopy, energy dispersive spectrometry, scanning electron microscopy and hardness testing.
For the purpose of comparing modeling and experimental results, the hardness curve, along the gradation
direction, is used for identifying the gradation profile; accordingly, the experimental hardness curve is
used for approximating the Young’s modulus variation and the graded finite element modeling is used
for verification. For the first two resonance frequency values, a difference smaller than 1% between
simulated and experimental results is obtained.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Functionally graded materials (FGMs) are composite materials
whose properties are continuously graded along a specific material
direction. The property change is generally obtained through con-
tinuous change of material microstructure [1], see Fig 1. In some
graded structures, the volume fraction of one of the phases varies
continuously between 0% and 100%, between two points of the
structure; for instance, in Fig. 1, the material A is gradually
replaced by material B, leading to a composite material with the
volume fraction of material A and material B varying smoothly
through a transition zone [2–4].

One advantage of such FGM structures is the possibility of tak-
ing advantage of material properties of each base material. For
example, by combining metal/ceramic constituents, one can design
a thermal barrier on one side, which has the thermal properties of
ceramic materials and, a metallic material on the opposite side,
which has high tensile strength and toughness. Thus, the graded
structure takes advantage of each base material without conven-
tional material interfaces [5]. The absence of such material
ll rights reserved.
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interfaces offers other interesting local features: (i) local reduction
of residual thermal stress, and (ii) redistribution of mechanical
stresses, which may arise from the difference in stiffness between
phases [6,7].

Two approaches can be followed for modeling FGM: analytical
and numerical. In the first approach, solutions are usually obtained
for simplified problems (with simple boundary conditions and/or
initials), due to the difficulty of faithfully representing all the
microstructure details inherent in this kind of problem; specifi-
cally, to model the shape, size and continuous material distribution
at each Cartesian coordinate [8,9]. Therefore, FGM modeling has
been addressed by using numerical analysis, including, homogeni-
zation methods. The homogenization methods are based on the
periodicity of a base cell or Representative Volume Element
(RVE) [10] or statistical homogeneity of the composite [11]. Other
modeling studies address FGM plates, in dynamic analysis, using
shear deformation plate theories and non-linear von Karman the-
ory [12,13], or simulate the wave propagation in graded piezoelec-
tric [14] and graded non-piezoelectric materials [15] by using the
spectral finite element method, or simulate FGM structures, in dy-
namic analysis, with the traditional finite element by using com-
mercial software such as ADINA [16] and ANSYS [17]. Finally,
new finite elements have been formulated considering the mate-
rial gradation inside the element, which is called the Graded Finite
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Fig. 1. Illustration of the FGM concept by means of a microphotography for a PZT-5A/Ni FGM [46].
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Element (GFE) formulation [18–20]. In GFE formulation, the mate-
rial gradation is incorporated at finite element scale, which results
in a continuous and smooth property material variation between
elements. The GFE formulation has been applied to static structural
problems [18,19], dynamic structural problems [21,22] and static
and dynamic piezoelectric problems [17,23].

Some experimental works have concentrated on characterizing
the structural behavior of graded structures when subjected to dy-
namic loads [24–27], or on manufacturing FGM based on the combi-
nation of different materials [28,29]. However, this list of references
is not representative, and thus the reader is referred to the technical
literature in the field (e.g. Experimental Mechanics journal).

In this work, a comparison between experimental and numeri-
cal frequency response is performed (simulated by means of the
GFE formulation) for a nickel/copper functionally graded structure
(Ni/Cu FGS), which is manufactured by using Spark Plasma Sinter-
ing (SPS) technique. Through this comparison, the use of the hard-
ness curve, along the gradation direction, for estimating the elastic
property gradation function in isotropic and completely solid mis-
cible materials, is addressed. In addition, in order to determine the
effective gradation, Ni/Cu FGSs are comprehensively characterized,
which includes optical and scanning electron microscopy, energy
dispersive spectrometry (EDS), and hardness testing.

The paper is organized as follows. First, the GFE formulation,
implemented in MATLAB™ code, is presented (Section 2). Next,
in Sections 3 and 4, the manufacturing and characterization of
Ni/Cu are respectively shown. Finally, the methodology used to
validate the Ni/Cu FGS results is presented (Section 5) and some
conclusions are inferred (Section 6).

2. The graded finite element formulation in harmonic analysis

In this work, the harmonic response obtained by a finite ele-
ment program based on the GFE formulation [18,19] is imple-
mented. In harmonic analysis, a continuous sine excitation is
assumed as input and the response with this signal type, at differ-
ent frequencies, is performed. In other words, the harmonic analy-
sis looks for the response amplitude, in steady state, when the
prescribed loads vary periodically. So, the following equation
(without considering damping) is solved:

ð�X2
c M þ KÞu0 ¼ F0 ð1Þ

where the term F0 is the mechanical load amplitude given by [30]:

Fp ¼ F0 expð�jXctÞ ð2Þ
in which Xc is the circular frequency of the input signal, and M and
K represent the mass and stiffness matrices, respectively. The term t
represents time and j ¼

ffiffiffiffiffiffiffi
�1
p

. The term u0 is the displacement
amplitude, which assumes that its general solution is expressed
as [30]:

u ¼ u0 expð�jXctÞ ð3Þ

For each circular frequency of the excitation input, an equiva-
lent problem must be solved, as follows:

Ku0 ¼ F0 with : K ¼ �X2
c M þ K ð4Þ

Additionally, the mass and stiffness matrices, of each finite ele-
ment, are expressed as:

Me ¼
ZZ

NTqeðx; yÞNdx dy and Ke ¼
ZZ

BT Eeðx; yÞBdx dy ð5Þ

where the terms N and B represent the usual shape functions and
the displacement–strain matrix, respectively. Integrals in Eq. (5)
are developed over finite element e. Properties q and E represent
the density and elastic matrix, respectively. The material properties
depend on Cartesian position: coordinates x and y in a bi-dimen-
sional analysis.

To treat the continuous material gradation in relation to the
Cartesian coordinates, the GFE formulation is adopted [22]. Fig. 2
compares the traditional Homogeneous Finite Element (HFE) for-
mulation with the GFE formulation. In HFE case, the material prop-
erties remain constant within the finite element; see Fig. 2a, and
they are evaluated at the centroid of each element. Because the
GFE incorporates the material property gradation on the finite ele-
ment scale, see Fig. 2b, the properties inside each element change
following a specific gradation pattern or function. Accordingly,
property ‘‘transition’’ from a finite element to another is smooth
and continuous, without ‘‘jumps’’ from element to element. Hence,
the GFE formulation is a more ‘‘natural’’ way for simulating the
property variation in an FGS.

To accomplish continuous property change in an FGS, element
properties are evaluated by interpolation functions, which are
based on the nodal property values according to the Generalized
Isoparametric Formulation (GIF) [18]. In this work, the same func-
tions for interpolating the geometry and displacement are also
used for interpolating the material properties. Thus, the density
and elastic matrix properties are respectively expressed, for each
finite element e, as:
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Fig. 2. Material property distribution in: (a) homogeneous finite element; (b) graded finite element.
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q ¼
Xn¼nd

n¼1

Nnqn and Ee ¼
Xn¼nd

n¼1

NnEn ð6Þ

where nd is the number of nodes per finite element. Terms qn and En

represent density and elastic matrix properties per node n respec-
tively. The material properties (see Eq. (5)) must be properly inte-
grated. By contrast, in the HFE formulation, these properties are
usually constant. A computer code has been implemented in
MATLAB.
Fig. 4. Green layer configuration before sinterization including material percentage
by layer.
3. Manufacturing of Ni/Cu FGS

The Spark Plasma Sintering (SPS) technique is a sintering pro-
cess with simultaneous application of low voltages, high current
density pulses, and applied uniaxial pressure [31,32]. Fig. 3a shows
the configuration of the SPS system used in the present research. In
sintering, ‘‘green’’ samples or non-sinterized samples are placed
inside a graphite die, in a vacuum chamber, where graphite elec-
trodes act as a mechanism for vertically pressurizing the samples.
By applying voltage pulses with high direct electrical current to the
graphite die, high temperatures are achieved, which promote the
material densification. In addition, material diffusion is promoted
by application of uniaxial pressure [32]. Fig. 3b shows the SPS
machine used in the Laboratory of Sensors and Actuators of the
Polytechnic School of the University of São Paulo, which is based
on the configuration shown in Fig. 3a.

In this work, nickel (Ni) and copper (Cu) are employed as raw
materials. Although several previous studies have dealt with SPS
manufacturing of Cu compounds [33,34] or nickel/alumina FGS
[35] and nickel/titanium FGS [29], here we deal with only Ni/Cu
material combination as base material of FGS. In this case, the
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Fig. 3. (a) Typical configuration of SPS technique; (b) Dr. SINTER SP
near-optimal sintering temperature of the resulting functionally
graded material is obtained because the sintering temperature of
both reference materials is close, around 900–1000 �C for nickel
[35] and 700–800 �C for copper [33].

Green samples are composed of six layers (approximately 1 mm
each), varying in composition along the thickness, as shown in
Fig. 4. In addition, a 5 kN pre-compaction axial load is applied to
each green layer. Sample dimensions correspond to a 20 mm
(diameter) � 6 mm (thickness) disk.

The history curves for the main variables during the sintering
process (electric current, pressure and temperature) are shown in
Fig. 5. From Fig 5a it is noted that there is a gradual electric current
increase to reach the maximum value of 2000 A at 420 s, which
corresponds to 82% of the sintering temperature (see Fig. 5b).
The current value is stabilized around 1250 A, during the mainte-
nance period of the sintering temperature (with axial pressure of
50 MPa or axial loading of 15.7 kN, for a 20 mm diameter sample,
see Fig. 5c). Finally, for cooling the sample and finishing the
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Fig. 5. Curves during sinterization of Ni/Cu FGS: (a) electrical current, (b) temperature and (c) applied axial load.
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sintering process, the electric current drops rapidly to zero. The
temperature curve shows a gradual cooling, which is generated
by heat exchange between the graphite mold and the vacuum
chamber. When the sample is taken out from the SPS machine,
its temperature is 255 �C (at 2000 s). In general, pressure and tem-
perature curves follow the original pattern.

Fig. 6 shows a Ni/Cu sample, which is manufactured by the SPS
technique. It is observed that material gradation is obtained both
on the outer and inner (center) surfaces of the disk; however, this
gradient does not seem to be uniform along the radial direction
because the powder material cannot be completely mixed at each
green layer and there is a temperature gradient from the outer
surface to the center, which generates different material diffusion
rates. However, as shown in the following section (Section 4),
powder compaction and an effective property gradient are
achieved.
Bakelite

Fig. 7. Left: half of a Ni/Cu FGS sample embedded in Bakelite

Top (Nickel)

Bottom (Copper)

Fig. 6. Ni/Cu FGS sample manufactu
4. Experimental characterization of Ni/Cu FGS

This section presents the methodology used to characterize the
Ni/Cu samples. Four Ni/Cu samples are manufactured by using
spark plasma sintering following the parameters shown in Fig. 5.
Some of the samples are used in destructive testing. Tests consist
of: (i) characterization of the microstructure and chemical compo-
sition by using a Scanning Electron Microscope (SEM); and (ii)
determination of material properties such as Young’s modulus,
density and hardness aiming at finding the gradation profile of
such properties.

4.1. Microstructure and chemical composition characterization

Before being taken to the microscope, two samples are cut in
half (by using a precision cutter Isomet 4000 BUEHLER) and are
Cu

Ni

; right: optical micro photography of material gradation.

Outer portion of the sample

Inner portion of the sample

red by using the SPS technique.
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embedded in a Bakelite structure, so they can be prepared for sub-
sequent observation. One half-sample is presented in Fig. 7. Subse-
quently, the free half-surface is polished, including electrolytic
polishing. Fig. 7 also shows an image obtained by using an optical
microscope OM BX60 OLYMPS. The continuous microstructure gra-
dation is observed, from copper (upper surface of the figure) to
nickel. Yellow regions represent areas with the highest concentra-
tion of copper particles and gray regions with the highest concen-
tration of nickel particles. Additionally, there is no clear evidence of
sintering defects or cracks in layer interfaces. Also, the continuous
copper phase dispersion in the nickel phase, from the top to bot-
tom surface, is noted. This dispersion is clearer when material gra-
dation is observed by using a Scanning Electron Microscope – SEM
(Philips XL-30) at three different points along the gradient direc-
tion (see Fig. 8). On the bottom surface (100% Ni area, see Fig. 4),
a quasi-homogeneous distribution of Ni grains is achieved, each
grain size around 2.5–5 lm in diameter. In the initial green layer
area with 80% Ni and 20% Cu (see Fig. 4), copper inclusions in a
nickel matrix are observed; however, the Ni grain size is increased,
with 8–10 lm in diameter. This effect is due, in part, to the temper-
ature gradient generated along the gradation direction during the
sintering process. In addition, copper grains have irregular shape
and distribution. This behavior is inverted in relation to the highest
copper concentration regions. Thus, in the initial green layer with
20% Ni and 80% Cu, the grain size in the copper matrix array is
approximately 9 lm in diameter and nickel inclusions have irreg-
ular shape and they are randomly distributed.

On the other hand, by using the technique of Energy Dispersive
Spectrometry – EDS [36], the effective property gradation is con-
firmed. The procedure consists in finding the chemical composition
in several regions along the gradation direction. As illustrated by
Fig. 9, the chemical composition of each initial green layer is ob-
served; specifically, the chemical composition gradually changes
from nickel (Fig. 9a) to copper (Fig. 9f), approximately following
the weight proportion of the green structure (see Fig. 4). Further-
more, Fig. 9a and b indicate some oxidation in the highest nickel
concentration areas (nickel oxide – NiO), which could be the prod-
uct of the electrolytic polishing or high sinterization temperature.
(c)

Ni

Cu

Fig. 8. SEM microphotography of a Ni/Cu FGS sample at different positions along
the gradation direction (according to the schematic illustration of Fig. 4): (a) 100%
Ni; (b) 80% Ni, 20% Cu and (c) 20% Ni, 80% Cu.
4.2. Determination of hardness, density and Young’s modulus

4.2.1. Vickers hardness
To determine the Vickers hardness along the direction of grada-

tion, a BUEHLER MICROMET 2103 durometer is employed. The
hardness is determined for two Ni/Cu FGM samples, which are
called Ni/Cu sample 1 and Ni/Cu sample 2, according to ASTM E-
384 standard [37]. Three Vickers hardness tests are performed
for each area corresponding to the initial green layers, see Fig. 4.

In the 100% Cu region, the Vickers hardness is around 60 kgf/
mm2. This value increases to around 175 kgf/mm2, in the 100%
nickel region. These results confirm again that, in fact, the hardness
property gradation is achieved (from copper to nickel) along the
FGS thickness; however, along the radial direction, the material
gradient is not uniform because different Vickers hardness values
are obtained along radial direction, see horizontal lines in Table 1.
Nevertheless, hardness variation into original green layer remains
in relatively small ranges. This variation is probably caused by par-
ticle diffusion between green layers during the sintering process,
which is not uniform. Particularly, the temperature gradient in
the radial direction produces non-uniform mass diffusion.

Hardness values shown in Table 1 are used for plotting the aver-
age–hardness curve along the gradation direction. This curve is
presented in Fig. 10. The hardness changes almost linearly, from
60 Kgf/mm2, in the 100% Cu region, to 175 Kgf/mm2, in the 100%
Ni region.
Several studies have shown that Young’s modulus can be esti-
mated by indentation (i.e. from elastic recovery). Oliver and Pharr
[38] and Meza et al. [39] have determined the elastic properties of
isotropic materials using a nano-hardness instrumented testing;
thus, by controlling the loading and the penetration depth of the
indenter, the Young’s modulus is obtained. Lawn and Howes [40]
have estimated the Young’s modulus and hardness considering
that the elastic recovery extent in the depth of Vickers indentations
is related with Young’s modulus/hardness ratio. Following a re-
lated idea, Marshall et al. [41] have found the relation between
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Table 1
Vickers hardness values along thickness direction for Ni/Cu FGS samples.

Ni/Cu FGS – sample no. 1 Ni/Cu FGS – sample no. 2

Layers (%) Measures (kgf/mm2) Measures (kgf/mm2)

100 Cu 60.9 58.6 59.7 58.4 64.8 69.5
80 Cu, 20 Ni 84.2 83.6 86.1 82.3 83.0 85.0
60 Cu, 40 Ni 106.8 105.3 129.0 120.8 125.8 102.7
40 Cu, 60 Ni 136.6 121.8 120.9 145.3 121.8 119.8
20 Cu, 80 Ni 164.6 163.2 144.4 157.9 133.2 123.7
100 Ni 174.5 173.0 185.3 186.2 160.3 161.1
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indentation dimensions and hardness/Young’s modulus ratio
based on elastic recovery of the in-surface dimensions of a Knoop
test. These results led to the assumption that the average–hardness
curve (see Fig. 10) can be used, in isotropic and completely solid
miscible materials, as a ‘‘pattern’’ curve, which represents the
Young’s modulus change along the gradation direction. Before test-
ing this hypothesis (which is presented in Section 5), the Young’s
modulus in 100% Cu and 100% Ni regions must be determined.
Accordingly, the intermediate Young’s modulus values can be
interpolated following the ‘‘pattern’’ curve (see Fig. 10).

To determine the Young’s modulus in 100% Cu and 100% Ni re-
gions, two pure copper and nickel samples are manufactured, by
following the same procedure presented in Section 3. Each sample
corresponds to a 20 mm in diameter and 6 mm thickness cylinder,
each of which is sintered at 800 �C, following temperature and
pressure curves shown in Fig. 5.

4.2.2. Bulk density
To determine the density for 100% Cu and 100% Ni samples

(non-FGS samples), the volume of each sample is determined by
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Table 2
Density values for copper and nickel samples and other related parameters.

Non-FGS (only Cu) Non-FGS (only Ni)

Datum Sample 1 Sample 2 Sample 1 Sample 2

Diameter (mm) 19.966 19.874 20.015 20.054
Thickness (mm) 6.051 5.993 5.887 5.964
Mass (gr) 16.179 15.973 16.313 16.133
Density (kg/m3) – q1 8539.9 8591.8 8807.2 8564.2
Relative density (%) 95.5 96.1 98.9 96.2
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using a micrometer and, by using a precision scale METTLER TOLE-
DO AB 204 (accurate to 0.0001 g), their mass is measured.

Table 2 summarizes the results of density for each non-FGS
sample. Both sets of density measurements provided consistent re-
sults. The relative density of samples is higher than 95% when com-
pared to the theoretical density, 8940 kg/m3 for copper C10200
[42] and 8906 kg/m3 for nickel 200 [42]. This shows that there is
a powder consolidation during the sintering process; in addition,
these results are in agreement with those obtained by Zhang
et al. [33], which demonstrate that copper relative density changes
according to sinterization parameters, achieving high powder con-
solidation (relative density exceeding 95%) when the sinterization
temperature and pressure are higher than 600 �C and 30 MPa,
respectively.

4.2.3. Young’s modulus
The elastic behavior of 100% Cu and 100% Ni samples (non-FGS

samples) is determined by measuring the longitudinal wave prop-
agation velocity. Hence, assuming a perfectly elastic material
(which satisfies Hooke’s law), Young’s modulus (E) is determined
by following expression [43]:
Oscilloscope 

PC LAN Sign

Trigg

Fig. 11. Experimental setup for measuring the elastic properties by using ultra
E ¼ ð1þ vÞð1� 2vÞ
ð1� vÞ

� �
V2

l q ð7Þ

where the terms q and E are the density and Young’s modulus of the
material (nickel or copper), respectively. The term Vl is the longitu-
dinal wave propagation velocity, which is determined experimen-
tally. In Eq. (7) is used the theoretical value of the copper and
nickel Poisson’s modulus (v).

In this work, the experimental value of Vl is determined by
using two co-axial piezoelectric transducers, see Fig. 11. One trans-
ducer acts as emitter and the other as receiver. Each 100% Cu or
100% Ni sample is placed between the piezoelectric transducers
and the elapsed time is measured, since the emitter transducer is
excited until receiver catches the propagated wave. Accordingly,
by using the propagation wave time along thickness d (Fig. 11),
the longitudinal wave propagation velocity within the material is
calculated.

The experimental setup for measuring the elastic properties by
ultrasound technique consists in a 5072PR PANAMETRICS pulser/
receiver and two 10 MHz piezoelectric transducers (see Fig. 11).
Signals are digitized by a 54820A AGILENT INFIINIUUM oscillo-
scope with 8 bits vertical resolution, by using a 500 MHz sampling
frequency. Observed signals can be seen in Fig. 12a and b for 100%
Cu or 100% Ni samples, respectively.

Table 3 summarizes the results for each 100% Cu or 100% Ni
sample: (i) the propagation wave time (t) along thickness d (thick-
ness of each sample presented in Table 2), (ii) longitudinal wave
propagation velocity, which is calculated by Vl = 2d/t and (iii)
Young’s modulus values, which are calculated by using Eq. (7).

Table 3 shows that Young’s modulus for all samples is close to
theoretical value (pure materials): 113 GPa for copper C10200
[42] and 214 GPa for nickel 200 [42]. The difference is due to the
fact that, in the SPS, pure copper and nickel are not used, which in-
creases the losses by acoustic attenuation; in addition, differences
in grain size increases the acoustic wave dissipation.
5. Experimental validation

5.1. Frequency response function

The results obtained in the previous section can be used to
experimental and numerically verify the approximated gradation
profile for Young,s modulus; specifically, by calculating the reso-
nance frequencies using a harmonic analysis. Particularly, the
experimental and numerical Frequency Response Function (FRF)
curves of Ni/Cu FGS are compared. For FGS case, the problem of
how to calculate the experimental FRF curve arise; specifically,
for small samples, the impact excitation and/or extraction methods
by using modal parameters are difficult to be implemented [44].
The option to be used is inspired in the work of Skaf et al. [45].
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Fig. 12. Signals obtained from ultrasound test by using the experimental setup of
Fig. 11 for homogeneous samples: (a) only copper (100% Cu); (b) only nickel (100%
Ni).
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Fig. 14. Harmonic analysis curves by using the models of Fig. 13.

Table 3
Young’s modulus calculated by using ultrasonic test.

Non-FGS (only Cu) Non-FGS (only Ni)

Datum Sample
1

Sample
2

Sample
1

Sample
2

Thickness (mm) – d 6.051 5.993 5.887 5.964
Time peak-to-peak (ls) 2.6330 2.6328 2.0570 2.0602
Longitudinal wave propagation

velocity (m/s) – Vl

4596.3 4552.6 5723.9 5789.7

Poisson’s ratio [42] 0.326 0.326 0.322 0.322
Young’s modulus (GPa) 123.52 121.92 200.30 199.27
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They use a combination of piezoelectric ceramic and non-piezo-
electric structures for calculating the displacement FRF. The idea
is to paste or embed a piezoelectric transducer in the studied struc-
ture and, by using an impedometer, to calculate the FRF. Skaf et al.
Cu

(a)

F
10 mm

6 mm

Fig. 13. Setup employed to calculate the simulated FRF of no
[45] conclude that, by using a piezoelectric ceramic of relatively
small mass in relation to the non-piezoelectric structure, the first
resonance frequencies can be determined with high accuracy.

In order to verify the above idea, several FE simulations are
developed. Fig. 13a corresponds to the axisymmetric model of
the non-piezoelectric structure that is analyzed experimentally
(called model 1), considering only copper properties (in this case,
a non-FGS is simulated). In this simulation case, the input excita-
tion is a unit force applied to the middle of the structure. The
approximated model (model 2) is presented in Fig. 13b, which con-
sists of a piezoceramic bonded on the top and middle of the model
1. In model 2, the input is generated by applying a unit voltage in
the piezoceramic.

To find the piezoelectric dimensions that best approximate the
experimental FRF, several piezoceramic sizes are simulated by per-
forming a harmonic analysis in ANSYSTM. In simulations, 6000 Q4
finite elements are employed. A commercially available PZT-5A
piezoceramic with diameter of 6.35 mm and thickness of 0.378
acceptably approximates the FRF curve of model 1. This statement
is corroborated by Fig. 14; in other words, dynamically, model 2 it
behaves roughly as model 1. The difference between model 1 and
2, in the first four resonance frequencies, is less than 1.5%.

5.2. Experimental validation of FRF

Based on the previous results, a PZT-5A piezoelectric ceramic
with a diameter of 6.35 mm and a thickness of 0.378 mm is bonded
to a Ni/Cu FGS, which is fabricated by SPS technique. Subsequently,
the resonance frequencies are found by using an impedance ana-
lyzer AGILENT 4194A. These frequencies are presented in Fig. 15.
Same figure shows the FRF simulated curve of a Ni/Cu FGS, which
is obtained considering the GFE formulation. In simulations, the
following assumptions are taken:

(i) The Young’s modulus changes along the thickness following
the curve of Fig. 10.
(b)

Cu

PZT-5A

V

6 mm

10 mm

3.17 mm

n-FGS by using piezoceramics: (a) model 1; (b) model 2.
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Fig. 15. Comparison of FRF curves for a Ni/Cu FGS sample: (a) experimental and simulated (by using GFE) impedance curves; (b) detail of impedance experimental curve at
225–242 kHz.

Table 4
Resonance frequency obtained from curves of Fig. 15.

Vibration mode Resonance frequency (kHz)

Simulated by GFE Experimental Difference (%)

Mode 1 81.00 80.97 0.04
Mode 2 147.00 145.58 0.96
Mode 3 209.00 233.05 �11.50
Mode 4 291.00 281.00 3.43
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(ii) The Young’s modulus on the top and bottom surfaces is the
mean of the values presented in Table 3: 122.72 GPa for cop-
per and 199.78 GPa for nickel.

(iii) The density and Poisson’s modulus are kept constant along
the thickness with values of 8625.8 kg/m3 and 0.324, respec-
tively, which are the mean values presented in Table 2 (for
density) and Table 3 (for Poisson’s modulus).

(iv) The Ni/Cu FGS is 19.95 mm in diameter and 5.96 mm in
thickness.

(v) The mesh has 70 � 40 finite elements.

In Fig. 15, although experimental and simulated vibration mag-
nitudes are different, from both curves the resonance frequency
values can be extracted. In experimental curve, these values corre-
spond to peaks with electrical impedance tending to zero. In sim-
ulated curve, the resonance frequencies correspond to FRF peaks,
which are presented in red and continuous line in Fig. 15a.

From Fig. 15 and Table 4 is observed that resonance frequency
values of the first four modes, for experimental and simulated
curve, are close. Beyond fourth vibration mode, the difference is in-
creased, which is predictable from results presented in Fig. 14.
Nevertheless, in the experimental curve, the vibration mode num-
ber 3 shows magnitude too small to be observed in plain view from
Fig. 15a. In the simulated curve, this mode can be easily identified,
as no damping is considered in harmonic analysis, which is de-
tailed in Fig. 15b.

Additionally, Fig. 15a shows the experimental impedance curve
of single piezoceramic, which is bonded to the FGS. As noted in the
analyzed region (50–300 kHz), the resonance peak of single piez-
oceramic does not match any of the peaks of FGS curves, either
simulated or experimental, and consequently, the curves in
Fig. 15a represent the dynamic behavior of the FGS only.

Finally, Table 4 lists the first four resonance frequency values,
both experimental and simulated values. The value of FGS simu-
lated resonance frequency varies between 0.04% and 3.5% in rela-
tion to experimental value, except for vibration mode number 3,
where the difference is 11.5%. The last difference probably is due
to the influence of the vibration mode generated only by the single
piezoceramic; specifically, at 182.7 kHz, which ‘‘moves’’ the FGS
mode number 3 from expected position. Although these differ-
ences can be acceptable, also they are originated from several
assumptions made during the simulation; for instance, uniform ra-
dial gradation, density and Poisson’s modulus constants, and the
use of mean values for Young’s modulus on the top and bottom
surfaces.
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6. Conclusions

This work addresses the manufacturing and dynamic simulation
of functionally graded structures (FGSs) made of Ni/Cu. For simulat-
ing these structures, a software is implemented, which allows the
harmonic analysis of FGS by using the Graded Finite Element
(GFE) formulation. In GFE, the material properties are interpolated
inside each element, according to user-defined gradation function.
Additionally, Ni/Cu FGS are manufactured by the technique of Spark
Plasma Sintering (SPS), and they are characterized in terms of: (i)
microstructure, by using a Scanning Electron Microscope (SEM);
(ii) chemical composition; (iii) hardness test (Vickers); and (iv)
elastic properties (by using ultrasonic testing) along the gradation
direction. These characterization procedures demonstrate that a
continuous property gradation is achieved along the thickness
direction. Finally, experimental resonance frequencies of a Ni/Cu
FGS sample are determined by using piezoceramics.

The following conclusions can be drawn:

(i) By comparing the experimental and simulated resonance
frequencies, it is observed that the GFE formulation
approaches with great accuracy the resonance frequencies
obtained experimentally; specifically, difference smaller
than 1% are obtained, at the first two vibration modes. How-
ever, the difference increases when higher order vibration
modes are considered; thus, at the fourth mode, the differ-
ence between the simulated and experimental response is
approximately 3.5%.

(ii) Moreover, by using the hardness variation curve along the
gradation direction, an appropriate approach to measure gra-
dation variation is obtained. This assumption is advanta-
geous, as the hardness calculation is a simple procedure,
which requires a simplified sample preparation. Otherwise,
for determining the gradation curve, we should manufacture
and characterize a homogeneous structure with the approxi-
mate composition of each green layer; thus, for the Ni/Cu FGS
samples here considered, six homogeneous structures should
be manufactured, each with the same composition of each
green layer in Fig. 4. In addition, the elastic properties for each
one should be determined. Nevertheless, the use of hardness
curve for approximating the gradation function of elastic
properties can only be considered if the materials are isotro-
pic and completely solid miscible. Accordingly, as future
work, further studies in this direction should be developed.
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