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This is one of a series of special issues published in Advances
in Materials Science and Engineering, focusing on the latest
advances of smart materials and their applications.

Evolution of engineering materials is strongly depending
on the growing transformation of complexity in engineering
products. New materials being designed are required to pro-
vide specific properties and demonstrate certain functional
characteristics by manipulating their dimension, chemistry,
and structure through various advanced technologies.There-
fore, “smartness” of a material has become the topic of inter-
est. Properties of smart materials may change accordingly to
the applied external stimuli.

Under the direction of the editorial team, we showcase
advances of organic and inorganic based smart materials
and their applications in areas of specific interest such as
energy, environment, and health. A total of 9 articles are
published in this special issue. Six articles are focused on
production, synthesis, and optimization of smart materials;
and the remaining are dedicated to application of smart
materials.
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The homogeneity of emitters is very important for the performance of field emission (FE) devices. Reactive-ion etching (RIE) and
oxidation have significant influences on the geometry of silicon tips. The RIE influences mainly the anisotropy of the emitters.
Pressure has a strong impact on the anisotropic factor. Reducing the pressure results in a higher anisotropy, but the etch rate is also
lower. A longer time of etching compensates this effect. Furthermore an improvement of homogeneity was observed. The impact
of uprating is quite low for the anisotropic factor, but significant for the homogeneity. At low power the height and undercut of
the emitters are more constant over the whole wafer. The oxidation itself is very homogeneous and has no observable effect on
further variation of the homogeneity. This modified fabrication process allows solving the problem of inhomogeneity of previous
field emission arrays.

1. Introduction

In vacuum microelectronic devices the field emission (FE)
electron sources have advantages compared to classical
thermionic cathodes. They offer no dissipation of energy in
themedium (vacuum) and high radiation tolerance andwork
with high operation frequency [1].The electron sources could
be used in sensor systems, miniaturized microwave amplifier
tubes, cathodes in electron optic systems (e.g., scanning
electron microscope (SEM), scanning tunneling microscope
(STM), transmission electron microscopy (TEM)), and high
power THz sources as well as compact and fast-switching
X-ray sources [2]. The cathode of the electron source is the
most important and critical component of such devices. Small
variation in emitter geometry leads to an inhomogeneity of
emission.Thefield emission characteristics depend especially
on the width of the potential barrier at the electrically
conductive surface, which the electrons must tunnel through
[3]. High electric fields reduce the width of this barrier
(Figure 1). Nanostructures allow delivering these required
fields microscopically, due to the locally enhanced field
at the tip of the emitter. The field enhancement factor 𝛽

(1) which is defined by the ratio of microscopic 𝐸micro to
macroscopic field𝐸macro describes this relation [4].Therefore,
lower macroscopic field is necessary for tunneling:

𝛽 =
𝐸micro
𝐸macro
≈
ℎ

𝑟
. (1)

A possible approximation for 𝛽 is the ratio of height
ℎ of the emitter to the radius 𝑟 of the tip. Consequently,
fluctuations in height and tip radius vary strongly the 𝛽-
factor. Further enhanced fabrication techniques are required
to replace typical cathodes in actual applications and allow
novel vacuum devices.

By investigation of the influence of RIE parameters
(pressure and power) on the geometry and aspect ratio of
silicon emitter a chance of homogeneity can be observed.

2. Materials and Methods

2.1. Fabrication Process. Isotropic wet or dry and anisotropic
dry etching are usual fabrication techniques for silicon (Si)
microstructures. For reproducible emitterswith high𝛽-factor
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Figure 1: Influence of an enhanced electric field𝐸micro on the surface
barrier and the tunneling of electrons.

and current carrying capacity, we use an anisotropic dry
etching followed by a wet thermal oxidation [5] (Figure 2).

As bulk material 100mm p-type silicon wafers with
(100) orientation, boron doping, and a resistivity of 3.7–
4.2Ωcm are used. P-doped Si-FE-cathodes show FE-current
saturation, which leads to very good current stabilization [6].
For masking a wet thermal oxide of 700 nm is grown on the
substrate at 1000∘C (Figure 2(a)). The position of the tips is
defined by a photolithographic transfer of disks with a 3 𝜇m
diameter and triangular pitch of 20 𝜇m into a photoresist
(AZ5214) (Figure 2(b)). Anisotropic reactive-ion etching in
an Oxford Plasmalab 80Plus transfers this adjustment to the
SiO
2
layer (Figure 2(c)). It uses CHF

3
and O

2
as process

gases. To achieve the requested shape of the emitter another
RIE process step is necessary. A mixture of SF

6
and O

2

etches bulk Si with the SiO
2
discs as mask (Figure 2(d)). The

anisotropy and so the geometry can be adjusted by the gas
flows, chamber pressure, and RF power [7].The remaining Si
is oxidized thermally at 940∘C for the final sharpening of the
emitters (Figure 2(e)). The entire SiO

2
is removed in the last

step by wet chemical etching with a HF mixture (BOE 7 : 1)
(Figure 2(f)).

To get significant investigation on the homogeneity each
of the twelve chips on a wafer contains six arrays with a
different number of tips (1, 7, 91, 271, 547, and 1141).

2.2. Measurement Techniques and Experimental Design. For
the investigation of the influence of individual fabrication
steps on the emitter, after each process step, some selected
tips were observed by a SEM (JEOL 6510) (Figure 3). For
a significant conclusion of the homogeneity eight tips on
each array were scanned on every corner of the hexagonal
layout and two in the middle of the array (Figure 4(a)). Two
of three chips on each quarter of a wafer were investigated
(Figure 4(b)).

Theundercut 𝑟
‖
of the SiO

2
-mask, due to theRIE step, was

determined by SEM. The etch depth 𝑟
⊥
was measured with

a KLA Tencor P16 profilometer. By this way, the anisotropic
factor (2), which impacts the homogeneity and geometry
of the emitters, was determined for diverse powers and
pressures at the RIE step:

𝑓 = 1 −
𝑟
‖

𝑟
⊥

. (2)

(a) Oxidation

(b) Photolithography

(c) RIE of SiO
2

(d) RIE of Si

(e) Sharpening Oxidation

(f) Si-tip-emitter

Figure 2: Schematic of the structured cathode fabrication process
(simulated with IntelliSuite). (a) Thermal growth of SiO

2

layer. (b)
Photolithography with AZ5214. (c) Transferring of the structures
into SiO

2

by reactive-ion etching. (d) Reactive-ion etching of the
bulk Si. (e) Sharpening of the tips by wet thermal oxidation. (f) Wet
chemical removal of SiO

2

.

Table 1: Anisotropy factor 𝑓 depending on the etching parameters
(pressure and power). Symbols in brackets belong to Figure 6.

50mTorr 70mTorr 90mTorr
90W 0.58 (I) 0.55 (◻) 0.43 (⬦)
120W 0.61 (△) 0.53 () —
150W 0.65 (⊳) 0.51 (⊲) —

3. Results and Discussion

The power of plasma is varied from 90 to 150W and the
pressure from 50 to 90mTorr, resulting in 9 several parameter
sets (Table 1) with different anisotropy (Figure 5).The etching
time amounts to 60 s. A full undercut of the SiO

2
disks is

caused by a pressure of 90mTorr at high power (120W or
150W).

3.1. Effect of RIE Parameters on the Geometry. The pressure
has a strong effect on the factor of anisotropy. The reduction
of pressure increases significantly the anisotropic factor
(Figure 6(a)). Lower pressure causes fewer ions in the plasma,
which are able to collide with each other at the same power in
the chamber. Hence the ions aremore directed perpendicular
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(a) Photolithography (b) SiO
2
-RIE-etching

(c) Si-RIE-etching (d) Si-tip-emitter

Figure 3: SEM images of the structured cathode fabrication process. (a) Developed photoresist. (b) Patterned SiO
2

disks. (c) Etched bulk Si.
(d) Final emitter.

(a) (b)

Figure 4: Schematic position of the investigated (a) tips in an array
(8 of 91) and (b) chips on each quarter (2 of 3)

to the target. Therefore the anisotropic factor is high at low
pressures and vice versa.

By increasing the power, the energy of the ions in the
chamber is rising. At low pressure (blue line in Figure 6(b))
they are more able to impact the target without other hits.
The anisotropic factor is rising, too. The higher the pressure
is, the more reactive the molecules SF

6
are in the plasma.

That means that there are more possible collisions on the
way, because of the higher number of ions in the chamber.
Moreover the effect of the chemical reaction is stronger and
the directions of the impacting ions are more distributed,
so the etching result is less anisotropic. This results in a
lower anisotropy factor, while energy is higher (green line in
Figure 6(b)).

Due to a higher anisotropy of etching, the aspect ratio of
the tip can be maximized. This causes a larger 𝛽-factor.

3.2. Investigation on Homogeneity and Measurement Results.
Changing power and pressure causes a variation of etch rates
within the radius of thewafer, which is the homogeneity of the
unit (Figure 7). SEM images are shown in Figure 8. Further-
more, low pressure (50mTorr) results in quite homogeneous
etching, regarding height of emitters and undercut of disks
(Figures 7(c) and 7(d)). There are fewer ions in the plasma,
due to low pressure in the chamber.The scattering of the ions
on other particles and SiO

2
disks on thewafer is lower, leading

to amore controlled and homogeneous process. However the
etch rate is lower. This effect can be compensated by a longer
time (1.5x–2.0x) of etching.

The final oxidation thickness is dependent on the remain-
ing diameter of the Si under the SiO

2
. The thermal wet

oxidation is very homogeneous (a variation of less than
4% over the whole wafer). They have no observable effect
on further differences of the homogeneity of the etched
emitters.

Hence, with a lower pressure, it is possible to produce
quite homogeneous cathodes with a high anisotropic factor
across the wafer (Figures 8(c) and 8(d)).

FE measurements were performed on tip arrays, which
were etched at low pressure (50mTorr) and with an increased
power of 120W in order to get a high anisotropy factor
(Figure 6). The height was around 1𝜇m with a radius of
<40 nm and a tip-to-tip distance of 20𝜇m (Figure 9).
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(a) (b) (c)

Figure 5: SEM images of tips after the Si etching with three different anisotropy factors: (a) 𝑓 = 0.4, (b) 𝑓 = 0.5, and (c) 𝑓 = 0.6.
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Figure 6: Dependence of the anisotropic factor on pressure (a) and power (b).
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(a) Arrays near wafer center (rms deviation: 0.063) (mean value: −0.029)
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(b) Arrays near wafer edge (rms deviation: 0.075) (mean value: 0.061)
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(c) Arrays near wafer center (rms deviation: 0.048) (mean value: 0.016)
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(d) Arrays near wafer edge (rms deviation: 0.049) (mean value: −0.023)

Figure 7: Variation of the anisotropic factor from the averaged value of anisotropy on the quarter at different etch parameters: (a) and (b)
90mTorr, 60 s, 90W, (c) and (d) 50mTorr, 90 s, 90W. Values in brackets are the root mean square deviation and the arithmetic mean of the
variation.
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(a) Near wafer center (b) Near wafer edge

(c) Near wafer center (d) Near wafer edge

Figure 8: SEM images of the emitters after RIE of Si at different etching parameters: (a) and (b) 90mTorr, 60 s, 90W, (c) and (d) 50mTorr,
90 s, 90W.

(a) (b)

Figure 9: SEM images of emitters measured at the investigation: (a) with a height of 0 : 9 𝜇m and (b) with a radius of 40 nm.

A comprehensive investigation of the field emission
properties of these structures is given in [6]. The array with
547 emitters showed an integral FE-current up to 10−7 A at an
electric field of 50V/𝜇m. An on-set-field of around 40V/𝜇m
for a FE-current of 1 nA was measured. Furthermore the
optimization in the RIE process results in a homogeneous
emission over the entire array with almost 99% efficiency [6].

The investigation of the anisotropy over the wafer (part
3.2) proves that a low pressure of around 50mTorr results in
a good homogeneity of the emitters over the complete wafer
area.The FEmeasurement showed a good homogeneity of all
individual emitters within an array, too.

4. Conclusion and Outlook

The dependence of anisotropy on the etching parameters
(pressure and power) of RIE was investigated. Higher pres-
sure increases the lateral etching rate and results in lower
anisotropy. The influence of power on the anisotropic fac-
tor depends on the pressure. Low pressure causes higher
anisotropy with a less scattering of the anisotropic factor.
The homogeneity over the entire wafer was improved and
due to the higher anisotropy a high aspect ratio of the tips
was realized. With adjusted power an optimized etching
step was achieved. The field emission investigation shows
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homogeneous emission of the emitters, whichwere fabricated
with this enhanced process.This opens the possibility to build
homogeneous cathodes, which are able to carry stable current
for advanced vacuum microelectronic devices.
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In this work experimental trials of welding of NiTi flat plates with 2.0mm thickness were conducted using a 4.5 kW continuous
wave (CW) Nd:YAG laser. The influences of laser output power, welding speed, defocus amount and side-blow shielding gas flow
rate on the morphology, welding depth and width, and quality of the welded seam were investigated. Meanwhile, the effects of
heat input on the mechanical and functional properties of welded joints were studied. The results show that laser welding can take
better formation in NiTi alloys. The matching curves with laser power and welding speed affecting different formation of welds
were experimentally acquired, which can provide references for laser welding and engineering application of NiTi alloy. The heat
input has obvious effects on the ultimate tensile strength (UTS) and shape memory behavior of the welded joints.

1. Introduction

NiTi shapememory alloys (SMA) can offer the best combina-
tion of functional properties in several shape memory effects
(SME) and pseudoelasticity (PE) applications [1]. Due to
the low formability alloys, a suitable joining technique must
be found to obtain devices and components with complex
geometries. Only a few welding techniques for joining NiTi
alloys are reported in the literature [2–5]. In recent years
the laser has been successfully introduced as a suitable
joining technique for NiTi plates. In particular, the Nd:YAG
source is suitable for welding low thickness components
due to its high precision and reduced HAZ [4]. Moreover,
appropriate control of the process parameters can ensure
good reproducibility of the results [6].

The effects introduced by the weld on the martensitic
transformationwill depend both on themicrostructure of the
reference material and on the welding process parameters.
Before the laser welding technology is widely used for NiTi
shape memory alloy (SMA), a deeper understanding needs
more data on welding process parameters and unfortunately
very few experimental comparisons on the welding process

parameters are reported [4, 6–9]. A large number of experi-
ments on the welding process parameters would need to be
measured to generalize regularities.

In this paper, 2.0mm thickness NiTi flat plates have been
tested for butt welding by Nd:YAG laser. The aim of this
experimental work is to explore the possibility of welding of
NiTi SMA with different welding process parameters, accu-
mulate database, and enlarge the application scope of laser-
welding technology. Meanwhile, the laser welding for other
SMA materials would benefit from the process regularities
acquired through the experiments.

2. Experimental Details

Ti-50.9at.%Ni sheets about 2mm in thickness were used
throughout this investigation. The sheets were produced by
cold rolling and successive ageing by heat treatment at 850∘C
for 30 minutes in pure argon atmosphere.

Before welding, any oxide layers and contamination were
removed from the surfaces of the plates. In particular, the
surfaces for welding were cleaned with acetone and ethanol
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400𝜇m

(a) 𝑃 = 1.1 kW

400𝜇m

(b) 𝑃 = 1.3 kW

400𝜇m

(c) 𝑃 = 1.5 kW

400𝜇m

(d) 𝑃 = 1.9 kW

Figure 1: Influence of laser output power on cross-section morphologies of welded seam. (Δ𝑍 = 0mm; 𝑉 = 1.5m/min; 𝑈
𝑓

= 15 L/min).

and then dried. The welding process was carried out using a
Nd:YAG laser source (Gsi Lumonics AM356, 4.5 kW) operat-
ing in continuous wave (CW). One kind of special shielding
equipment, made of copper, was prepared to protect the
welding zone against possible reaction between the molten
metals and ambient air and to avoid thematerial overheating.
Flow of high-purity argon gas can pass through the molten
pool from top, back, and lateral sides. Metallographic sample
of the welded seam was prepared using standard mechanical
polishing procedures and etched in HF :HNO

3
: H
2
O solu-

tion in volume ratio of 1 : 3 : 10. Microstructure of the welded
seam was characterized by Olympus optical microscopy.

The employed parameters were optimized based on our
experimental work; that is, laser output power was varied
between 1 kW and 3.5 kW, laser beam scanning velocity
varied between 0.9m/min and 3m/min, and direction of the
side-blow shielding gas was pointed to the opposite welding
direction, with an angle of 35∘ to the horizon plane, flow
rate of side-blow shielding gas of 5∼25 L/min, and defocus
amount of −3∼2mm. If the focus point is above the surface
of the workpiece, the defocus amount is positive; if below, the
defocus amount is negative.

The experiments were designed to study the influences of
each parameter on the weld quality when other parameters
were kept constant. Using the experiments we can acquire
the optimized parameters for high quality full penetration
welded joint.

Besides the above, we defined the laser output power as𝑃,
welding speed as 𝑉, side-blow shielding gas flow rate as 𝑈

𝑓
,

defocus amount as Δ𝑍, the cap width as𝑊
𝑢
, the root width

as𝑊
𝑏
, and the weld penetration as𝐻

𝑝
, respectively.

In order to study the effects of heat input on the mechan-
ical and functional properties of welded joints, stress-strain
behavior and shape memory behavior were evaluated by
uniaxial quasistatic tensile tests andmechanical cycles, which
were carried out in the following way: (a) strain controlled
uniaxial loading at a strain rate of 0.04/min up to a total
strain 𝜀

𝑡
= 8%; (b) complete unloading at the same rate and

recording the permanent strain 𝜀
𝑃
.

3. Results and Discussions

3.1. Influence of Laser Output Power. Experimental observa-
tion showed that the morphology of the cross sections of the
welded seams was asymmetric and changing from T shape
and V shape to X shape with the increasing of the output
power of laser. Different morphologies can be seen clearly in
Figure 1.

Figure 2 indicated that both depth and width increased
with the increasing of laser output power. A higher output
power was naturally expected to increase the input energy
imposed on the welded seam, hence causing a comparatively
large amount of melted or vaporized metal [10, 11]. By
observing the cross section of the welded seam, it was clear
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Figure 2: Influence of laser output power on width and penetration
of welded seam. (Δ𝑍 = 0mm; 𝑉 = 1.5m/min; 𝑈
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= 15 L/min).

that full penetrationwelding occurred within the laser output
power range of 1.5∼1.9 kW, while partial fusion occurred
within the range of 1.1∼1.5 kW and with welding speed of
1.5m/min.

3.2. Influence of Welding Speed. Experimental observation
showed that the cross-section morphology of welded seams
was asymmetric and changing from T shape and V shape to
X shape with the decreasing of the laser scan speed, which
changed with the decreasing of the laser scan speed. Different
morphologies can be seen clearly in Figure 3.

Figure 4 expressed that welding depth and width change
with the laser scan speed. It was noted that the welding depth
and width were decreased with the increase of the laser scan
speed. Because the welding speed matches opposite with the
heat input, the increase of welding speed means the decrease
of input energy per unit weld length exerted on the welding
line, producing a small amount of intermixedmelt and finally
a thinner welding depth and narrower width [12].

Through observing the cross section of the welded seam,
a full penetration welding occurred within the speed range of
1.8∼1.2m/min, while partial fusion occurred in the range of
2.1∼3m/min and with laser output power of 1.5 kW.

3.3. Influence of Defocus Amount. Experimental observation
showed that the cross-section morphology of welded seams
was asymmetric and changing from T shape and X shape
to T shape with the defocus amount variation. Different
morphologies can be seen clearly in Figure 5.

Figure 6 indicated that the welding depth and width
varied with defocus amount. Power density exerted on the
workpiece depends on both the laser beam’s power density
and the relative amount between the surface of the workpiece
and the focus plane. Of course, different defocus amount
represents different power density exerted on the workpiece

by laser. As shown in Figure 6, full penetration occurred
under the defocus amount range of −2∼3mm, while partial
fusion occurred for −3 ∼ −2mm and +3mm. The welding
width increased with the decreasing of absolute value of
defocus amount. Based on the laser beam transfer character-
istics, it is known that the laser spot is the smallest in the
focus plane and the power density is the largest. The laser
beam gradually diverged away from the focus point. For the
positive defocus amount, the laser beam enters the keyhole
diverged gradually and induces decreased power density and
welding depth, while for the negative defocus amount, the
laser beam enters the keyhole converged gradually to the
focus point and imposes higher power density than that of the
surface of the workpiece, favoring more strong melting and
vaporization, facilitating the transfer of the laser energy to
more depth, and thus deeperwelding depth.Nevertheless, the
dimension of the laser spot increases sharply, changing the
space distribution of the laser power density, thus decreasing
the welding depth. With the increase of positive and negative
defocus amount, the spot area irradiated on the facade side of
the welding seam increased, inducing the increase of melted
metal.

3.4. Influence of Side-Blow Shielding Gas Flow Rate. Exper-
imental observation showed asymmetric welded seams and
reflected the influence of side-blow shielding gas flow rate
on formation of welded seam. According to the various side-
blow shielding gas flow rate, different morphologies can be
seen clearly in Figure 7.

Figure 8 showed that the welding depth andwidth change
with various side-blow shielding gas flow rates. The gas flow
rates from left to right are 25 L/min, 20 L/min, 15 L/min,
10 L/min, and 5 L/min. When the gas flow rate was below
5 L/min, the weld metal became oxidized and the protection
effect was bad; when it was over 10 L/min, the surface of weld
appeared silvery white and the protective effectiveness was
very good. With the increase of the side-blow shielding gas
flow rate, the weld width was a little narrowed down and the
roughened surface and uneven formation were shown. The
protective effectiveness and the weld formation was the best
as side-blow shielding gas flow rate was 15 L∼20 L/min. The
above-mentioned considerations underline that the shielding
gas plays an important role on the formation of weld. On the
other hand, the experiments demonstrate that high gas flow
rates yield progressively unstable laser arc; in particular, they
do not affect significantly bead geometry and bead depths.

3.5. Effect of Laser Power and Welding Speed on Formation
of Weld. Figure 9 showed the effect of two main welding
parameters, laser power and welding speed, on the formation
of the weld. With the laser power increasing, the type of weld
formation changed from partial fusion to full penetration
and to excessive penetration finally. With a certain laser
power different welding speed can lead to different formation
of the weld. Among three types of weld formation, partial
fusion and excessive penetration are undesired in practi-
cal application. The matching curves were experimentally
acquired, which can provide references for laser welding and
engineering application of NiTi alloy.
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Figure 3: Influence of welding speed on cross-section morphologies of welded seam. (Δ𝑍 = 0mm; 𝑃 = 1.5 kW; 𝑈
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= 15 L/min).
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Figure 4: Influence of welding speed on width and penetration of
welded seam. (Δ𝑍 = 0mm; 𝑃 = 1.5 kW; 𝑈
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3.6. Effect ofHeat Input onTensile Properties. Theheat input is
directly related to the laser power, welding speed, andwelding
efficiency. It can be calculated from heat input 𝐸 = (𝑃/𝑉)×𝜂,
where 𝜂 is the welding efficiency. For the same material and

welding process, the efficiency will not change. For simplicity,
𝜂 can be assumed as a constant of approximate value 1. So, it is
clear that if the𝑃 increases or𝑉 decreases, the weld heat input
will increase. That is to say, the heat input can be adjusted
with the change of the laser power or welding speed. In order
to evaluate the modification caused by welding in the stress-
strain behavior of the material, standard tensile tests were
carried out for full penetration samples.

Table 1 and Figure 10 showed that the tensile properties
of the welded joints had a little difference with different heat
input. The reason might be that welded joints have different
microstructure. When the heat input is high, welding area
melts completely. The grains are uniform and fine. So the
tensile properties are relatively high. When the heat input is
medium, the grains in the welding zone are columnar grains
and exhibit poor strength. When the heat input is low, the
fusion method belongs to heat conduction. So the strength is
better than coarse columnar grains. Because the weld metal
has a typical cast structure, its strength and elongation are
much lower than that of the rolled base metal. Based on the
above analyses, it can be concluded that the larger the heat
input, provided that full penetration occurs, the higher the
tensile properties of welded joints.

3.7. Effect of Heat Input on Functional Properties. Figure 11
showed the mechanical cycles up to 8% in terms of stress-
strain curves for the three full penetration samples. By
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Table 1: UTS and elongation of the welded joints.

Full penetration samples number Sample 1 Sample 2 Sample 3 Base material
Heat input (J/mm) 54.8 64 70.4
UTS (MPa) 503 450 531 1100
Elongation (%) 4.1 5.1 4.9 7.1
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Figure 6: Influence of defocus amount on width and penetration of
welded seam. (𝑃 = 1610W; 𝑉 = 1.5m/min; 𝑈
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= 15 L/min).

Figure 7: Influence of side-blow shielding gas flow rate on forma-
tion of welded seam. (𝑃 = 1.5 kW; 𝑉 = 0.9m/min; Δ𝑍 = 0mm).

comparing the stress-strain measurements of the weld, the
permanent deformation value of the weld was recorded. The
𝜀
𝑃
value of sample 3 with high heat input is 1.92%. The 𝜀

𝑃

value of sample 2 with medium heat input is 3.02%. The 𝜀
𝑃

value of sample 1 with low heat input is 2.42%. The trends
of the strain recovered for SME and permanent deformation
for three welded samples indicated that high heat input led
to smaller residual deformation.The reason for that might be
the same with the effects of heat input on tensile properties.

4. Conclusions

In order to obtain a stable and efficient NiTi laser welding
process, the effects of welding parameters including laser
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Figure 8: Influence of side-blow shielding gas flow rate on width
and penetration of welded seam. (𝑃 = 1.5 kW;𝑉 = 0.9m/min;Δ𝑍 =
0mm).
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Figure 9: Influence of laser power and welding speed on formation
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power, welding speed, defocus amount, and gas-assisting
blowing on weld shaping have been taken into consideration.
In addition, the effects of heat input on mechanical and
shape memory behavior of the Ti-50.9at.%Ni alloy were
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investigated. The appropriate matching of main welding
parameters is the key to realize the better weld formation.

The defocus amount around −2∼3mm level can lead to
full penetration for 2mm thick tapes of NiTi alloys. The
defocus amount of 0∼1mm can obtain optimal formation of
the weld.

The protective effectiveness and the weld formation are
the best when side-blow shielding gas flow rate keeps at 15∼
20 L/min.

Thematching curves with laser power and welding speed
affecting different formation of welds were experimentally
acquired, which can provide references for laser welding and
engineering application of NiTi alloy.The heat input of 54.8∼
70.4 J/mm can acquire optimal formation of the weld.

For full penetration welded joints, the larger the heat
input, the higher the tensile properties and the smaller
permanent deformation in strain recovering process. The
results showed an obvious reduction in the ultimate tensile

strength of the welded material together with a reduction of
the elongation to fracture. However, shape memory behavior
of the welded joints remains acceptable.

The laser welding can take better formation inNiTi alloys.
In the area of thin SMAmaterials, as well as thematerials that
are difficult to weld by conventional welding methods, laser
welding would play a big role in the future.
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The NiTi intermetallic possesses a number of good properties, such as high wear, oxidation, and corrosion resistance. This paper
focuses on the deposition of NiTi intermetallic coatings on Ti6Al4V substrate by laser melting of Ti and Ni elemental powder
mixtures.The effect of varying the Ti content in theNiTi composition on themicrostructure andwear properties of the coatings was
investigated. The microstructure of the NiTi intermetallic coatings were characterized by the scanning electron microscope (SEM)
equipped with Energy Dispersive Spectroscope (EDS). The wear properties of the coatings were performed under accelerated dry
sliding wear tests. The results obtained from the SEM/EDS analysis; show that the coatings consist of Ni and Ti elements from the
feedstock, and the NiTi, NiTi

2

and NiTi
3

, intermetallic phases. Dry sliding wear analysis revealed that there is correlation between
the hardness and the wear rate. The coatings displayed significant improvement in wear resistance up to 80% compared to the
substrate.

1. Introduction

Titanium alloys have low hardness values, poor resistance
to wear, and oxidation at high temperatures [1]. These
limitations can be overcome by changing the nature of the
surface of titanium alloys using different surface engineering
techniques. Methods such as nitriding, thermal spraying,
and chemical or physical vapour deposition (CVD or PVD)
have been well-known technologies that improve the surface
properties of titanium and titanium alloys. However, these
methods have limitations such as a long processing time, easy
deformation, and limited bond strength between the coating
and the substrate [2]. Laser processing techniques have been
found to be free from these shortcomings and can be used
to enhance the surface properties of ferrous and nonferrous
metal surfaces [3–6].

As a flexible process, laser processing can be used in the
deposition of different coatings either to improve the surface

properties or to refurbish worn-out parts [7]. Amongst the
many benefits of the laser surface coating methods, laser
deposition is the preferred method because of the novel
microstructures and phases that can be formed due to rapid
cooling and solidification rates associatedwith the processing
technique [8]. Coatings generally have such microstructures
that cannot be easily obtained by conventional techniques.
One of the advantages of laser surface coating is that quite a
number ofmetallic powders can be used to form intermetallic
compounds exhibiting excellent wear resistance, good corro-
sion, and oxidation properties.

The Ti-Ni coatings have been a subject of great interest
and have been widely exploited for a range of applications
including aerospace, biomedical engineering, andmicroelec-
trochemical system due the above-mentioned advantageous
properties [9–13]. Stainless steel surfaces were coated with
NiTi to enhance mechanical properties and corrosion resis-
tance using different deposition techniques, including plasma
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Figure 1: Equilibrium Ni-Ti phase diagram [20].

transfer arc (PTA), plasma welding, plasma spray coating,
and sputtering process, all with different degrees of success
[14–17].

Ozel et al. [18] studied microstructure characteristic of
NiTi coating on stainless steel by transferred arc process.
When the arc current was at 90–100A, the amount of
NiTi phase decreased and high dilution was observed. The
coatings produced had a magnitude between 1 and 1.4mm
with the highest hardness values between 500 and 550HVN.
Van der Eijk et al. [19] studied plasma welding of NiTi to
NiTi, stainless steel, and Hastelloy C276. The microstructure
produced as a result of welding NiTi to NiTi had defects such
as cracking, Ti carbides, and high volume of NiTi

2
phase.

The strength of the weld was found to be less than that of
the base material. Microstructure produced from the NiTi
stainless steel weld had large cracks propagating from the
NiTi side of the weld. This was attributed to the amount
of NiTi melting larger than stainless steel which results in
absorption of elements from the steel into NiTi.

The Ti-Ni binary phase diagram is shown in Figure 1 [20].
It indicates that this system contains the stable NiTi, Ni

3
Ti,

and NiTi
2
phases. The good toughness and ductility and the

exhibited NiTi phase make it an ideal candidate for wear
resistant application. The Ti

2
Ni and Ni

3
Ti are regarded as

suitable particles for metal matrix reinforcements.
In this study, mechanically alloyed Ti and Ni elemental

powders will be used to form in situ NiTi intermetallic thin
surface coatings on the Ti6Al4V substrate. The laser metal
deposition technique will be employed to melt powders of
different compositions: Ti50Ni50, Ti45Ni55, and Ti55Ni45.
The microstructure, phase composition, and microhardness
of the coatings will be investigated.

2. Experimental Procedure

2.1. Materials. The materials used in the experiment are
elemental nickel and titanium powders with the particle
size fraction within the range of +45 microns and −63
microns. Prior to milling, the powders were weighed and
mixed together to give nominal compositions of Ti55Ni45,
Ti50Ni50, and Ti45Ni55 in weight%. The initially mixed

Table 1: Chemical composition of titanium alloy Ti6Al4V.

Element Al V C Fe Cr N O Ti
wt.% 6.11 4.17 0.083 0.083 0.001 0.014 0.02 Bal.

Table 2: Experimental process parameters for depositing the NiTi
intermetallic coatings.

Sample Process parameter Values

Ti50Ni50 Laser power 800W
Beam spot diameter 2mm

Ti55Ni45 Scanning speed 8mm/s
Powder feed rate 3 g/min

Ti45Ni55 Gas shielding and carrier Argon
Gas flow rate 5 L/min

powders weremechanically alloyed in a planetary ball mill by
subjecting the particles to repeated welding, fracturing, and
rewelding from the collision of the particles and the grinding
medium. The milling was performed for two hours to allow
the powders to reach a steady state where homogeneous
NiTi powder was produced. The ball to powder ratio was
kept uniform at 10 : 1 and the rotation speed of 300 rpm.
After milling, the powder mixture was analysed by scanning
electron microscopy to determine the change in morphology
and the particle size.

2.2. Laser Surface Coating. The substrate material used was
Ti6Al4V plate, with 72 × 72 × 5mm3 dimensions. The plates
were sandblasted and cleaned with acetone prior to the laser
coating process. Table 1 shows the chemical composition of
the titanium alloy Ti6Al4V. The NiTi prealloyed powders
were free flowing. The powders were fed through a three-
way nozzle with argon shielding gas stream. The argon gas
flow rate was 5 L/min. The laser deposition process was
carried out using a CW 4.4 kW Rofin Sinar Nd:YAG laser
operating with 1.064 𝜇m wavelength. The beam spot on the
targetwas 2mm indiameter.The scanning speed, laser power,
and the powder flow rate were kept constant. Table 2 shows
the experimental parameters used for depositing the NiTi
intermetallic coatings.

2.3. Materials Characterization. Metallographic samples
were sectioned with a Corundum L205 cut-off wheel using
a Struers Discotom-2 cutting machine. After sectioning,
the specimens were hot mounted in clear thermosetting
Bakelite resin. The specimens were then ground and
polished to a 0.04-micron (OP-S suspension) surface finish
with a Struers TegraForce-5 auto/manual polisher and
etched in Kroll’s reagent by immersing the samples for
approximately 10 seconds. Microstructure was characterized
on OlympusBX51M Optical Microscope (OM) and Jeol JSM
6510 Scanning Electron microscopy (SEM) built with Energy
Dispersive Spectroscopy (EDS). X-ray diffraction (XRD) was
conducted using the Rigaku/Dmax 2200 pc automatic X-ray
diffractometer with Cu target Ka radiation to identify the
phase constitution.
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Figure 2: Micrographs of the laser deposited Ti50Ni50 coating; (a) optical image showing the interface of the coating and substrate; (b) SEM
image of the coating.

3. Results and Discussion

3.1. Microstructural and X-Ray Diffraction Analysis

3.1.1. Ti50Ni50 Coating. As the Ni and Ti powder particles
were scanned by the laser beam along with the substrate, the
molten particles reacted with each other and with substrate
forming a melt pool. The melt pool rapidly solidified as the
laser beam was moved across the substrate forming a clad
track on the titanium substrate. Due to the rapid nonequi-
librium solidification, the NiTi intermetallic compounds pre-
cipitated on the substrate. The possible exothermic chemical
reactions and products of the powders are [21]

Ti +Ni ⇒ TiNi + 67KJ/mol

2Ti + Ni ⇒ Ti
2
Ni + 83KJ/mol

Ti + 3Ni ⇒ TiNi
3
+ 140KJ/mol

(1)

The microstructural images of the cross section of the
deposited coatings were taken at different places of inter-
est on the coating to understand the morphology of the
microstructure and the distribution of nickel-titaniumwithin
the coating. Typical optical and SEMmicrographs of the laser
deposited coatings are shown in Figure 2.

Figure 2(a) shows the cross section of the laser deposited
Ti50Ni50 coating on the Ti6Al4V substrate with a thickness
of 550𝜇m and dilution rate of 6.3%. There were no cracks
or pores observed within the coating, and most significantly
good bonding between the substrate and the coating was
achieved. SEM image of the coating showing distribution of
the phases is presented in Figure 2(b). The contrast of the
image indicates the presence of different phases. Elemental
analysis performed on the coating revealed that the grey
structures are a matrix consisting of TiNi phase and the light
phases around the grain boundaries are TiNi

2
and TiNi

3

phases.
XRD results recorded for the Ti50Ni50 coating, in the

range 2𝜃 from 20∘ to 90∘, are shown in Figure 3. There are
four intermetallic phases identified in the coating, martensite
NiTi (B19), austenite NiTi (B2), NiTi

2
, and Ni

3
Ti, together

with the main peaks of Ti. The elemental Ni peaks were not
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Figure 3: XRD patterns of Ti50Ni50 coating.

observed indicating that the Ni and Ti powders reacted with
each other to form in situ Ni-Ti intermetallic phases. The
existence of the Ti peaks is attributed to the abundance of Ti
as the substrate and the added Ti powder. The main peaks
for the NiTi (B19) phase occur at 2𝜃 = (38.25∘, 39.49∘, 41.85∘,
44.0∘, and 45.2∘). A broad peak at 2𝜃=42.7∘ is identified as the
NiTi (B2) phase.TheTi-richNiTi

2
phase occurs at 2𝜃= (45.7∘,

70.98∘, 72.18∘, 76.63∘, 77.65∘, and 85.65∘). The Ni-rich TiNi
3

phase has weak peaks at 2𝜃 = (43.7∘ and 52.96∘). The Ti peaks
occur at 2𝜃 = (35∘, 38∘, 40∘, and 63.44∘). Some traces of TiO

2

were detected at 2𝜃 = 27.96∘. The volume of the martensite
to austenite content in the coating could not be determined
from the XRD data.

3.1.2. Ti55Ni45 Coating. Ti55Ni45 coatings deposited from
processing parameters similarly as in the previous case are
presented in Figure 4. Coatings with a layer thickness of
500𝜇m and dilution rate of 6.9% were obtained. The sample
was slightly overetched in order to enhance the grain bound-
aries. Figure 4(a) shows the optical micrographs of the coat-
ing comprised of three phases, brown structures surrounded
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Figure 4: Micrographs of the laser deposited Ti55Ni45 coating; (a) optical image indicating different phases within the coating; (b) SEM
image showing high magnification of the coating.

by bright/white structures and white phase occurring at the
centre of the brown structures. The brown structures were
identified as TiNi phase, with the bright/white identified
as Ti
2
Ni, while the white structures occurring mostly at

the centre of the TiNi phase were identified as the Ti
phase. It is observed that the Ti-rich phase occurs with two
different morphologies, flower-like structures and spherical-
like structures uniformly distributed within the coating. The
occurrence of this phase in two morphologies was attributed
to the excess Ti that did not reactwith themoltenNi causing it
to remelt on its own formingTi particles, while the flower-like
structures are the titanium that fully reactedwith nickel form-
ing NiTi intermetallics. High magnification of SEM image
of the coating is revealed in Figure 4(b) showing uniform
distribution of the phases that formed during melting.

The XRD phase analysis of the Ti55Ni45 coating is
presented in Figure 5; the results indicate that the coating
consists of theNiTi (B19)martensite andNiTi (B2) austenite
phases in accordance with the OM and SEM micrographs.
The NiTi

2
phase is also detected along with the pure Ti

peaks. For this coating no Ni-rich phases were detected by
the XRD. The overall major peaks are NiTi martensite B19
and austenite B2, NiTi

2
, and Ti as it is in abundance. There

are no Ni
3
Ti, Ni

4
Ti
3
, and TiO

2
traces observed as seen with

other compositions.

3.1.3. Ti45Ni55 Coating. Optical micrograph and SEM image
of the laser deposited Ni55Ti45 coating with a thickness of
550𝜇m and dilution rate of 6.5% are presented in Figure 6.
The microstructure revealed good homogeneity and unifor-
mity with equiaxed grains and a dendritic structure. The
coating consists of dark brown structures reported to be NiTi
and light white structures with a flower-like morphology
identified as Ti-rich phase as observed in Figure 6(a). The
light white structure occurring between the NiTi phases
observed previously is also present; however, in this coating
they appear as interconnectedmatrix throughout the coating.
Figure 6(b) shows a SEM image at a high magnification
indicating the interconnected matrix in the coating.

Figure 7 reports the XRD results recorded for the
Ti45Ni55 laser coating in the 2𝜃 range from 20∘ to 80∘. Three
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Figure 5: XRD patterns of Ti55Ni45 coating.

intermetallic phases NiTi austenite, NiTi
2
, and Ni

3
Ti were

identified in the coating. The occurrence of the Ti peaks
in abundance was attributed to the Ti6Al4V substrate that
is used and the added Ti powder as seen in the previous
results. Major peaks observed were Ni

3
Ti and NiTi

2
with Ti

overlapping each other at some peaks. Few peaks of Ni
3
Ti

phase occur at 2𝜃 = (42.74∘, 47.94∘, and 82.97∘). Weak peaks
of NiTi

2
which overlapped with some Ti peaks occur at 2𝜃 =

(38.78∘, 53.61∘, 71.26∘, and 77.06∘), while Ti phase is occurring
at 2𝜃 = (36.62∘, 38.78∘, 40.67∘, 53.61∘, 63.7∘, 71.26∘, and 77.06∘).
NiTi austenite phase has weak peak at 2𝜃 = (42.74∘) and
martensite phase was not observed, but some traces of TiO

2

were observed at 2𝜃 = (44.08∘).

3.2. Microhardness Analysis. Hardness profile across the
depth of the NiTi metallic coating was measured by the
Matsuzawa Seiki hardness tester at a load of 100 g, spacing of
50 𝜇m, and dwell time of 15 seconds. Hardness profile of the
deposited NiTi showing the hardness values in the coating,
heat affected zone, and the substrate is presented in Figure 8.
Experimental results indicate that the surface hardness of
the laser deposited NiTi coatings had an increased hardness
value compared to the parent material Ti-6Al-4V alloy. High
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Figure 6: Micrographs of the laser deposited Ti45Ni55 coating; (a) optical image showing distribution of the phase in the coating; (b) SEM
image showing a high magnification of the coating.
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Figure 7: XRD patterns of Ti45Ni55 coating.
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Figure 8: Microhardness measurement of laser deposited coatings.

hardness in the deposited layer is attributed to the formation
of the fine grained microstructure produced during melting
and formation of the hard intermetallic phases.The Ti55Ni45
coating had high hardness values compared to Ti45Ni55 and
Ti50Ni50 coatings with the average value of 430 HV higher
than that of Ti-6Al-4V (380HV) substrate.Thehigh hardness

(a)

Spectrum 1

Spectrum 1

Spectrum 2

Spectrum 2

Spectrum 3

Spectrum 3

Element (wt.%) C N O Al Ti V

2.63 7.51 88.44 1.42

1.60 1.01 14.34 3.26 75.37 3.15

3.52 1.83 28.82 4.73 58.86 2.24

– –

(b)

Figure 9:Wear track of the Ti-6A1-4V substrate after sliding against
a tungsten carbide ball.

displayed by the coating (742 HV) is a result of excessive
amount of Ti elemental powder that was well dispersed
within the coating resulting in increased volume of inert
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Figure 10: Wear track of the laser deposited Ni50Ti50 after sliding against a tungsten carbide ball.

(a)
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Figure 11: Wear track of the laser deposited Ni55Ti45 after sliding against a tungsten carbide ball.

secondary phase NiTi
2
known for high hardness but with

brittle microstructure.

3.3. Wear Measurement. The deposited NiTi coatings were
subjected to wear testing using a tungsten carbide (WC) ball
at a load of 20N for 17 minutes. Figure 9(a) displays the
wear track of the Ti-6A1-4V substrate subjected to abrasive
wear. The examined worn surface presented in Figure 9(b)
indicated the presence of wear debris, large pits, and deep
grooves on the surface of thematerial. Severe degree of plastic
deformation was evident on the worn surface demonstrating
that the mechanism is adhesion and abrasive wear.

The wear track of the laser deposited Ti50Ni50 coating
is presented in Figure 10(a), showing ploughing mechanism
experienced by the coating. Wear debris that detached from
the surface stuck together forming cluster that rewelded to
the surface of the coating. Alternatively, these clusters remain
trapped between the sliding surfaces and spread onto wear
track forming an oxide layer presented in Figure 10(b). Plastic
deformation and shallow plough grooves on the worn surface
of theNiTi show that the coating suffers fromnonsevere abra-
sive and adhesive wear from the hard tungsten carbide ball.

Figure 11(a) displays the wear track of the laser deposited
Ni55Ti45 after sliding against a tungsten carbide ball for 17

minutes under dry conditions. It was observed that the wear
debris formed consists of loose powder particles that were
not compact with the surface of the coating as observed
in Figure 11(b). Elemental analysis taken from wear debris
demonstrates that the debris formed are a mixture of oxides
from oxidation during wear and processing, carbon from the
tungsten carbide ball, and nickel-titanium from the surface of
the coating. The wear debris were smeared on the tribolayer
and further oxidised due to effect of friction and mechanical
cavitation as a result of contact between the ball and surface
during sliding.

The SEM images of the laser deposited Ni45Ti55 coating
after wear tests are presented Figure 12. It can be observed
from Figure 12(a) that the debris formed in the coating are
in small quantity compared to the coatings fabricated with
a composition of Ni50Ti50 and Ni55Ti45. As a result of
high content of Ti in the Ni45Ti55, an increased volume
of Ti dendrite phase is produced. The Ti dendrites with
a hard phase effectively carry the load, because they are
formed in situ. The interfacial bonding between the NiTi
matrix and the Ti dendrites tends to be stronger, and hence
the clad layers exhibit better wear resistance than the other
coatings. However, cracks expansion on the oxide layer which
is believed to be the brittle NiTi

2
phase was observed in

Figure 12(b). The formation of oxide layer and subsequent
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Figure 12: Wear track of the laser deposited Ni45Ti55 after sliding
against a tungsten carbide ball under dry conditions.

compacting as a solid lubricant have been reported to cause
a transition from a more to a less severe wear. The results
obtained in the analysis of the wear track and the debris from
the three coatings are almost the same, and hence it can be
concluded that the dominant wear mechanisms (oxidation
and abrasive) are the same in all coatings. In comparison
with Ti6Al4V alloy, the deposited NiTi coatings presented
less degree of deformation.Their worn surfaces clearly signify
better wear resistance under dry sliding conditions and room
temperature.

From the results obtained in graph presented in Figure 13,
low wear rate is notable in coatings fabricated from the
Ti55Ni45 composition; these are attributed to the high
hardness values and the NiTi (B2), NiTi

2
, and Ti phases

formed during processing. NiTi B2 experience elastic defor-
mation stress induced martensitic transformation leading to
pseudoplastic effect which is accommodated deformation
during wear; hence less wear is experienced by the coating.
These were not achievable in Ti50Ni50 coating as a result
of the high volume of NiTi (B19). The Ti45Ni55 presented
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Figure 13: Wear rate analysis of laser deposited coating.

better wear rate compared to the former due to presence
of B2 and an increased volume of NiTi

2
phase. These is a

result of the combination of intermetallic properties of NiTi
2

(high hardness and good ductility) and excellent ductility and
toughness of NiTi.

4. Conclusions

Surface modification of Ti6Al4 was successfully achieved
by fabricating NiTi coatings using laser metal deposition.
The coatings produced were metallurgically bonded to the
surface without defects such as pores and cracks with min-
imal dilution between the substrate and the coating. The
microstructure of NiTi/Ti6AlV4 coating produced consisted
of intermetallic TiNi-NiTi

2
alloy. The highest hardness value

742HV was displayed by Ti55Ni45 coating, with an average
value of 430HV higher than that of Ti6Al4V (380HV)
substrate. The wear resistance was significantly improved
with more than five orders of magnitude than that of the
substrate. Enhancement of the wear resistance of the coating
was achieved as a result of the combination of high hardness,
excellent ductility, and toughness exhibited by NiTi. Wear
mechanism of the NiTi coating under dry sliding condition
is governed by nonsevere abrasive and adhesive wear. Ti
dendrites formed during solidification played a major role
in improving the properties of the coating as it acted as the
reinforcement, strengthening the deposited coating.
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This paper deals with the setting time and pozzolanic activity of cement when ultra fine natural steatite powder (UFNSP) is used
as replacement for cement. Initial setting time, final setting time, and mortar cube strength were studied, due to the replacement of
ultra fine natural steatite powder with cement at 5%, 10%, 15%, 20%, and 25% by mass of cement. The setting time of fresh cement-
binder paste and compressive strength of mortar cubes are observed. Scanning electron microscopy (SEM) and X-ray diffraction
(XRD) were applied to investigate the microstructural behaviour and chemical element distribution inside cement-binder matrix.
Results indicate that the length of dormant period is shortened. The replacement of ultra fine natural steatite powder with cement
reduces initial setting time, and final setting time and increases mortar cube compressive strength.

1. Introduction

Steatite is a type of metamorphic rock, largely composed
of talc ore, rich in magnesium. It is composed of hydrated
magnesium silicate: Mg

3
Si
4
O
10
(OH)
2
. Steatite is the softest

known mineral and listed as 1 on the Mohs hardness scale.
It is already used in paint industry, particularly in marine
paints and protective coatings. This is used in ceramics due
to its high resistivity, very low dielectric loss factor, and good
mechanical strength. Addition of steatite powder increases
the viscosity and mechanical properties of feed stock. The
thermal properties of steatite are also good [1]. Massive
steatite cut into panels is used for switchboards, for acid proof
tabletops in laboratory, laundry, and kitchen sinks, and in
tubs and tanks, as well as for lining alkali tanks in paper
industry. Due to its high melting point (1630∘C) [2], steatite
can be used in refractory and fire places. It is also quite useful
in sculpturing. When fabricated by a combined method of
high energy ball milling, cold pressing, and sintering, it
improves thermal properties of ceramics [3, 4]. Cement mor-
tars prepared with steatite particles have been investigated

for restoration of sculptures and other craftworks. It was
observed that the highest compressive strength (43MPa) and
lowest apparent porosity (0.19%) are achieved when steatite
particles are coarser (ranging from 1.41mm to 0.42mm), and
40% of polymeric phase is employed [5]. A special cement-
basedmortar containing additions of fine powder waste from
mineral extraction of steatite has been developed in Brazil, as
a composite material for restoration of steatite elements [6].
The steatite is mostly used in electrotechnics. Stabilization of
protoenstatite in steatite body is achievable by the develop-
ment of small crystals [7]. Improper selection of parameters
led to undesired problems such as separation of the powder-
binder mixture and formation of collapses and cracks on
the structure of the moulded parts. The optimum moulding
parameters of the feed stocks for the zigzag shaped mold are
determined to be at an injection pressure of 80 to 140 MPa at
barrel temperature of 190 to 230∘C [8]. When a property of
powder injection moulded steatites is investigated, sintered
at 1300∘C for 4 hours, a theoretical density of 98%-99% is
achieved.Three-point bending and tensile test was performed
on the samples sintered at 1200∘C to 1300∘C. The maximum
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three-point bending and tensile strength values are found
to be 154MPa and 47Mpa, respectively [9]. Indian steatite,
mined in Rajasthan and Andhra Pradesh, is comparable with
the best quality available in other countries. The steatite
mined in India, with more than 92% brightness, less than 1%
Fe
2
O
3
, and less than 1.5% CaCO

3
, is preferred for exports [2].

Indian steatite is considered to be the second best in theworld
next to “Italian steatite.” The UFSP used in this experiment
develops M-S-H gel; hence the comparative study of C-S-
H and M-S-H is vital. On account of the basic structural
difference between the two gel types, M-S-H and C-S-H are
essentially immiscible [10].Magnesiumhydroxide (Mg(OH)

2

aka brucite) is a good starting point for the development of
low pH cements. pH value of excess brucite in equilibrium
with water is calculated to be around pH 10.5 [11]. Hence, in
principle, cement based on the hydration of MgO powder,
calcined at low temperature to ensure fast hydration, should
yield the desirable pH. According to Zhang et al. [11] high
MgO contents do not affect the pH, whereas high silica
fume content results in a pH closer to 9.5. Both MgO and
silica fume composition have potential applications for the
encapsulation of wastes containing heavy metals [11]. In the
present research work, effect of UFNSP powder on setting
time and strength development on cement is investigated.

2. Materials and Experimental Methods

2.1. Raw Materials

Cement. Ordinary portland cement conforming to IS: 8112-
1989 (Indian Standard Designation, IS: 8112-1989) is used for
mortar mixtures; the cement used in this study belongs to
type I of ASTM. The physical and chemical properties are
given in Table 1.

Fine Aggregates. Standard natural sand having hard, clean,
strong, durable, uncoated particles and meeting the require-
ments of the specifications (ASTM C144-11) with specific
gravity of 2.65 is used as fine aggregate.

Water. In the present investigation, potable water is used for
mixing and curing.

Mineral Admixture. UFNSP obtained fromUltraFineMineral
Pvt. Ltd., India, is used as natural admixture. UFNSP is
manufactured by using high quality crushers and superfine
grinders. UFNSP is finer than cement. The physical and
chemical properties are given in Table 1.

2.2. Consistency of Cement. The basic aim is to find out
the water content required to produce a cement paste of
standard consistency as specified by the IS: 4031 (Part 4)-1988.
The principle is that standard consistency of cement is that
consistency at which the Vicat plunger penetrates to a point
5–7mm from the bottom of Vicat apparatus, conforming to
IS: 5513-1976. Approximately 400 g of cement is mixed with
a weighed quantity of water. The time of gauging should be
between 3 and 5 minutes. Fill the Vicat mould with paste
and level it with a trowel. Lower the plunger gently till it

touches the cement surface. Then release the plunger to sink
into the paste. Note the reading on the gauge and repeat the
above procedure taking fresh samples of cement and different
quantities of water until the reading on the gauge is 5 to 7mm.

2.3. Initial and Final Setting Time (IST and FST). How to
calculate the initial and final setting time as per IS: 4031
(Part 5)-1988 by Vicat apparatus conforming to IS: 5513-1976?
Prepare a cement paste by gauging the cement with 0.85 times
the water required to give a paste of standard consistency.
Start a stopwatch the moment water is added to the cement.
Fill the Vicat mould completely with the cement paste gauged
as above. With the mould resting on a nonporous plate,
smooth off the surface of the pastemaking it level with the top
of the mould. The cement block thus prepared in the mould
is the test block.

Determining Initial Setting Time (IST). Place the test block
under the rod bearing the needle. Lower the needle gently in
order to make contact with the surface of the cement paste.
Release quickly, allowing it to penetrate the test block. Repeat
the procedure till the needle fails to pierce the test block to a
point 5.0 ± 0.5mmmeasured from the bottom of the mould.
Initial setting time is the period elapsing when water is added
to the cement and the needle fails to pierce the test block by
5.0 ± 0.5mmmeasured from the bottom of the mould.

Final Setting Time (FST). Replace the above needle by the
one with an annular attachment.The cement is considered to
finally set, when the gentle application of the needle makes
an impression therein, while the attachment fails to do so.
Final setting time is the period elapsing when water is added
and the needle makes an impression on the surface of the test
block.

2.4. Compressive Strength on Mortar Cubes. Mortar cubes
used in this investigation were 70.6mm × 70.6mm ×
70.6mm confirming to IS 10080-1982. The specimens were
prepared in ratio of cement : sand as 1 : 3 and W/B ratio as
0.47. These specimens are cast in three layers, in accordance
to IS 10080-1982. Each layer is well compacted by a tamping
rod of 12mm diameter. After the compaction the top surface
is leveled using a trowel and left for 24 hours to dry in room
temperature of 28∘C with 60% humidity. On the next day,
at room temperature of 29∘C and 54% humidity, the mortar
cubes are kept inside a curing tank filled with portable water.
The specimens are tested with a 2000 kN capacity hydraulic
compression testing machine, as per IS: 4031-1982 (Part 6).
Altogether 108mortar cubes (6Mix IDs × 18 specimens) were
cast and were tested for compressive strength.

2.5. Scanning Electron Microscopy and X-Ray Diffraction
Studies. The specimen is studied by Scanning Electron
Microscopy andXRDPatterns. Samples for scanning electron
microscopy (SEM) analysis are taken near the surface (0-
1mm depth) of specimens. Micro structural studies utilized
SEM (HITACHI S-3000H, Japan) equipped with EDAX ana-
lyzer for micro structural observations of the surfaces, which
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Table 1: Physical and chemical properties of cement and UFNSP.

Cement UFNSP
Physical properties

Blaine surface area (m2/Kg) 380 750
Particle mean dia. (𝜇m) <32 <5
Density 3.1 2.7
Loss of ignition 2% 3.33%

Chemical properties
SiO2 23% 62.67%
Al2O3 4.20% 0.24%
MgO 0.20% 33.26%
Fe2O3 1.20% 0.30%
CaO 63% 0.20%

is coated with evaporated copper for examination. SEM
analyses is done at a maximum magnification of 20,000 x
with energy 15 keV and a high resolution of 3.5 nm. For this
analysis, samples of size 10mm cubes are cut with a saw cutter
on 28th day. The XRD analysis is carried out with a Siemens
D-5000 X-ray diffractometer with Cu K-beta radiation and
2𝜃 scanning with a step size of 0.02∘ and a measuring time
of 10.00Deg/minute. A voltage of 40 kV and current of 15Ma
is used. Samples are collected from the cubes after 28 days of
water curing and powdered in ball mills to pass through the
sieve size of 90 𝜇.

3. Results and Discussions

3.1. Consistency of Cement. From Table 2 the consistency of
binder material is observed. The consistency is found to con-
tinuously increase as the percentage replacement of cement
with UFNSP increases. The water consistency increases for
C5, C10, C15, C20 and C25 at 4%, 5%, 7%, 10%, 13% when
compared with C0. This may be due to higher fineness of
UFNSP and higher water absorption property.

3.2. Setting Time. From the experimental design, the max-
imum, minimum and average values of IST and FST are
shown in Table 2, together with the main effects and UFNSP
interactions. The values are reported as relative values with
respect to ordinary Portland cement paste, 30 and 360
minutes for IST and FST respectively. The IST for C5, C10,
C15 and C20 decreases by 5minutes, 10 minutes, 10 minutes,
and 5 minutes respectively and for C25 IST increases by 10
minutes when compared with C0 mix. Similarly the FST for
C5, C10, C15 and C20 decreases by 30 minutes, 60 minutes,
60 minutes, and 30 minutes respectively and for C25 FST
increases by 90 minutes when compared with C0 mix. From
the above results it is observed that IST and FST decreases
when percentage of UFNSP replacement increases up to
20%, but there is a sudden increase in IST and FST on C25
specimen which may be due to excess UFNSP.

3.3. Compressive Strength of Mortar Cubes. The strength at-
tained during 3 days, 7 days and 28 days on mortar cubes are
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Figure 1: Scatter plot on strength of mortar cubes with standard
deviation.

experimentally tested for 6 specimens on each age and their
average results are shown inTable 3 andFigure 1.The strength
of mortar cubes of C5, C10, C15, C20 and C25 are compared
with C0mix.The compressive strength on 3 days for C5, C10,
C15 and C20 increases by 13.8%, 44.8%, 51.7% and 27.5%.The
strength of C25 decreases by 20.7%. On the 7th day for C5,
C10, C15 andC20 increase by 8.1%, 27.02%, 32.43% and 21.6%.
The strength of C25 decreases by 18.9% and on the 28th day
for C5, C10, C15 and C20 increases by 10%, 15.6%, 16.7% and
6.7%.The strength of C25 decreases by 13.3%.Thus the above
results show theMix C5, C10, C15 has a considerable increase
in terms of strength and also the strength is easily attained
on its early ages like 3 days and 7 days. Data on the variation
in compressive strength of mortar cubes is shown in Table 3
and Figure 1.The Standard Deviation (SD) and Coefficient of
Variation (CO-VAR) of the compressive strength on 3 days,
7 days and 28 days shows decrease in SD and CO-VAR with
increase in ages. The maximum SD is observed in C25, the
lowest SD is observed at C10 and C15.The SD for C0 and C20
shows almost equal values. C5 shows lesser SD than C0 but
more than C10 on all age. The CO-VAR fell from maximum
value on 3 days to the lowest on 28 days for all specimens.The
data shows that C15 is the specimen having Lowest SD and
CO-VAR, with maximum strength, which also ensures that
C15mix is themost reliable of all mix IDs.TheC25 specimens
have highest SD and CO-VAR and lowest strength and are
identified as the inferior specimen of all other specimen.

3.4. Microstructural Analysis. The results obtained in SEM
and XRD analysis are shown in Figures 2 and 3.

The analysis shows that the best results are obtained from
adding 15%ofUFNSP.The images obtained in SEMare shown
in Figure 2. Figure 2(a) shows the micrograph of C0; it con-
sists of fine particles, which appear to have agglomerated into
larger groups of particles. Figure 2(b) shows the micrograph
of C5 specimen; the extent of coverage is substantial but not
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Table 2: Consistency, IST, and FST.

S. number Mix IDs % replacement of UFNSP % consistency of water for binder IST in minutes FST in minutes
1 C0 0 24 30 360
2 C5 5 28 25 330
3 C10 10 29 20 300
4 C15 15 31 20 300
5 C20 20 34 25 330
6 C25 25 37 40 450

Table 3: Compressive strength of mortar cubes.

S. number Mix IDs
3-day

strength in
MPa

SD in MPa CO-VAR
in %

7-day
strength in

MPa
SD in MPa CO-VAR

in %

28-day
strength in

MPa
SD in MPa CO-VAR

in %

1 C0 29.00 2.39 8.23 37.00 2.19 5.92 45.00 2.00 4.44
2 C5 33.00 1.90 5.75 40.00 1.79 4.47 49.50 1.38 2.78
3 C10 42.00 1.10 2.61 47.00 1.10 2.33 52.00 1.10 2.11
4 C15 44.00 1.10 2.49 49.00 0.89 1.83 52.50 0.84 1.59
5 C20 37.00 2.37 6.40 45.00 1.79 3.98 48.00 1.67 3.49
6 C25 23.00 3.90 16.95 30.00 2.45 8.16 39.00 2.10 5.38

2.00 𝜇mCEG 15.0kV 11.7 mm ×20.0 k SE

(a)

2.00 𝜇mCEG 15.0kV 14.2mm ×20.0 k SE

(b)

2.00 𝜇mCEG 15.0 kV 16.1mm ×20.0 k SE

(c)

2.00 𝜇mCEG 15.0 kV 11.4 mm ×20.0 k SE

(d)

2.00 𝜇mCEG 15.0 kV 12.5 mm ×20.0 k SE

(e)

2.00 𝜇mCEG 15.0 kV 11.8 mm ×20.0 k SE

(f)

Figure 2: SEM images of specimens with 20000 x magnification: (a) C0 specimen, (b) C5 specimen, (c) C10 specimen, (d) C15 specimen, (e)
C20 specimen, and (f) C25 specimen.

enough material has formed to create a continuous film on
the surface of the particle. Some regions show the traces of no
hydration products and absence of deposition of hydration
products. Figures 2(c) and 2(d) show the micrograph of
C10 and C15 specimens, respectively. This shows that due
to the abundance of the hydration products the appear-
ance has changed from small isolated particles to tangled
web of flake-like crystals. The hydration products consist of
a mixture of phases as is typical for portland cement. For

example, portlandite is visible at some regions, intermixed
with reticulated C-S-H (or) M-S-H gel. Figure 2(e) shows
the micrograph of C20; it is similar to that of C0; but there
are no empty regions without hydration products, and hence
this C20 specimen mechanical behaviour is similar to that
of C0. Figure 2(f) shows the micrograph of C25 specimen;
this shows that the flake-like crystals start disappearing and
form into cloudy disintegrated form. This also confirms the
loss in bonding effect. A study on microstructure of samples
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Figure 3: XRD patterns of C0, C5, C10, C15, C20, and C25 mortars. Q: quartz; C: calcite; P: portlandite; B: brucite.

C0, C5, C10, C15, C20, and C25 is made. The results show
that the UFNSP particles have been covered in a continuous
pattern for C5, C10, and C15 specimens and pattern of very
small particles is identified for C20 and C25 specimens.
The patterns for C20 specimen are similar to C0 specimen.
The C25 specimen shows lack of bonding and formation of
independent particles without bond, which may be the cause
of reduction in strength.

Figure 3 shows the X-ray diffrograms of C0, C5, C10, C15,
C20, and C25mortars, respectively.Themain compounds are
quartz (SiO

2
), calcite (CaCO

3
), portlandite (Ca(OH)

2
), and

brucite (Mg(OH)
2
). The X-ray diffrograms show increase in

quartz when UFNSP is added. The calcite is similar in all
specimens. The intensity of brucite increases as percentage
replacement of UFNSP increases.The peaks for all specimens
indicate the presence of quartz, calcite, and portlandite and
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very small quantity of brucite. The intensity of portlandite
peak is slightly higher inC10 andC15when compared to other
specimens.

The increase in C15 strength is due to the right combi-
nation of portlandite, calcite, and brucite. The SEM image
and X-ray diffrograms (Figures 2(d) and 3) of C15 show
the wider presence of dense portlandite and brucite which
supports faster hydration reaction. The reduction in calcite
leads to decrease in carbonation process. Hence maximum
strength is attained in C15. Figure 3 shows that the intensity
of portlandite is very low for C25. The increase of brucite
(Mg(OH)

2
) in combination with reduction of portlandite

leads to the conclusion that portlanditemost probably reacted
with magnesium. The very low solubility of brucite favours
the consumption of calcium hydroxide (Ca(OH)

2
) [12]. The

reduction in strength of C25 specimen is attributed to the
pozzolanic activity and pore structure. Since replacement
of UFNSP reduces the content of portlandite, the hydra-
tion reaction and pozzolanic activity decreases. Hence the
strength contribution from this process is lower than C0.

4. Conclusion

From the present study it can be concluded that replacement
of UFNSP with cement results in decrease of IST and FST,
but the consistency of binding material increases. This shows
the increase in requirement of water to produce cement
paste. The compressive strength of mortar cube increases
during its early stages. The maximum compressive strength
in 3, 7, and 28 days is observed at C15. The improvement
in strength in C5, C10, C15, and C20 is nominal at all
stages and normalizes in 28 days. The C25 shows decrease
in strength and increase in IST and FST. It is also observed
that replacing UFNSP with cement results in improvement
of microstructure of cement mortar. The C5, C10, and C15
specimens show denser microstructural bond when com-
pared to other specimens.The availability of denser hydration
product (portlandite) in C15 specimen is identified. The
C20 specimen shows micro structural similarity to control
specimen. The reduction in strength of C25 specimen is
attributed to the pozzolanic activity and pore structure. C25
shows disintegrated microstructure and very low intensity
of portlandite. From all the above discussion it is concluded
that the suitable UFNSP replacement percentage should not
exceed 20%.
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The 0.9Pb(ZrxTi1−x)O3-0.07Pb(Mn
1/3

Nb
2/3

)O
3

-0.03Pb(Sb
1/2

Nb
1/2

)O
3

(PZT-PMnN-PSN) ceramics were prepared by columbite
method. The phase structure of the ceramic samples was analyzed. Results show that the pure perovskite phase is in all ceramics
specimens.The effect of the Zr/Ti ratio on the region of morphotropic phase boundary for PZT-PMnN-PSN ceramics was studied.
Experimental results show that the phase structure of ceramics changes from tetragonal to rhombohedral with the increase of
the content of Zr/Ti ratio in the system. The composition of PZT-PMnN-PSN ceramics near the morphotropic phase boundary
obtained is the ratio of Zr/Ti: 49/51. At this ratio, the ceramic has the optimal electromechanical properties: the 𝑘

𝑝

= 0.61, the
𝜀max = 29520, the 𝑑31 = −236 pC/N, the 𝑄𝑚 = 2400, high remanent polarization (𝑃

𝑟

= 49.2 𝜇C⋅cm−2), and low coercive field
𝐸
𝑐

= 10.28 kV⋅cm−1.

1. Introduction

Lead zirconate titanate (PZT) is one of the most commonly
used ferroelectric ceramic materials. The material has been
studied intensively since discovery of the miscibility of
lead titanate and lead zirconate in the 1950s [1–5]. Due to
their excellent dielectric, pyroelectric, piezoelectric, and
electrooptic properties, they have a variety of applications
in high energy capacitors, nonvolatile memories (FRAM),
ultrasonic sensors, infrared detectors, electrooptic devices,
and step-down multilayer piezoelectric transformers for AC-
DC converter applications [5, 6]. Until now, many ternary
and quaternary systems, such as Pb(Ni

1/3
Nb
2/3

)O
3
-PZT,

Pb(Y
2/3

W
1/3

)O
3
-PZT, Pb(Mn

1/3
Sb
2/3

)O
3
-PZT, Pb(Mg

1/3

Nb
2/3
)O
3
-Pb(Ni

1/3
Nb
2/3
)O
3
-PZT, Pb(Ni

1/2
W
1/2
)O
3
-Pb(Mn

1/3

Nb
2/3

)O
3
-PZT, and PZT-PMnSbN, [4, 5, 7–11] have been

synthesized by modifications or substitutions to satisfy

the requirements of practical applications of piezoelectric
transformer.

In ceramicsmanufacturing technology, piezoelectric PZT
system ceramics compositions aremostly near the tetragonal-
rhombohedral (T-R) morphotropic phase boundary (MPB).
The electromechanical response of these ceramics is known to
be most pronounced at the MPB. So, there have been many
investigations on the coexistence of two phases near MPB in
PZT system [3].The reports suggested the existence of a range
of compositions where both tetragonal and rhombohedral
phases are thermodynamically stable [7, 12].

In this study, 0.9Pb(ZrxTi1−x)O3-0.07Pb(Mn
1/3

Nb
2/3

)
O
3
-0.03Pb(Sb

1/2
Nb
1/2

)O
3
(PZT-PMnN-PSN)ceramics in the

vicinity ofMPBwere investigated according to the Zr/Ti ratio
content. The purpose of this work is to study structure and
ferroelectric and piezoelectric properties in the vicinity of
the MPB in detail. Furthermore, the width of coexistence of
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Figure 1: XRD patterns for compositions at (a) 54/46; (b) 53/47; (c) 52/48; (d) 51/49; (e) 50/50; (f) 49/51; (g) 48/52; (h) 47/53; (i) 46/54.
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Figure 2: Variations of relative content of the tetragonal and
rhombohedra phases with Zr/Ti ratio.

tetragonal and rhombohedra phases and the exact compo-
sition of the MPB in chemically homogeneous PZT-PMnN-
PSN ceramics were determined.

2. Experimentals

The polycrystalline samples of PZT-PMnN-PSN were syn-
thesized by columbite precursor method. The raw materials
including powders (high purity) of PbO (99%), ZrO

2
(99.9%),

TiO
2
(99%), MnCO

3
(99%), Sb

2
O
3
(99%), and Nb

2
O
5

(99.9%) for the given composition were weighted by mole
ratio. First, the finely mixed powder of MnCO

3
and Nb

2
O
5
;

Sb
2
O
3
and Nb

2
O
5
are mixed in a Teflon-mortar for about

10 h in an acetone medium and then calcined at 1200∘C in
an alumina crucible for 3 h. The calcined powder was then
grinded andmixed bymortar againwith PbO, ZrO

2
andTiO

2

for 30 h. The finely mixed powder was calcined at 850∘C for
2 h.

The ground materials were pressed into disk 12mm
in diameter and 1.5mm in thickness under 100MPa. The
samples were sintered in a sealed alumina crucible with
PbZrO

3
coated powder at temperature 1150∘C for 2 h.

Scanning electron micrograph of the sample was taken at
room temperature. The sintered pellet was polished and
silver electroded and connected to an LCR meter (Hioki,
Japan) for dielectric measurement. The frequency depen-
dence of dielectric constant and loss tangent were obtained
using the LCR meter in the frequency range from 0.1 kHz
to 500 kHz. The polarization-electric field (P-E) hystere-
sis loops were measured by a Sawyer-Tower circuit at
50Hz.

As-sintered samples were ground and polished to remove
the surface layer for X-ray diffraction (XRD, D/MAX-RB,
Rigaku, Japan). CuK𝛼 radiationwith a step of 0.01 s was used.
The microstructure of the samples was examined by using a
scanning electron microscope (SEM).The electromechanical
coupling factor (𝑘

𝑝
), mechanical quality factor (𝑄

𝑚
), and

piezoelectric coefficient (𝑑
31
) were calculated by using the

resonance-antiresonance method. The dielectric constant

was calculated from the capacitance and the dimension of the
samples.

3. Results and Discussion

3.1. Structure and Microstructure. It is reported that tetrag-
onal, rhombohedra, and T-R phases were identified by an
analysis of the peaks (002 (tetragonal), 200 (tetragonal), and
200 (rhombohedra)) in the 2𝜃 range 43∘–47∘. The splitting of
(002) and (200) peaks indicates that they are the ferroelectric
tetragonal phase (FT), while the single (200) peak shows
the ferroelectric rhombohedra phase (FR) [1, 6, 13]. Figure 1
shows the XRD patterns of PZT-PMnN-PSNwith Zr/Ti ratio
at 54/46 up to 46/54. Triplet peaks indicate that the samples
consist of a mixture of tetragonal and rhombohedra phases.

A transition from tetragonal phase to rhombohedra phase
is observed as Zr/Ti ratio increases. The multiple peak
separation method was used to estimate the relative fraction
of coexisting phases. The relative phase fraction was then
calculated by the following equations [14]:

𝑀
𝑅
=

𝐼
𝑅(200)

𝐼
𝑅(200)
+ 𝐼
𝑇(002)
+ 𝐼
𝑇(200)

,

𝑀
𝑅
=
𝐼
𝑇(002)
+ 𝐼
𝑇(200)

𝐼
𝑅(200)
+ 𝐼
𝑇(002)
+ 𝐼
𝑇(200)

.

(1)

With increasing Zr/Ti ratio, tetragonal relative fraction
decreases and rhombohedra relative fraction increases. The
analysis of the relative phase fraction in the PZT-PMnN-PSN
system indicates that tetragonal and rhombohedra phases
coexist in the composition range for 0.48 ≤ 𝑥 ≤ 0.52 as shown
in Figure 2.

Figure 3 shows the SEM image of the fractured surface
of PZT-PMnN-PSN ceramics at different Zr/Ti ratios. It is
observed from the micrographs that the average grain size of
samples are increased with the increasing amount of Zr/Ti
ratio. However, when further increasing the Zr/Ti ratio to
51/49, the average grain size is reduced. These results are in
good agreement with the reported in the literature [15].

3.2. Dielectric and Ferroelectric Properties

3.2.1. The Influence of Zr/Ti Ratio on the Dielectric Properties.
Figure 4 shows the temperature dependence of dielectric
permittivity and dielectric loss tan 𝛿 of PZT-PMnN-PSN
system (1 kHz) with Zr/Ti ratios 46/54 up to 54/46, respec-
tively. As shown in Figure 4, all the samples in morphotropic
phase boundary region (Zr/Ti = 48/52−52/48) exhibit typ-
ical relaxor ferroelectric behavior around. The dielectric
responses are characterized by diffuse dielectric peaks and
a slight shift of permittivity of maximum toward higher
temperature with increasing frequencies.

By comparing the curves in Figure 1, we see that the
broadness of dielectric response increases with an increase in
Zr/Ti ratio and the largest is at Zr/Ti = 49/51. The tempera-
ture of dielectric permittivity maximum also increases with
increase of Zr/Ti ratio. All samples have a temperature called
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Figure 3: Surface morphologies observed by SEM of PZT-PMnN-PSN ceramics at various ratios of Zr/Ti.

Burn temperature at which dielectric response starts comply-
ing Curie-Weiss law and the system starts the transition into
paraelectric phase.

Figure 5 shows Curie-Weiss dependence of the permit-
tivity of the samples at temperatures start to 𝑇

𝐵
. The fitting

parameters [14] are given in Table 1.
From Table 1, we can see that all the temperature values

extend to decrease with the increase of Zr/Ti ratio.

3.2.2. The Influence of Zr/Ti Ratio on the Ferroelectric Proper-
ties. Figure 6 shows 𝑃-𝐸 hysteresis loops of all samples. The
well-saturated hysteresis loops were observed, and the values

of remanent polarization (𝑃
𝑟
) and coercive field (𝐸

𝑐
) were

presented in Table 2.
It’s demonstrated that the hysteresis loops of all samples

are of typical forms characterizing ferroelectric materials.
The remanent polarization (𝑃

𝑟
) reaches the maximum value

of 49.2 𝜇C/cm2 and The coercive field (𝐸
𝑐
) reaches the

minimum value of 10.28 kV⋅cm−1 at Zr/Ti = 49/51 (Figure 7).

4. Piezoelectric Properties

Figure 8 shows the piezoelectric and dielectric properties
as a function of Zr/Ti ratio. PZT-PMnN-PSN exhibits high
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Figure 4: (a) Dielectric constant and (b) loss tangent of PZT-PMnN-PSN at various Zr/Ti ratios.
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Figure 5: Curie-Weiss dependence of the permittivity of the samples at temperatures start to 𝑇
𝐵

.
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Figure 6: 𝑃-𝐸 hysteresis loops of PZT-PMnN-PSN samples.

Table 1: Dielectric properties and fitting parameters of PZT-PMnN-
PSN ceramics.

Sample 𝜀 tan 𝛿 𝜀max
𝑇
𝑚

(∘C)
𝑇
𝐵

(∘C)
𝑇
𝐶

(∘C)
M046 674 0.023 21343 343 390.3 347.4
M047 699 0.035 21447 337 380.2 342.3
M048 735 0.041 23050 325 375.8 330.8
M049 899 0.044 29520 312 370.4 315.5
M050 887 0.046 29018 298 366.9 304.6
M051 756 0.022 27609 289 348.3 300.1
M052 739 0.023 22348 280 342.5 292.4
M053 692 0.014 21349 271 332.7 281.9
M054 554 0.013 19875 266 325.3 274.4

piezoelectric coefficient and electromechanical coupling fac-
tor around the MPB. From the trend of the variation of
piezoelectricity, it reaches the maximum values of 𝑑

31
=

−236 pC/N, 𝑘
𝑝
= 0.61 at Zr/Ti = 49/51.

Table 2: Calculated 𝑃
𝑟

and 𝐸
𝑐

values of samples.

Sample 𝐸
𝑐

(kV/cm) 𝑃
𝑟

(𝜇C/cm2)
M046 11.32 23.0
M047 11.07 27.0
M048 10.37 32.0
M049 10.28 49.2
M050 10.88 46.0
M051 11.85 28.0
M052 12.40 25.0
M053 12.66 19.7
M054 13.45 17.3

Simple diagram phase of PZT-PMnN-PSN ceramics
near MPB, which is attractive system displaying excellent
piezoelectric and dielectric properties, good electrostrictive
effects, and relaxation of ferroelectric phase transition is
shown in Figure 9.
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5. Conclusion

The results obtained from the experiment are as follows.

(1) PZT-PMnN-PSN ceramics with 7% wt excess PbO
were prepared by columbite method.

(2) The structure of ceramics sintered at 1150∘C shows the
pure perovskite structure in all ceramics specimens;
the structure of PZT-PMnN-PSN ceramics was trans-
formed from tetragonal to rhombohedra, with Zr/Ti
ratio increased in system.

(3) The composition of PZT-PMnN-PSN ceramics near
the morphotropic phase boundary obtained is the
ratio of Zr/Ti = 49/51. At this ratio, the ceramic
has the optimal electromechanical properties: the
𝑘
𝑝
= 0.61, the 𝜀max = 29520, the 𝑑31 = −236

pC/N, the 𝑄
𝑚
= 2400, high remanent polarization

(𝑃
𝑟
= 49.2 𝜇C⋅cm−2), and low coercive field 𝐸

𝑐
=

10.28 kV⋅cm−1.
(4) The piezoelectric ceramic with Zr/Ti ratio of 49/51

may be suitable for piezoelectric transformer applica-
tions and other high power devices.
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Nonlinear-electronic transport in Fe
2

O
3

thin-films grown by thermal oxidation from grain-oriented iron foils was studied by
current-voltage characteristics at room temperature as a function of the oxidation temperature. Microstructure formation and
its changes were investigated by atomic force microscopy and X-ray diffraction studies. X-ray diffraction has demonstrated that
average grain size was weakly increased with the growth temperature. The analysis of current-voltage characteristics shows ohmic
regime at low voltages and space-charge-limited regime at higher voltages. Space-charge effects resulted from the discontinuous
grain growth of the foils. Further, nonlinear-electronic transport of Fe

2

O
3

thin-films can be useful for the designing of adaptive
oxide electronic devices.

1. Introduction

Space-charge-limited current was studied in vacuum tube
technology at around 1906. Scientists had developed tech-
nologies based on vacuum tubes including high-power, signal
amplifier, and military applications, due to its resistance
to electromagnetic pulse. Therefore, the space charge phe-
nomena can renewal the era of solid-sate-electronics in the
operation principle of adaptive oxide electronic devices based
on space-charge effects, which could be useful for smart
devices with nonlinear characteristics [1–3].

Recently was demonstrated how changing from bulk to
nanoscale materials can significantly change the material
properties in transition metal oxides (TMOs) [4] and conse-
quently their performance. Therefore, space-charge effects at
the interface between small particles can result in substantial
improvement of the electrical, magnetic, and optical proper-
ties [5–7].

Adaptive oxide electronic devices based on vertical struc-
ture with small area can be implemented in driver circuits
for power applications [8, 9], because the current flow can
be modulated by an electrode embedded in the middle of
the device even for low carrier mobility of the metal oxide
thin-films [7, 10]. Also, in response to the needs of ecological

concerns, low-cost, abundance, stability, nontoxicity, and
environmentally, TMOs should be studied and adapted for
new applications. For example, iron oxide has attracted
interest of researchers [11–13]. It is well known that hematite
(Fe
2
O
3
) has a low conductivity as well as low electron

mobility at room temperature in comparison with silicon
[14]. Also, it is known that activation energy for Fe

2
O
3
varies

nonmonotonically with temperature [15, 16].
Nonlinear-electronic transport in Fe

2
O
3
thin-films pro-

duced by thermal oxidation has been investigated in this
work. Microstructure formation was studied by atomic force
microscopy and X-ray diffraction as a function of the growth
temperature as well as the study of the nonlinear-current
conduction as a function of thickness was conducted by
current-voltage characteristics at room temperature.

2. Experimental Procedure

Fe
2
O
3
thin-films were grown by thermal oxidation from

grain-oriented iron foils. The grain-oriented iron foil is a soft
magneticmaterial that is used as the corematerial in electrical
transformers. In this work, grain-oriented foils were obtained
from cores of low-power transformers with thickness of
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Figure 1: Schematic diagram of samples and series circuit under forward bias (a) and reverse bias (b).

0.18mm. It is known that grain-oriented foils are usually
coated to reduce the eddy currents and to provide resistance
to corrosion. Therefore, before oxidation processes, the iron
foils with cross-sectional area of 1 cm2 were mechanically
polished and cleaned using organic solvents and deionized
water. After polishing, the samples were thermally oxidized
under air atmosphere conditions in the temperature range
from 400∘C to 550∘C with duration of 20min into resistively
heated quartz tube furnace. A copper electrode of square
geometry of 0.1 cm × 0.1 cm was placed on each sample as
mechanical point contact as shown in the schematic diagram
of Figure 1.

Microstructure formation was analyzed by both atomic
force micrographs and X-ray diffraction patterns. Atomic
force micrographs of the Fe

2
O
3
thin-films were obtained

with a Digital Instrument (Veeco) Nanoscope and X-ray
diffraction patterns with a PANalytical X-ray diffractometer
with CuK

𝛼
radiation (𝜆 = 0.15418 nm) in the scan range

20–90∘. Current-voltage characteristics of the samples were
measured by using digital storage oscilloscope (Tektronix,
TDS1012C). Both voltage and current signals were recorded
employing a series circuit shown in Figure 1(a) under forward
bias and Figure 1(b) under reverse bias. Both voltage and
current signals were plotted as lissajous figures on the screen
of oscilloscope. A lissajous figure gives the instantaneous
values of voltage as a function of the current.

3. Results and Discussion

It is known that the oxidation process of iron oxide should
be dependent on the solubility of oxygen into iron foil and
energy to take an oxygen ion and form the oxide. Therefore,
vacant cation sites (oxygen ions) will diffuse away from the
oxide-air interface and vacant anion sites (iron ions) through
the oxide during the oxidation process [17]. In the procedure
presented here at intermediate temperature (<700∘C), a first
monolayer of iron oxide is grown and corresponds to Fe

2
O
3

phase with lattice parameter similar to grain-oriented iron
foil. This phase is characterized by a Goss texture with a (110)
preferred crystal orientation [18].

Then, the oxide continues to grow with this texture with
strong cohesive forces [17, 19]. Structural defects can be
formed into the grown oxide by discontinuous Goss grain
growth, which is depending on the industrial production
process of the grain-oriented iron foils.

3.1. Microstructure Formation. Microstructure formation
studies are conducted to know the stability of the Fe

2
O
3

thin-films grown by thermal oxidation at lower temperature
than 700∘C and under air atmosphere conditions. Atomic
force microscopy studies were done to demonstrate the
homogeneity and reproducibility of the samples controlled by
diffusion process and X-ray diffraction analysis to show the
polycrystalline Fe

2
O
3
phase formation in the samples.

Figure 2 shows the atomic force micrographs of Fe
2
O
3

thin-films at various temperatures. A noncontact mode of
operation was employed between the tip and sample with
scanned area of 1𝜇m × 1𝜇m to provide a method to
analyze the oxide formation on samples surface as a function
of the roughness based on bearing algorithm from Veeco
Nanoscope software.

The average roughness, 𝑅avg, can be estimated with the
intersection of both depth profile and bearing area plots
as indicated in Figure 3 with dashed lines and is related
to average grain height distribution, and their values are
presented in Table 1.

It is demonstrated that a discontinuous growth mech-
anism favors the oxide formation and grain size in the
samples as shown in Figure 3. However, at temperatures
(>500∘C), a decrease of the oxide formation can be observed
in Figure 3(d), because the discontinuous oxide achieves its
critical thickness [17, 18, 20].

Figure 4 showsX-ray diffraction patterns of the thermally
oxidized samples. Samples were processed at 400∘C and
450∘C with peaks located at 65.08∘ and 81.07∘ with (530)
and (710) planes. Samples were processed at 500∘C with
peaks located at 30.06∘, 35.46∘, 43.02∘, 65.04∘, and 81.07∘
corresponding to (220), (311), (400), (530), and (710) planes
as well as peaks positioned at 33.13∘, 35.53∘, 42.98∘, 65.04∘,
and 81.07∘ with (310), (311), (400), (530), and (710) planes
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Figure 2: Atomic force micrographs of the oxidized samples under air atmosphere conditions.

were observed in samples processed at 550∘C. All peaks cor-
respond to the cubic Fe

2
O
3
phase according to PANalytical

Card no. 00-019-0629. The cubic Fe structure can be seen
in all samples processed with peaks at 44.67∘ and 82.33∘ with
(110) and (211) planes according to PANalytical Card no. 00-
002-0426 and associated with Goss texture [18].

The thickness 𝑑 of samples was measured by a Tencor
profilometer. Both thickness 𝑑 and average grain size𝐷 were
indicated in Table 1. Average grain size was estimated with
Debye-Scherrer formula based on X-ray diffraction patterns
[21, 22].

According to atomic force microscopy studies of Figure 3
and X-ray diffraction analysis of Figure 4, the main scat-
tering mechanism for carries in Fe

2
O
3
thin-films can be

grain boundary scattering, which is associated with transi-
tional regions between different orientations of neighboring
crystallites. Also, potential barrier between crystallites with

lattice defects-induced trapping states can impede the carrier
motion into the Fe

2
O
3
thin-films. As a consequence, when

the mean free path of carriers is comparable with smaller
crystalline sizes, 𝐷, and critical thickness, 𝑑, the charge car-
rier mobility, 𝜇, could be limited according to microstructure
data of Table 1 for Fe

2
O
3
thin-films.

3.2. Electronic Transport. The performance of samples was
demonstrated with the schematic diagram of Figures 1(a)
and 1(b). To ensure the linear response, a function generator
(Matrix, MFG-8250A) was used to produce a linear ramp
signal at low frequency (𝑓 = 100Hz) with voltage range
from 0V to 5V to conserve low-voltage operation and avoid
magnetic transport (exchange polarization) in the samples
[23, 24]. Also, a resistor of 𝑅 = 100Ωwas selected to monitor
the current signal in the samples as shown in Figures 1(a)
and 1(b). Current-voltage characteristics for both forward
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Figure 3: Depth profile and bearing area plots of the analyzed micrographs of Figure 2.

Table 1: Microstructure data for Fe2O3 thin-films.

Sample 𝑇 (∘C) 𝑑 (nm) 𝑅avg (nm) 𝐷 (nm)
a 400 150 27.5 22.8
b 450 165 36.1 29.3
c 500 220 81.2 21.9
d 550 255 21.8 34.2

and reverse bias are shown in Figures 5 and 6. Nonlinear-
electronic transport was observed on the current-voltage
characteristics with two regions indicated by slopes.

To investigate the transport parameters of the samples, a
model of space-charge-limited transport was proposed and
given by

𝐼 =
9

32𝜋
𝜀𝜇𝐴
𝑒

𝑁
𝑐

𝑁
𝑡

exp(−
𝜙
𝑡

𝑘
𝐵
𝑇
)
𝑉𝑛

𝑑3
, (1)

where 𝜀 is the iron oxide dielectric constant (taken as 𝜀 =
540 for Fe

2
O
3
at low frequencies) [15], 𝑘

𝐵
is the Boltzmann

constant, 𝑇 is the sample temperature, 𝜇 is the charge carrier
mobility,𝐴

𝑒
is the effective cross-sectional area (𝐴

𝑒
= 1 cm2),

𝑁
𝑐
is the density of the states available (𝑁

𝑐
= 1.35 ×

1019 cm−3) [14],𝑁
𝑡
is the density of traps,𝜙

𝑡
is the energy level

of the traps,𝑉 is the applied voltage, and 𝑑 is the thickness of
the Fe

2
O
3
thin-films.

The trap concentration, 𝑁
𝑡
, was estimated from the

current-voltage characteristics, with the voltage which is
related to slope change and that intersects to the potential
drop,𝑉TFL, across the films as indicated in both Figures 5 and
6 [25]. As shown in Figures 5 and 6, ohmic regime 𝐼 ∝ 𝑉

was observed at low voltages (0 < 𝑉 < 𝑉TFL), while at higher
voltages (𝑉TFL < 𝑉 < 5𝑉), with 𝐼 ∝ 𝑉

𝑛 regime for 𝑛 = 1.5 to
2. The parameter𝑉TFL corresponds to voltage associated with
trap-filled limit with charge carriers and can be linked with
the following relation:

𝑁
𝑡
=
𝜀

6𝑒

𝑉TFL
𝑑2
. (2)

Nonlinear behavior on current-voltage characteristics was
observed in Figures 5 and 6, which can be associated
with collision-free transport at low voltages and collision-
dominated transport at higher voltages [26]. It is known
that collision-free transport associated with low-field trans-
port is influenced by weak thermal vibrations and charge
carrier mobility, 𝜇, independent of the field because carries
and lattice are in equilibrium. However, under transport at
higher voltages, the collision-dominated transport becomes a
nonlinear function of carries with the field and charge carrier
mobility, 𝜇, into Fe

2
O
3
thin-films [27].

Due to the fact that the charge carrier mobility in the
space-charge-limited regime,𝜇SCL, is connected to nonlinear-
electronic transport of the samples, the value of 𝜇SCL should
be evaluated for the designing of adaptive electronic devices.
𝜇SCL can be estimated from Δ𝐼 = 𝑛𝑒𝜇𝐴

𝑒
Δ𝑉𝑑−1 as

𝜇SCL =
𝑑

𝑁
𝑡
𝑒𝐴
𝑒

𝑚, (3)

where 𝑚 is first slope (ohmic region) on the current-voltage
characteristics of Figures 5 and 6 andwas extracted using𝑚 =
Δ𝐼/Δ𝑉, with Δ𝐼 as the differential change of current and Δ𝑉
as the differential change of voltage, respectively.
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Figure 4: XRD patterns of the oxidized samples under air atmosphere conditions.

Table 2: Transport parameters under forward bias.

Sample 𝑉TFL (V) 𝑁
𝑡

(cm−3) 𝑚 𝜇SCL (cm2 V−1 s−1) 𝛼 𝜙
𝑡

(eV)
a 1.2 2.4 × 1015 6.5 × 10−3 0.26 × 10−3 1.5 × 10−3 0.36
b 0.8 1.3 × 1015 7.5 × 10−3 0.59 × 10−3 3.3 × 10−3 0.37
c 1.1 9.9 × 1014 5.7 × 10−3 0.78 × 10−3 2.7 × 10−3 0.37
d 1.6 1.1 × 1015 3.4 × 10−3 0.48 × 10−3 1.1 × 10−3 0.36

It is assumed in (3) that 𝑚 can be extracted from ohmic
region because low-field transport is used in characterizing
semiconductor films to determine the concentration of ther-
mally excited carries, 𝑛, and its charge carriermobility,𝜇, [26].
Thus, under space-charge-limited regime, 𝑁

𝑡
≫ 𝑛 and (3)

with 𝑛 = 𝑁
𝑡
was solved.

The space-charge-limited regime obeys to 𝐼 = 𝛼𝑉𝑛𝑑−3,
where 𝛼 is a scaling factor which depends on 𝜀, 𝜇, and𝑁

𝑐
/𝑁
𝑡

ratio. According to (1), 𝛼 is expressed by

𝛼 =
9

32𝜋
𝜀𝜇𝐴
𝑒

𝑁
𝑐

𝑁
𝑡

exp(−
𝜙
𝑡

𝑘
𝐵
𝑇
) . (4)

Therefore, transport parameters of the Fe
2
O
3
thin-films were

extracted solving (2), (3), and (4) and using MATLAB

program. Parameter 𝛼 was estimated based on nonlinear
behavior of Figures 5 and 6 and energy level of traps, 𝜙

𝑡
,

was calculated from (4). Finally, transport parameters were
listed for both forward and reverse bias in Tables 2 and 3,
respectively.

From Tables 2 and 3, it was demonstrated that activation
energy, 𝜙

𝑡
, for Fe

2
O
3
layers varies nonmonotonically with

temperature. The 𝑉TFL parameter was different for the sam-
ples, because slope changes were observed into the current-
voltage characteristics, which is related to traps concentration
changes, 𝑁

𝑡
, during the formation of discontinuous Fe

2
O
3

thin-films. Contact effects of both Fe/Fe
2
O
3
and Fe

2
O
3
/Cu

interfaces may also influence device performance, because
grain boundary scattering relatedwith lattice defects-induced
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Figure 5: Current-voltage characteristics under forward bias.

Table 3: Transport parameters under reverse bias.

Sample 𝑉TFL (V) 𝑁
𝑡

(cm−3) 𝑚 𝜇SCL (cm2 V−1 s−1) 𝛼 𝜙
𝑡

(eV)
a 0.8 1.5 × 1015 2.5 × 10−3 0.15 × 10−3 3.0 × 10−3 0.34
b 1.6 2.7 × 1015 3.0 × 10−3 0.11 × 10−3 1.0 × 10−3 0.34
c 1.8 1.6 × 1015 3.1 × 10−3 0.26 × 10−3 9.6 × 10−3 0.35
d 1.1 7.7 × 1014 3.7 × 10−3 0.77 × 10−3 2.8 × 10−3 0.36

trapping states near to the interface impedes the charge
carrier motion by space-charge phenomena.

Nonlinear-electronic transport in samples with lower
critical thickness of 250 nm varies monotonically with the
low charge carrier mobility, 𝜇SCL, in the space-charge-limited

regime [8, 25]. The low charge carrier mobility in Tables 2
and 3 was affected by bias because the Fe

2
O
3
phase provides

strong cohesive forces with iron foil and allows a carriers
transport with increase of 𝜇SCL under forward bias. However,
because structural defects are formed into Fe

2
O
3
thin-films
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Figure 6: Current-voltage characteristics under reverse bias.

during the oxidation process, weak cohesive forces between
Fe
2
O
3
phase and copper contact allow a carriers transport

with decrease of 𝜇SCL under reverse bias. Finally, increase
of average roughness, 𝑅avg, and smaller crystalline size, 𝐷,
in correlation with changes of charge carrier mobility, 𝜇SCL,
is a consequence of space-charge-limited transport in Fe

2
O
3

thin-films.

4. Conclusion

Nonlinear-electronic transport from Fe
2
O
3
thin-films was

studied by current-voltage characteristics as a function of
the oxidation temperature. Both average roughness and grain

size were demonstrated by atomic force microscopy and X-
ray diffraction studies. Transport parameters were evaluated
for all samples at room temperature. Space-charge effects
were related to the formation of discontinuous oxide based
on discontinuous grain growth during the oxidation process
at intermediate temperatures. Analysis of current-voltage
characteristics shows ohmic regime at low voltages and space-
charge-limited regime at higher voltages.

Further, the iron oxide samples with lower critical thick-
ness of 250 nm can be useful for the designing of adaptive
oxide electronic devices, because the current flow in the
Fe
2
O
3
thin-films with low carrier mobility and low energy

level of the traps, can be gradually modulated.
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Macrofiber composite (MFC) has been developed recently as a new type of smart material for piezoelectric transducers. It shows
advantages over traditional piezoelectric ceramicmaterials (PZT) including themethod of application, sensitivity, and cost. It can be
embedded on the structure, which provides the possibility to monitor the structural health in real time. In this paper, the feasibility
of this transducer for the Lamb wave inspection has been experimentally explored. A pair of MFC patches is bonded on a 2mm
thick aluminum plate, and it has been demonstrated that the dispersive characteristics of S0 and A0modes, generated and detected
by MFC patches, agreed well with the theory.The influence of the bonding condition of the transducer was also tested to show that
rigid bonding is required to assure a high amplitude signal. In order to illustrate the performance of defect detection, an artificial
defect fabricated on the surface of a specimen was inspected in the pitch-catch mode. The results showed that the MFC transducer
is a promising Lamb wave transducer for nondestructive testing (NDT) and structural health monitoring (SHM).

1. Introduction

With a view to enhance the safety and reliability in non-
destructive evaluation (NDE), the development of highly
efficient techniques for nondestructive damage detection or
structural health monitoring is of vital significance [1]. Such
SHM requires small, lightweight, cheap, and sensitive smart
transducers to be embedded on the surface of the structure at
affordable cost, especially in the aerospace field. In addition,
the traditional PZT is not suitable for this situation because
of limitations such as beingmonolithic, inflexible, and brittle.

In order to make up for these limitations, a series of
smart material transducers was developed in the past two
decades. Piezoelectric films (PVDFs) have been used in SHM
system [2–4]. Compared to the traditional PZT transducers,
they have some advantages of durability and flexibility, but
due to poor electromechanical coupling efficiency, they need
greater actuation power in generation and heavy amplifica-
tion in detection [5]. There are other transducers, including
active fiber composites (AFCs) and macrofiber composites
(MFCs) developed at NASA Langley Research Center, and
these transducers avoid some of the limitations of PVDFs.

AFCs and MFCs are composed of thin piezoceramic fibers
sandwiched between layers of adhesive, electrodes, and a
polyimide film [6].These types of transducers produce higher
force and strain than the typical monolithic piezoceramic
materials [7, 8]. The main advantage of MFCs over AFCs is
the reduced manufacturing cost, owing to the fibers being
sliced into rectangular shapes for MFCs, while the circular
AFC fibers are manufactured through a very costly extrusion
process [9].

Thus, the developedMFC patch is a promising alternative
to the traditional brittle PZT. Also, it is appealing for SHM
due to its advantages of flexibility, durability, sensitivity,
and reliability. Many researchers have engaged in applying
this kind of composite transducer to the nondestructive
evaluation field, such as welding defect detection, pipeline
inspection, and structural health monitoring [1, 3, 10, 11].

In this paper, we focused on the feasibility of using MFC
patches for the Lambwave inspection. For this, a pair ofMFC
patches was bonded onto a 2mm thick aluminum plate, and
the Lamb wave was transmitted and received. The influence
of bonding condition of the MFC patch on the Lamb wave
signal was also investigated, including the poorly adhered
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Figure 1: MFC Type P1 M2814 (made by Smart Material Corp.).

Table 1: Properties of MFC Type P1 M2814.

Operational voltage −500V∼1500V
Active dimensions 28mm × 14mm
Overall dimension 38mm × 20mm
Capacitance 0.61 ppm
Free strain 1550 ppm
Thickness 300𝜇m
Actuator bandwidth 0Hz∼700KHz
Sensor bandwidth 0Hz∼1MHz

and the correctly adhered bonding conditions and the use
of two kinds of couplants (longitudinal wave couplant and
shear wave couplant). In order to illustrate the performance
of defect detection, an artificial defect was fabricated on the
surface of the specimen which was inspected in the pitch-
catch mode.

2. MFC Transducer

The typical type of MFC transducer tested in this paper is an
M2814-P1 (SmartMaterial Corp.), which is shown in Figure 1.
This type ofMFC, which is available in d33 operationalmode,
actuates and senses along the length of the MFC patch. The
specific information is listed in Table 1.

3. Experiments and Results

3.1. Dispersion Curves. In our study, a 2mm thick aluminum
alloy plate was used as specimen. Initially, the theoretical
dispersion curves of the relevant Lambwaveswere calculated.
These are presented, in terms of phase velocity and group
velocity, in Figures 2(a) and 2(b). Si and Ai indicate the sym-
metric and antisymmetric modes (𝑖 = 0, 1, 2 . . .), respectively.
They will be used for mode identification and to predict the
time of flight of a specific mode.

3.2. Excitation and Detection of the Lamb Wave Using MFC
Patches. Figure 3 shows the experimental set-up to demon-
strate the performance of MFC patches to excite and detect
the Lamb waves. A pair of MFC patches was bonded on the
surface of the plate; one MFC patch was used as an actuator
to generate the Lamb waves and the other was used as a
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Figure 2: (a) Group velocity dispersion curves. (b) Phase velocity
dispersion curves.

sensor to receive the wave signal. A high power tone-burst
signal generator (Ritec RAM 5000, USA) was used to drive
the actuator. A pulser receiver (Panametrics PR500, USA),
which was connected to the sensor, was used to receive the
wave signal for the pitch-catch mode inspection.

In order to determine which frequency range was suitable
for the embedded MFC patches to generate and detect the
Lamb waves, the input signal frequency was varied from
0.1MHz to 0.6MHz at 0.05MHz intervals. This frequency
range was chosen because the upper frequency limit of the
MFC actuator was 0.7MHz. From the experimental signals
shown in Figure 4, it is apparent that the S0 mode is readily
detectable within the range from 0.25MHz to 0.45MHz,
while A0mode is detectable between 0.2MHz and 0.35MHz.
From these results, the 0.3MHz frequency was selected for
the input frequency to use for both of S0 and A0 modes.

Figure 5 shows an example of the detected signal in a time
domain, and we can see that the S0 and A0 modes are clearly
observed. This signal was short-time-Fourier transformed
and overlapped on the theoretical group velocity dispersion
curves to verify the Lamb wave modes. The experimental
results agree closely with the theoretical dispersion curves at
0.3MHz for both modes.



Advances in Materials Science and Engineering 3

High power/tone burst
generator

(Ritec RAM5000)

Trigger

Actuator
bonded MFC

Sensor 

100 mm
200 mm

2 mm thick aluminum plate

Pulser receiver
(Panametrics PR500)

Oscilloscope
(Leroy WS452)

bonded MFC

Figure 3: Pitch-catch measurement experiment set-up.
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3.3. Influence of the Bonding Condition. As the bonding
condition of MFC patch may affect the effectiveness of the
actuation and sensitivity of the sensing, the quality of the
bond is an important consideration in the performance of
the system [12]. In order to investigate the influence of the
bond quality, we tested several different bonding conditions:
couplant-bonded, poorly adhered, and correctly adhered. For
the correctly adhered condition, an epoxy adhesive (3M
Scotch-Weld) was used, which is composed of two parts.
The poorly adhered condition was obtained by using only
one part of the epoxy, causing degradation in the shear and
longitudinal stiffness compared to that of the mixed two-part
epoxy adhesive [13].

Figure 6 shows the envelope of detected signals for each
bonding condition, where the envelope of signal was obtained
by using the Hilbert transform. We can see that the sensor
with the correctly adhered condition produced a significantly
larger output than those with poorer bonding, and thus
proper bonding is very important to ensure the maximum
sensitivity of the MFC patch.
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Figure 5: (a)The signal generated and received byMFC patches. (b)
Overlapping the group velocity with STFT.

3.4. Defect Detection. In order to further verify the perfor-
mance of an MFC Lamb wave actuator sensor system for
defect detection, an artificial defect on the surface of the
specimen was inspected. The defect was a circular groove
with diameter of 20mm, as shown in Figure 7. We used the
pitch-catch method.
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The pitch-catch method can be used to inspect structural
degradation that occurs between the actuator and sensor.The
main performance of the detection is to compare the Lamb
wave’s amplitude and time of flight with a pristine case. Due
to the dispersive characteristics of the Lamb waves, which
are easily influenced by the small changes in the thickness of
plate, this method is suitable to detect variations in thickness.

Three different depths of defects, 0.2mm, 0.4mm, and
0.6mm, were tested. In order for an easy comparison of the
signal amplitude with the baseline, we processed the signals
by using the Hilbert transform, which provides the envelope
of signal. Figure 8 shows the results. With an increasing
of the defect depth, the Lamb wave amplitude decreased

consistently. When the defect depth was 0.2mm, which was
10% of the plate thickness, the amplitude reduction was
relatively small. However, when the defect depthwas 20% and
30% of the plate thickness, the amplitude was substantially
reduced.

4. Conclusions

The feasibility of MFC patch transducers for structural
health monitoring using the Lamb wave was experimentally
demonstrated. For the experiment, a pair ofMFC transducers
was bonded on a 2mm thick aluminum plate specimen. The
Lamb waves were well generated and received by this pair
of transducers, and the Lamb wave modes were identified
by comparing with the theoretical dispersion curves. The
bonding quality affected the actuation and the sensitivity of
the sensing, so correct bonding is required for theMFC patch
to be used for an effective application. Lambwave inspection,
using MFC patch transducer in pitch-catch mode, was also
useful to detect the defect of thickness reduction. A 20%
reduction of thickness was detectable. From these results, we
can conclude that MFC patch transducers can be effectively
used for structural health monitoring using the Lamb waves.
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The length change is negligible and can be attributed to the normal distension of concrete. On the other hand, concrete suffering
from mass loss gives a good indicator about the durability of SCC. Permeability of concrete is an important factor in classifying
its durability generally; concrete with low Permeability will afford better protection of the reinforcement within it than concrete
with high Permeability. In this paper, the assessment of magnesium sulphate (MS) attack on concrete containing various ratios
of the supplementary cementitious materials (SCM) was investigated for concrete containing FA, RHA, and GGBS with cement
replacement levels of 15%, 10%, and 5%, respectively, based on the selected samples from the concrete to the statement of the effect
of magnesium on some of the characteristics of concrete such as compressive strength, height, and weight compared with similar
samples but under laboratory conditions dry and moist water treatment. Test results showed that the SCC content SCM appear to
have higher strength values than those stored in water and air sample; the highest value of mass loss is recorded for the control
mixture compared with concrete content SCM, and the change in length in curing concrete is much less relative to the change for
concrete immersed in MS.

1. Introduction

Theexternal attack of sulphate salts is considered as one of the
major problems affecting concrete durability. Sulphates are
highly soluble salts in the form of sodium sulphate (Na

2
SO
4
),

calcium sulphate (CaSO
4
), potassium sulphate (K

2
SO
4
), and

magnesium sulphate (MgSO
4

). Sulphate attack is a process
in which sulphates react with various phases of hydrated
cement paste leading to deterioration of the concrete matrix
through spalling, softening, andmass loss, whichmay lead to
expansion and loose strength and elasticity. It is recognized as
a complex process due to the effect of numerous controlling
factors [1, 2].

It has been reported that the addition of mineral admix-
tures to concrete would enhance its resistance to sulphate
attack [2]. One of the most promising mineral admixtures
is the rice husk ash (RHA), rice husk is an agricultural
residue from the rice milling process. According to the FAO
annual report of theUnitedNations [3], the annual world rice
production in 2007 was estimated to be 649.7 million tons,

of which the husk constitutes approximately 20wt% thereof.
Burning the husk at the controlled temperature below 800∘
can produce ash with silica mainly in amorphous form [4–
6]. Based on previous studies RHA has not been utilized
yet in the construction industry with the exception of repair
works at the Bowman Dam in northern California’s Sierra
Nevada Mountains, USA; it showed positive results in a dry-
mix shotcrete [7]. The reason for not utilising this material is
probably due to the lack of understanding of the character-
istics of the RHA blended concrete. Many researchers have
already published articles about the properties of the blended
RHA concrete, such as strength and durability; nonetheless,
the effect of RHA on concrete resistance to sulphate attack
with SCC was investigated limitedly.

Fly ash is divided into two classes: Class-F and Class-
C. Class-F fly ash is normally produced from the burning
of anthracite or bituminous coal and has pozzolanic prop-
erties but little or no cementitious properties. Class-C fly
ash is normally produced from the burning of lignite or
subbituminous coal and has some autogenous cementitious
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Table 1: Specific gravity and water absorption of coarse and fine
aggregate.

Aggregate Specific gravity Absorption (%)
Oven-dry SSD Apparent

Granite 2.40 2.61 3.04 1.43
Fine aggregate
(river sand) 2.31 2.39 2.50 2.38

Table 2: Chemical composition of binder materials.

Constituents (wt %) OPC RHA (FA) GGBS
SiO2 16.5 90.55 41.29 35
Fe2O3 3.633 0.91 12.36 0.52
CaO 69.43 1.23 1.0 40
MgO 1.29 0.44 2.62 8
K2O 0.489 5.52 2.49 0.46
SO3 4.23 0.81 3.0 2.09
Al2O3 3.65 0.67 23.59 11.72
LOI 2.14 2.62 6 1.42
Physical properties
Specific surface area (m2/kg) 320 350 570 450
Specific gravity 3.14 2.15 2.6 2.1

properties [8]. However, most fly ashes that are being used in
concrete production are Class-F. The use of fly ash influences
compressive strength, workability, heat of hydration, sulphate
resistance, permeability, and the alkali-silica reaction of
concrete [9].

Ground granulated blast furnace slag (GGBS) is a waste
product in themanufacture of pig iron, in which about 300 kg
of slag is produced for each tonne of pig iron [10]. When
this slag is rapidly quenched and ground, it will possess
latent cementitious properties. After processing, the material
is known as GGBS. The hydraulic properties may vary and
can be separated into grades according to ASTM C989 [11].

The objectives of this paper are to assess and find the
best indicator for concrete deterioration due to accelerated
sulphate attack and to investigate the effect of RHA, FA,
and GGBS on concrete resistance to sulphate attack. The
chemical properties of SCM and control mix using OPC
were investigated. Mixture proportioning was performed to
produce highworkability concrete (600–700mmslumpflow)
with target strength of 40MPa for the controlmixture. A total
of four concrete mixtures were immersed in the MS solution.
The sulphate attack for the concrete specimens was assessed
by the subsequent testing of the changes in the compressive
strength, length, and mass.

2. Constituent Material

2.1. Aggregates. The maximum size of coarse aggregate used
was 14mm.The results of the specific gravity and absorption
for the normal coarse aggregate and normal sand are pre-
sented in Table 1.

2.2. Ordinary Portland Cement. Locally manufactured ordi-
nary Portland cement conforming to MS 522: Part1: 2003
Type1 was used for all mixtures.

2.3. Rice Husk Ash (RHA). The detailed chemical analysis is
summarized in Table 2 for RHA. It contains 87–97% of silica
with small amounts of alkali and other trace elements [12].

2.4. Fly Ash (FA). The replacement of cement by fly ash in
the production of concrete is possible up to 50% [9]. The fly
ash used in this experiment meets the requirement of BS EN
450 : 1995. It was used as 15% replacement of cement, which
leads to an improvement in the strength of concrete to more
than 40MPa as shown in Table 2.

2.5. GroundGranulated Blast Furnace Slag (GGBS). Details of
the chemical analysis are summarized in Table 2 for (GGBS).
The fineness of GGBS is usually greater than 350m2/kg and
occasionally in excess of 500m2/kg; the specific gravity is
2.9 [11]. In this study, the GGBS fineness of 450m2/kg was
used.The rawmaterial forGGBS, raw slag, is usually obtained
from a predetermined steel plant, which ensures the stability
of the raw material. The chemical composition and physical
properties of the binder are illustrated in Table 2.

2.6. Superplasticizer. The superplasticizer used in this study
was (SP-1600). It is an aqueous solution of modified polycar-
boxylate copolymers that meets the requirements of ASTM
C494-86 Type G and BS 5075: Part 3. It facilitates extreme
water reduction, excellent flowability with optimal cohesion,
and strong self-compacting concrete. It did not contain
chlorides or other ingredients that promote steel corrosion.

3. Experimental Programme

In this experiment, four parameters were investigated, SCC
with ordinary Portland cement (OPC), fly ash (FA), rice husk
ash (RHA), and ground granulated blast furnace slag (GGBS).
In the SCCOPC, three mixes with different quantities of
cement were used.

Three percentages were used for the experiments with FA,
RHA, andGGBS.Details of the above-mentioned experimen-
tal work plan are shown in Figure 1.

3.1. Mix Design. The Japanese concept of design of SCC is
based on a method proposed by Okamura and Ozawa [13].
The authors proposed a simple mix-proportioning system
assuming a general supply from ready-mixed concrete plants.
In this paper, the mix design proposed included the follow-
ing.

(1) Coarse aggregate content which was fixed at 45% of
the solid volume.

(2) Fine aggregate content which was fixed at 55% of the
mortar volume.
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Figure 1: Mix proportions of various mixes.

Table 3: Selected mix proportion of SCC with various supplementary material ratios.

Mix. No. W/p % Cement (kg) F.A (kg) C.A (kg) Water (kg) S.P (kg) Pozzolanic materials
(FA,RHA,GGBS)

SCCOPC 0.53 406 895 732 215 2 0
SCCFA (15%) 0.53 349 895 732 201 2 57
SCCRHA (10%) 0.53 368 895 732 201 2 38
SCCGGBS (5%) 0.53 388 895 732 201 2 18
C.A: coarse aggregate, F.A: fine aggregate, SP: superplasticizer.

(3) Water-powder ratio in volume was assumed as 1.2 to
2.0 depending on the properties of the powder and
cement.

(4) Superplasticizer dosage and the final water-powder
ratio were determined so as to ensure the self-
compactability.

Table 3 depicts the properties of the mix proportion and
selected mix proportion of SCC for the final mix.

4. Methodology

A magnesium sulphate hydrate dissolved in water with a
content of 5 wt% was used in the study as a salt. All the
specimens thatwere subjected to sulphate attackwere initially
cured in water for 7 days after remoulding. They were then
immersed in the magnesium sulphate solution. The sulphate
treatment was done in three cycles; each cycle consisted of
30 days of sulphate immersion followed by 7 days of air
drying and tests were conducted at the end of each cycle. The
sulphate solution was replaced every 15 days in each cycle.

The length and mass changes were monitored on three
concrete cube specimens of 100 × 100 × 100mm. For length
change measurements, four readings were taken from each
specimen at the end of each immersion cycle. The average
length was then recorded and the results were expressed as a
percentage with respect to the length changes, with the other
samples left in the curing tank at the same age and during the
drying age.

5. Fresh Concrete Properties

The fresh properties are given in Table 4 for all concrete
mixtures incorporating RHA, FA, and GGBS; no bleeding or
segregation was detected. The fresh density was in the range
of 2280–2440 kg/m3, which characterizes all the relevant
workability aspects and hence each mix was tested with
different method for the different workability parameters.
The slump flow test was used to assess the horizontal free
flow of SCC in the absence of obstructions. Time 𝑇

50 cm is
the secondary indicator of the flow funnel; it indicates the
tendency for segregation, wherein the funnel can be refilled
with concrete and left for 5 minutes to settle. The L-box test
was used to determine the passing ability. The results could
be estimated according to the limits of the standard for SCC
concrete.

6. Results and Discussion

6.1. Comparing the Effect of MS with Curing Condition on
SCC. The results illustrated in Table 5 and Figure 2 explain
the compressive strength between the concrete immersed in
MS and the standard curing of the concrete.The figures show
the improvement of the strength immersed in MS relative to
the strength of curing with water on all concrete mixed with
the SCM products, such as FA, RHA, and GGBS. This can
be attributed to the formation of the expansive ettringite in
the presence of tricalcium aluminate inside the cement paste
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Table 4: Results of workability fresh SCC containing SCM.

Mix.no. V-funnel (sec) T50 (sec) Slump flow (mm) L-BOX % Segregation % J-ring (mm)
SCCOPC 5 4 610 85 4% 10
SCCFA15 7 5 610 89 6% 10
SCCRHA10 9 5 630 81 7% 13
SCCGGBS5 8 6 650 82 15% 15

Table 5: Effect of MS on the strength with curing SCC.

Mix. no.

Compressive strength/MPa
Relative strength % (a/b)Magnesium sulphate (a) Water curing (b)

44 d 81 d 118 d 44 d 81 d 118 d 44 d 81 d 118 d
SCCOPC 42 44 48 40 42 46 1.05 1.05 1.04
SCCFA15 52 53 54 50 52 53 1.04 1.02 1.02
SCCRHA10 51 53 56 41 43 46 1.24 1.23 1.22
SCCGGBS5 52 53 54 47 48 49 1.11 1.10 1.10
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Figure 2: Effect of MS on the strength with curing water SCC.

matrix and the infiltrated SO
4

+ ion, which resulted in filling
the voids, thus increasing the concrete maturity [14].

In this study, it can also be observed from the compressive
strength results that all concrete specimens immersed in MS
up to the third cycle (111d of sulphate exposure) containing
FA exhibited higher values than others types of concrete
containing RHA and GGBS because the SO

4

+ ion contents
in FA are higher than for the RHA and GGBS, which causes
the voids to be filled look better and the strength to develop
quicker, as explained in Table 2.

6.2. Comparison betweenMagnesium Sulphate and Air Drying
Strength SCC. For the values of the compressive strength
for the hardened concrete mixtures immersed in sulphate,
“the control drying specimens” along with the relative com-
pressive strength when tested at the same age are shown in
Table 6. It can be observed that the relative strength of the
concrete immersed in sulphate compared to those air dried
increased with concrete containing SCM, such as FA, RHA,
and GGBS in less time. For example, the relative strength
for the 15 FA mixtures was 16% at the first cycle (37 days of
sulphate exposure). However, in the third cycle (111 days), the
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Figure 3: Effect of change in mass between MS and water curing.

value was reduced to 8%. In addition, the value of the relative
strength also decreased for 10 RHA and 5 GGBS. Because
increase the bindermaterial and need to be treatedwithwater
causing incomplete interaction between the components of
the concrete, causing shrinkage of concrete and thus affected
to the durability of concrete [15].

The effect of the MS attack on the cement paste showed
that specimens immersed in the MgSO

4

solution at room
temperature exhibited a higher compressive strength than
specimen’s air dried for up to 120 days. At later ages, the
adverse effect of sulphate on strength was dominant [15].

6.3. Effect of Magnesium Sulphate on Change in Mass. The
change in mass for the concrete exposures to sulphate up to
118 days compared with the mass stored in water and drying
specimens in the laboratory taken at the same ages is given
in Figures 3 and 7. The results show that the highest value
of mass loss is recorded for the control mixture, which has a
loss of mass at the curing case in the third cycle of display.
In as much as the loss of mass for the 10 RHA, 15 FA and
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Table 6: Effect of MS on the strength with air drying SCC.

Mix. no.

Compressive strength (MPa)
Relative strength %Sulphate solution Air dried

44 d 81 d 118 d 44 d 81 d 118 d 44 d 81 d 118 d
SCCOPC 42 44 48 39 41 44 1.08 1.07 1.09
SCCFA15 52 53 54 45 46 50 1.16 1.15 1.08
SCCRHA10 51 53 56 44 45 49 1.16 1.18 1.14
SCCGGBS5 52 53 54 43 45 47 1.21 1.18 1.15

Table 7: Effect of MS on the mass with air drying SCC.

Mix. no.
Mass (gr)

Magnesium sulphate Air dried Curing water
44 d 81 d 118 d 44 d 81 d 118 d 44 d 81 d 118 d

SCCOPC 2220 2240 2240 2222 2206 2202 2274 2340 2425
SCCFA15 2460 2414 2402 2334 2332 2320 2480 2440 2480
SCCRHA10 2365 2353 2342 2272 2265 2200 2375 2368 2386
SCCGGBS5 2332 2320 2242 2246 2266 2280 2370 2382 2398
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Figure 4: Effect on MS with air dried at SCC containing SCM.
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Figure 6: Length affected by MS and air dried in SCC.

5GGBS were less than the control mix; the RHA blended
cement concrete results in better resistance to sulphate attack;
therefore, the mass loss can be a measure of sulphate attack
due to the gypsum formation. Polviska postulated/reported
that the loss of mass is the best indicator to assess the degree
of deterioration compared to changes in length and strength
[16].

In the drying test, for all mixes the reduction in weight
can be attributed to the formation of gypsum on the concrete
surface which also results in the softening and spalling of
the concrete surface. In addition, the presence of SCM leads
to more shrinkage in FA, GGBS, and RHA, respectively
comparedwith controlmix.The reason it surface area of these
materials and thus leads to reduce the weight (see Figure 4,
Table 7).

The drying shrinkage tends to decrease in SCC since a
very small amount of free water is available in the system.
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Table 8: Length affected by the addition of MS and curing ages at SCC.

Mix. no.
Length at (mm)

Magnesium sulphate Curing age Air dried
44 d 81 d 118 d 44 d 81 d 118 d 44 d 81 d 118 d

SCCOPC 100.400 100.37 100.36 100.46 100.48 100.49 100.40 100.40 100.39
SCCFA 100.36 100.36 100.34 100.37 100.39 100.39 100.38 100.38 100.38
SCCRHA 100.38 100.34 100.34 100.42 100.42 100.46 100.4 100.37 100.39
SCCGGBS 100.39 100.39 100.34 100.42 100.45 100.42 100.40 100.40 100.39

(a) SCCFA (b) SCCRHA

(c) SCCOPC (d) SCCGGBS

Figure 7: Optical observation of the concrete exposed to MS, water and the drying age of SCC containing various SCM.

Also, SCC hasminimum empty voids on the concrete surface
that are largely responsible for drying shrinkage [17].

6.4. Effect of Magnesium Sulphate on Length Change at SCC.
The percentage of expansion for the concrete exposed to
sulphate for up to 118 days comparedwith the length at curing
and drying for the same ages is given in Figures 5 and 6,
respectively. It can be observed that the values of expansion
are low and comparable with the concrete immersed in mag-
nesium sulphate.Thus, concrete expansion may be attributed
to the normal swelling of concrete. Kalousek and Benton [18]

proved experimentally that no correlation exists between the
amount of ettringite precipitated and expansion, and it may
be assumed that ettringite deposits in voids, and, therefore,
exerts very little or no expansion.

The results illustrated in Table 8 and Figure 5 show the
change in the length between the concrete immersed in
magnesium sulphate and concrete stored in water. It is
observable that the change in length in this case is much less
relative to the change for concrete immersed in magnesium
sulphate. The experimental consequences revealed that the
concrete containing SCM grade 40 exhibits less swelling in
the volume of the concrete sample. The reason for the FA,
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RHA, and GGBS mixes is because it closes the voids to look
better than the control mix OPC. This is due to the variation
in the degree of fineness, which causes the expansion to
exhibit different behaviour as the swelling of the concrete is
dependent on the particle size and fineness degree of SCM. It
is generally agreed that shrinkage increases with the increase
in the cement content because this results in a large volume
of hydrated cement paste, which is liable to shrink [10]. In
addition, the changes in the length of concrete through air
drying compared with the concrete immersed in magnesium
sulphate exhibited the same behaviour, as shown in Figure 6.

6.5. Identify Concrete Deterioration due to Sulphate Attack.
Throughout this study, it was possible to evaluate the effect
of sulphate attack on concrete mixes by testing the changes
in strength, height, and mass, in addition to observing the
optical appearance of the test samples, as shown in Figure 7.
It is acknowledged that the best indicator to evaluate the
degradation of concrete is to measure the mass change and
monitor the visual appearance of the test samples. The RHA,
FA, and GGBS mixtures show the pozzolanic reaction which
continues to increase and reduce the infiltration of SO

4

+ ions
within the concrete. Amajor impact to improve the durability
properties of concrete effect in sulphate magnesium, and
shows more accurate in all the mixes by using SCM.

7. Conclusion

The following conclusions can be drawn based on the results
of the current study.

(1) For the third cycle of exposure to sulphate attack,
the concrete SCC contents 15FA, 10RHA, and 5GGBS
appear to have higher strength values than those
stored in water and air sample.

(2) The highest value of mass loss is recorded for the
control mixture, which has reduced the mass at the
curing case at third cycle of exposures. In the drying
test, the mass loss for all mixes is attributed to the
formation of gypsum on the concrete surface in
addition to the presence of SCM, which leads to more
shrinkage and, consequently, a decrease in mass.

(3) The change in length in curing concrete is much less
relative to the change for concrete immersed inMS. In
addition, the change in the length of concrete through
air drying compared with the concrete immersed
in MS exhibited the same behaviour because the
values of expansion are low and comparable. Thus,
concrete containing SCM, such as FA, RHA, and
GGBS, exhibited expansion, which may be attributed
to the normal swelling of concrete with consequent
increase in length.

(4) Generally, adding FA, RHA, and GGBS to SCC
improves its resistance to sulphate attack. Increasing
the SCM fineness will enhance its resistance, which is
due to the increased pozzolanic activity.
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This paper presents the electromechanical characterization of Nafion-Pt microlegs for the development of an insect-like hexapod
BioMicroRobot (BMR). BMR microlegs are built using quasi-cylindrical Nafion-Pt ionomeric polymer-metal composite (IPMC),
which has 2.5 degrees of freedom. The specific manufacturing process using a laser excimer for one leg in three-dimensional
configurations is discussed. Dynamic behavior and microleg characteristics have been measured in deionized water using a laser
vibrometer. The use of the laser vibrometer shows the linear characteristics between the duty cycle of square wave input and
displacement rate of the actuator at multiple frequencies.This linearity is used to design a servo-system in order to reproduce insect
tripod walking. As well, BMR current consumption is an important parameter evaluated for each leg. Current passing throughout
the IPMCmembrane can result in water electrolysis. Four methods are explained for avoiding electrolysis.The hardware test bench
for measurements is presented. The purpose of this design is to control a BMR for biomedical goals such as implantation into a
human body. Experimental results for the proposed propulsion system are conclusive for this type of bioinspired BMR.

1. Introduction

Microrobotic development in submillimeter size has really
appeared with MEMS (Microelectromechanicals systems),
using the MUMP process (Multiuser MEMS processes)
and microfabrication process with excimer laser and LIGA
(Lithographie, Galvanoformung, and Abformung) microfab-
rication technology [1]. Several designers and researchers
in micro- and nanorobotics hope their robots will per-
form biomedical applications. Currently, these robots are in
the early stages of development, and the objectives to be
reached are spread out over several decades [2]. Micro- and
nanorobotics are an important area covering the knowledge
of science and applied science in robotics and microsystems.
Natural law explains that the smaller a living organism is,
the harder it is to kill it. BioMicroRobot is designed with
this simple rule. If the control of micro- and nanotechnology
is possible, it will be also possible to easily help or to kill
living organisms (cancer, bacteria, etc.), as well as organic or
inorganic substances (kidney stones).

Many microactuators are in development for insect-like
microrobot legs, such as bimorph cantilever structures acting

as thermal actuators coupled or not with photonic band gap
(PBG) materials, piezoelectric, electrostatic, magnetostric-
tive, shape memory alloy (SMA) and electroactive polymer
(EAP) such as ionic polymers to name a few [3]. Some
approaches are very interesting, but in biomedical appli-
cations, greater problems involve material biocompatibility.
This constraint limits the use of some inert materials, largely
used in human body like platinum, NiTi (Nitinol), some
stainless steels, ceramic alumina, and some polymers. Mate-
rials from a biological source are interesting for microrobotic
applications. This material should work overall in robot
mission time without degradation, corrosion, or wear in the
chemical environment (enzyme, pH, and under lymphocyte
action). Of course, this material must not be toxic to the host
system [4].

BioMicroRobot (BMR) is amicrorobot used to help living
organisms such as the human body in its metabolism and to
resolve health problems like kidney stones. It can be used to
understand, explore, change, or control biological systems.
BMR with biosensors can replace medical instrumentation
for monitoring and measuring physiological events such as
an in vivo glucose biosensor with hydrogel.
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BMR propulsion needs specific studies considering its
many constraints. In this order of size and magnitude, it
is necessary to study the context of its use and the BMR
environment (aqueous medium, its conductivity and veloc-
ity, ambient temperature, pressure, etc.). Manufacturing is
also an important challenge because of three dimensional
handling of independent microparts. With the power supply
being limited, it is necessary to reduce current consumption
while optimizingmechanical properties of the actuator (force
and velocity).

This paper covers all IPMC actuator parameters to be
optimized for use on a BMR. Based on the choice made for
the design of the microleg, it will be possible to manufacture
it. The first part of the paper presents the chemical and
mechanical manufacturing process of the microleg, which
is critical for good quality and electromechanical properties.
A failure in the procedure and bad handling could damage
actuators and decrease performance. Indeed, metal electrode
distribution particles added at themembrane surface are very
sensitive to the chemical conditions of treatment, impreg-
nation, and reduction. Second, for reducing some disad-
vantaged electromechanicals properties, a detailed model is
carried out. Lastly, this paper recommends a central pattern
generator for locomotion control using the actuator model.
Displacement rate according to pulse width modulation
(PWM) duty cycle and the resonance frequency coupled with
a fluid according to the length is presented. This relationship
will be very important for the design of a bioinspired servo-
system in order to control the BMR like an insect in two- or
three-dimensional environments.

1.1. Previous Work. Microrobot projects coming from Shuxi-
ang Guo’s laboratory are particularly advanced in designing
microrobot with IPMC actuator. Recently, they study the
position accuracy using 8 legged-locomotion using an IPMC
model for onemotion direction (using two electrodes on each
surface) [5]. Also, other studies relates IPMC position control
[6, 7] and in-pipe microrobot [8]. However, these micro-
robots are designed in order tomove along a plane and to float
in suspension without maneuverability in three-dimension.

This paper proposes a BMR similar to an insect with six
microlegs. In order to move the body in a three-dimensional
environment, each leg has tomove in at least three axes (three
degrees of freedom or 3 DOF). Since the robot is limited
in size, power consumption, and manufacturing complexity,
this paper suggests to design a leg which has one axis
of movement coupled with the others two. Therefore, this
configuration is considered as aminimum,which correspond
to 2.5 degrees of freedom motion. This configuration allows
driving the BMR as an insect tripod. However, with a lower
DOF, the use of the push-slip method is also a design option
such as piezoceramic actuation on a plane surface [9], but this
propulsion reduces the application to a rigid surface. Higher
DOF is better when the propulsion surface is deformed and
many obstacles are present. To avoid obstacles, microlegs
must leave the surface, which explained the need for 2.5 DOF
per microleg.

Moreover, the actuator must have sufficient dimensions
to support a microrobot of millimeter-length size. Along

these lines, previous paper was devoted to the manufacturing
process of tubular and fiber IPMC [10, 11]. A clear explanation
on the manufacturing process of the four electrode microlegs
using a laser is provided to allow actuation with several
degrees of freedom. Starting with some samples, it will be
possible to measure the electromechanical characteristics
quantitatively.

1.2. BioMicroRobot Geometry and Design. The BMR micro-
actuator consists of six (6) quasi-cylindrical Nafion-Pt ion-
omeric polymer-metal composites (IPMC), and one tubular
IPMC connected to a micropump enabling thrust vector
control. IPMC has three (3) components: an ion-exchange
membrane (IEM) like the perfluorosulfonic acid polymer,
some cations, and at least two electrodes. Using a 6-legged
locomotion is generally used to improve the stability of the
microrobot during a displacement on a flat surface such as
the cockroach tripod walking. However, some applications
where more complex maneuvers in fluid such as obstacle
avoidance and trajectory following require navigation
in three dimensions enabling swimming capabilities. In
this situation, it would be possible to use a thrust vector
controlled by a tubular IPMC. First, a micropump installed
on the back of the robot pushes the ambient fluid in a tubular
IPMC. The curved tube directs the fluid jet generating a
thrust (force) vector located at the IPMC anchored point
which push microrobot following Newton’s laws of motion.
The use of a micropump is however necessary with the tube,
which still represents a significant technological challenge.
The characterization of this system (micropump, IPMC, and
tubular fluid density) is not a part of this paper.

IEM consists of a cross-linked ionomer matrix with
relatively uniform distribution of ion-active sites (cluster net-
work) throughout the structure. The effects of different types
of cations, electrode-membrane interfacial areas, and surface
electrode resistance on performance are well known [12–14].

Each IPMC component has an effect on the electrome-
chanical characteristics. IPMCworks on two principles. First,
the electroosmosis in the ionomermoves the cation andwater
to the cathode side by the electrostatic force when an electric
field is applied. The osmotic pressure inside the polymer
creates a bending that produces a corresponding displace-
ment [15]. The second principle is the pumping effect of the
cations. It would be the dominant contribution in the case
of hydrophobic cations. It seems that the superposition effect
works with different cation types, such as the ammonium
form and alkali cations [16].

Our BMR design is presented in Figure 1. A vision system
is also currently being evaluated, which is designed like an
echosounder. Since the leg design should move in 2.5 degrees
of freedom, the microleg tip movement could be represented
by Figure 2. The motion of the microleg is composed of
two gait phases: swing phase (recovery phase) and stance
phase (support the weight body). The anterior transition
point (transition from swing to stance) is called the anterior
extreme position (AEP), and the posterior transition point is
called the posterior extreme position (PEP).

This electroactive polymer or IPMC actuator has many
advantages over all others; it has a quick response to low
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(a) (b)

Figure 1: BioMicroRobot geometry using IPMC micropump and six IPMC microlegs.
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Figure 2: Ideal microleg tip movement in 2.5 DOF.

voltage, bends more than 100K times, generates distributive
deformation, has a low weight, can be downsized easily, and
can be used in water [17]. It seems to be safe in the human
body [18] if no water electrolysis is produced. It can be driven
at low voltage, less than 2 volts. However, as described in
Figure 3, we havemeasured a step transient response showing
high instantaneous current consumption with Nafion-Pt and
Lithium counter ion.

Water electrolysis and current consumption are two
major IPMC disadvantages for microrobot applications. In
part of this paper, we will demonstrate how to avoid elec-
trolysis of Nafion-Pt IPMC with Li+. Platinum dissolution is
also an inevitable consequence ofmetal use in the stimulation
regime. Dissolved platinum is toxic in living organisms [19].
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2. Materials and Methods

In previous studies, we have used the tubular Perma Pure
Inc. TT-030 Nafion [10] for the micropump design. Actuator
movement is adjusted to orient the fluid direction. For
a microleg design, the tubular shape generates too small
displacement for this application. In another application,
Nafion tube will be used to create an implantable inductive
coil for BMR telemetry and power supply. In fact, the use of
Nafion N-117 (DuPont) fiber (quasi-cylindrical cross section)
is better for the displacement rate and current consumption
[11]. The size of this new microactuator is about 200 𝜇m
× 200𝜇m. Its length L is about 4,000 𝜇m for the actuator
characterization. Expected final microleg length on the BMR
body is about 1,500 𝜇m.

2.1. IPMC Manufacturing. This method can be done using
any ionomer membrane. Ion exchange membrane (IEM) is
a hydrophilic ionic polymer, which swells up about 10% in
water at room temperature. The membrane N-117 is cut into
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fibers of 187 𝜇m with a sliding microtome LEICA SM 2500.
The speed of microtome blade is set to 0.5mm/second with
an angle of attack set at about −2 degrees. Next, the six fibers
are attached to a homemade support as shown in Figure 4.

The ionomer is cleaned in an ultrasonic water bath
and boiled in HCl and water for about 30 minutes each.
The ionomer is chemically plated with platinum using the
impregnation and reduction (IR) process [20] as shown in
Figure 5. Ion exchange (absorption in Figure 5(a)) and ion
reduction (Figure 5(b)) are repeated up to two times to make
3 𝜇m thick porous platinum layers (Figure 6). Li + cations are
used on all IPMC to obtain faster responses.

2.2. Excimer Laser Process. The electrodes on the tube and
fiber are cut into four sections using an excimer laser process.
The laser beam removes the plated surface in order to form
four sections around the IPMC. These four sections drive
the IPMC in 2.5 degrees of freedom. Figure 7 shows the
micropump propulsion using tubular IPMC while Figure 8
represents one microleg. Both Figures are resulting from the

laser process. This configuration around the IPMC should
allow eight directions of motion labeled as S

1
to S
8
. This

technical process is also used to build up the BMR body and
induction coil for the power supply.

2.3. Hardware Test Bench. In order to obtain the dynamic
behavior ofmicrolegs under electrical solicitation, a scanning
laser vibrometer is used to measure the tip (free end) speed
of displacement as a function of both frequency and the
electrical current induced. The effect of microleg length on
the first vibration mode is also inspected in a fluid.

The beam formed by the actuator is clamped at one
end and is acting freely in 18MΩ deionized water at room
temperature (Figure 9). The laser beam goes through an
optical window and reaches the microleg perpendicular to
its neutral plane. Refraction of light has not been taken into
account in the related measurements.

The applied voltage is a periodic PWM signal pro-
grammed as an arbitrary waveform generator-like model
HP33120A. The waveform consists of a 1024-point signal
where half the points form a positive PWM and the other
half a negative one. Instantaneous speed was measured at the
tip of the actuator and stored for all duty cycles used in the
PWM signals of the waveform.Thewaveform has a 3V peak-
to-peak and is applied at 10 and 20Hz.

The current is measured using two types of instruments.
The first type is a current probe thatmeasures the electromag-
netic field around the cable (Tektronix P6042). The second
type is a transimpedance amplifier (with gain set at 100 using
the resistor) placed in serial with H-Bridge MOSFET and
IPMC. The isolation circuit using H-bridge MOSFET for
the stimulus circuit is placed to drive opposite electrodes on
IPMCmicrolegs.This circuit is used with themicrocontroller
parallel output port to drive all six microlegs and one vector
control propulsion (this represents a total of 28 electrodes).

These measurements were done far away from the first
resonance of the mechanical system: a modal analysis of
the microleg using a randomly applied voltage and scan-
ning capability of the vibrometer revealed an initial natural
frequency of 180Hz. This frequency takes into account the
coupling between the fluid and the structure.

3. Microleg Model

Our previous paper demonstrates three-dimensional micro-
leg movements with mathematical equations and simulation
for the actual electrode configuration [10, 11]. Two voltage
amplitudes were simulated. This section presents all results
for the frequency response and includes theoretical explana-
tions and an analysis of each result.

3.1. Analog Electrical Stimulus. Microlegs will be driven by a
voltage-controlledCMOS technology. It is important to know
these stimulation effects on the current consumption at any
frequency.

The current transient step response shows amajor current
peak that decreases rapidly (Figure 3). A negative peak is also
produced when the square wave stimulus return to zero.This
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phenomenon is explained by a serial resistance-capacitance
(2𝑅
𝑠
+ 𝐶dl) network introduced via the electrode-electrolyte

interface (Figure 10).
Capacitance is due to double-layer capacitance 𝐶dl. If the

voltage is increased, 𝐶dl increases until the electron transfer
occurs at the electrode/solution interface. The continuous
current remains in steady state, which shows a nonlinear
resistive element 𝑅

𝐹
through the IPMC parallel to RC net-

work [21]. This reaction was analyzed previously for different
IPMC and cations types [22]. Normally, electroneutrality
is maintained across the interphase, but it may be leaky,
allowing some faradic current to flow across it, explained
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Figure 8: Square section of the microleg.

by faradic resistance 𝑅
𝐹
. 𝑅
𝐹
may behave as simple ohmic

resistance, but it also can be a hyperbolic or an exponential
function of potential, depending on the range of overpoten-
tial considered. 𝐶dl also is a complex function of potential,
although it may not vary as much as 𝑅

𝐹
[23].

Analysis of microleg electromechanical characteristics
does not need to include an analysis of Warburg impedance
and absorbing pseudocapacitance due to the limitation of
mass transport by the diffusion and transfer process of charge.
However, it is important to note that Warburg impedance
adds a constant phase of −90∘ between current and voltage,
which may influence transient or frequency analysis as seen
in Figure 11(b). Only 𝐶dl is treated as pure capacitance, in the
physical sense.

Electrode surface resistance, 𝑅
𝑆𝑆
, can be represented and

explained by low conductivity, insufficient electrode thick-
ness, microscopic cracks and the heterogeneous deposition
of metal particles. The cyclic deformations in traction and
contraction during cyclic movement of the IPMC can cause
fatigue and an increase in this resistance [24, 25].Thenetwork
𝑅
𝐹
//(2𝑅
𝑆
+ 𝐶dl) is an approximation of the proposed model.

In steady state, two regions have been defined for the
microleg: the linear zone below the decomposition voltage
(sum of metal overpotential used as the electrodes and stan-
dard equilibrium potential or standard electrode potential)
and nonlinear exponential zone above decomposition voltage
(Figure 12).

The frequency response shows interesting particularity.
Measurements are taken using the sinusoid 2Vpeak-to-peak.
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The current amplitude response has a gain of −10 dB/decade
between 5 and 100Hz and cut-off frequency near 45Hz.
As well, linear characteristics are associated with the phase
frequency response.

This characteristic shows that current is out of phase from
voltages between −100∘ and −180∘. It can be explained by
the presence of absorbing pseudocapacitance and Warburg
impedance.

3.2. Mechanical Displacement Analysis with PWM. Analysis
carried out until now does not make it possible to control
the IPMC bending angle using CMOS technology. RISC
microcontroller architecture does not support analog output
at the 8-bit parallel port [26]. Adding a digital-to-analog
converter (D/A) is a cumbersome solution for MEMS and/or
microproduction. Although the IPMCmicroleg can be mod-
eled using a R//RC network, the use of PWMmodulation can
adjust the quadratic mean of the electric tension 𝑉RMS. Next,
the bending angle can be controlled if a relationship exists
between the IPMC bending angle and PWM duty cycle.

However, the first step is to check whether a certain
dependence or correlation exists between the duration of
PWM impulse and microleg displacement. The scanning

laser vibrometer cannot directly measure displacement,
because it can only analyze dynamic structure. Therefore, it
is necessary to study the dynamic behavior in a cantilevered
beam configuration, that is, microleg tip displacement rate
function of the PWM duty cycle. The waveform generator
provided with scanning laser vibrometer requires program-
ming the desired signal.

For the experiments, the IPMC is supplied periodically
on each one of its electrodes. This periodic signal vibrates
the structure within two degrees of freedom. This implies
the periodic generation of the standardized signal. Param-
eter adjustment (frequency of the signal and the voltage
amplitude) on the standardized signal makes it possible to
obtain excitation signals used for the experiments.The signal
is adjusted with a value of a 6-volt peak-to-peak for two
frequencies: 10 and 20Hz.

Figure 13 shows the tip microleg displacement rate in a
cantilevered beam configuration for 10Hz and 20Hz for the
odd PWM duty cycle. Figure 14 shows a mean maximum
speed for each PWM duty cycle over the 30 measurements
taken from data as found in Figure 13. Experimental results
may be expressed as linear characteristics. The next analysis
shows the degree of correlation between the mean maximum
speed movement and PWM duty cycle.

The correlation coefficient 𝑟 calculation provides an
estimate of the correlation degree between two random
variables of even population. The value obtained for 𝑟 must
be checked to ensure that it does not differ significantly
from 0, which probably indicates a linear absence of the
correlation between the variables observed. A significance
threshold of 0.05 and a population of ten (10) samples for
the mean maximum are used for the analysis. The variation
of vibration function of frequency is distributed according
to Student Law (bilateral case) with 8 degrees of freedom.
Since the value of 𝑟2 is high (0.982 and 0.986), as shown in
Figure 14, the straight line adjustment at the experimental
points is a good quality. It is obvious that this study cannot
show cause-to-effect between the two variables. However,
predictable actuatormechanical and physical behaviorsmake
it possible to validate that there is a cause-to-effect between
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Figure 12: Steady state current function of voltage in (a) linear and (b) nonlinear regions.

the two independent variables: the variations of one variable
involve the variations of the other without an unspecified
attribution of an external common cause variation.

3.3. Frequency Analysis Using FFT. Starting from these
results, it is possible to investigate more IPMC properties in
the frequency domain. A structure of this type has particular
modes of resonance that can be used in the propulsion of the
robot as a strategy for reaching optimal motion. It was shown
that IPMC dimensions vary its natural frequency: the natural
frequency decreases when its length increases in a similar way
to a cantilever beam [27].

The distributed systems have an infinite number of
degrees of freedom and natural frequencies. Each natural
frequency has a single mode, which is known to be like a
normal function. A transitory vibration forced or in a steady
operation will generally excite several or all the frequencies

and modes in combination.The clear response in a point can
be expressed in their terms according to the superposition
principle. The first mode is that associated with the weakest
frequency [28]. The use of the first vibration mode will be
probably advantageous for moving the robot at its optimal
speed in terms of current consumption versus velocity. Thus,
it is necessary to theoretically and experimentally analyze the
IPMC first modes in the cantilever beam configuration.

In the case of the IPMC microleg, free end tip mass
is negligible. Next, the resolution of theoretical equation
provides all the proper frequency 𝑓

𝑛
using [29]

𝑓
𝑛
=
1

2𝜋

𝑘2
𝑛

𝐿2
√
𝐸𝐼

𝜌𝑆
, 𝑆 = 2𝑙ℎ, (1)

where 𝐿 is the IPMC length, 𝑙ℎ product is the IPMC cross
section (0.2mm × 0.2mm), 𝐼 is the inertia, and 𝐸 the Young
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Figure 13: Tip microleg displacement rate in function of multiple PWM duty cycle at PWM period of (a) 10Hz and (b) 20Hz.
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modulus. 𝑘
𝑛
comes from the resolution of characteristic

equation:

1 + cos (𝑘
𝑛
) cosh (𝑘

𝑛
) = 0. (2)

However, this equation is not valid within the water
environment. It is necessary to consider the behavior of
a fluid-structure coupled system. In general, it should be
checked whether the fluid is incompressible. In this case, the
effect of fluid is then purely inertial. Using the representation
of added mass makes, it possible to find a simple formula to

evaluate the natural frequency of the coupled system. When
the structure vibrates in water, it induces water acceleration,
producing an additional force on the structure, in addition
to the force of trail fluidic-dynamics. This added force can be
suitably modeled as the product of hypothetical water mass
and structure acceleration. This implies that the structure
in water vibrates at a natural frequency weaker than the
frequency in a vacuum. By replacing inertial 𝐼 of a circle of
radius 𝑎 and its surface 𝑆 in (1) of the eigen frequencies 𝑓

𝑛
,

the result is given by

𝐼 =
𝜋(2𝑎)4

64
=
𝜋(𝑎)4

4
,

𝑆 = 𝜋𝑎2,

𝑓
𝑛
=
1

2𝜋

𝑎𝑘2
𝑛

2𝐿2
√
𝐸

𝜌
.

(3)

The equation describing a vibrating beam in water should
comprise both the structure density of the beam described in
(1) and that of water, which corresponds to a coupled system
in density. The coefficient of added mass 𝐶

𝑚
defined as the

ratio of the addedmass to that of watermoved by the cylinder
makes it possible to couple the structure withwater according
to

𝑓
𝑛
=
1

2𝜋

𝑎𝑘2
𝑛

2𝐿2
√
𝐸

(𝜌
𝑐
+ 𝐶
𝑚
𝜌
𝑤
)
. (4)

A simulation of (3) and (4) is shown in Figure 15. To
prove this theory, modal analysis was carried out with the
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scanning laser vibrometer using a pseudorandom excitation
voltage (Gaussian white noise) of 6V peak-to-peak. This
analysis makes it possible to find the first mode vibrating
frequency 𝐹

𝑟1
at about 180Hz for a 4-millimeter microleg

length (Figure 16). This frequency takes into account the
coupling between heavy fluid (deionized water) and the
structure. A digital simulation is used to find a frequency
close to that found with the laser. Moreover, it is interesting
to compare the tension/current cut-off frequency (about
45Hz from Figure 11(a)) with the maximum frequency 𝐹MAX
at about 50Hz. Note that frequency response fluctuates
according to the applied voltage and according to resistance
𝑅
𝐹
and capacitance 𝐶dl values.

4. Water Electrolysis

Many other IEMmembranes can be used for this experiment,
such as Flemion or Aciplex. Flemion-Au IPMC, with its den-
drite inside ionomer, is known to have a higher ion exchange
capacity, higher surface electrical conductivity, higher hydra-
tion capacity, and higher longitudinal rigidity than Nafion-
Pt. These conclusions provide Flemion-Au with a better
curvature angle for the same applied voltage without relax-
ation [30]. Gold can be also envisaged given its advantages:
stable in acid, ductile, good electrical conductor, and less
reactive in electrochemical reactions [31, 32]. Gold has also an
overpotential higher than Pt. It allows using higher voltages
to produce bending curvature without water electrolysis.

This section presents different ways to avoid water elec-
trolysis. Currently, cation type and electrode metal have
demonstrated some useful characteristics for avoiding back-
relaxation when stimulus is applied and for avoiding water
electrolysis. First, an overview of cation and electrode charac-
teristics is presented. Second, a new way to avoid electrolysis
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is introduced with signal waveform and frequency applied as
the stimulus.

4.1. Cation Type. Cations can be divided into three classes:
𝐴, 𝐵, and 𝐶. These classes are categorized by water ionic
conductivity and water state inside IEM. The 𝐴 class
contains small hydrophilic alkali and some alkaline-earth
metal (Li+, Cu2+, Na+, K+, Rb+, and Cs+). The 𝐵 class is
formed by hydrophobic alkyl ammonium ions ((CH

3
)
4
N+,

(C
2
H
5
)
4
N+, NH

4−𝑚
(CH
3
)
𝑚

+, and NH
4−𝑚
(C
2
H
5
)
𝑚

+). Lastly,
class 𝐶 includes the large hydrophobic cations, such as TBA
(tetrabutylammonium+) and TPrA (tetrapropylammonium)
[33].

Water displacement volume inside polymers causes con-
tractions and dilations, which involves asymmetrical pressure
distribution.Thus, internal stresses produce temporary poly-
mer deformation. For small cations, like Li+, the displace-
ment response is fast. However, if tension is maintained, the
polymer will not keep its shape with a Nafion-Pt composite
[22]. From another perspective, for bulkier cations, like tetra-
n-butylammonium+ (TBA), the response is slower, but there
will be a little relaxing. The relaxation time depends on the
water leakage in the polymer interstices.

Relaxation probably occurs since the cations transport
more water molecules than there should be in an equilibrium
state. Relaxation will finish when equilibrium has been
reached between the osmotic water pressure (dilution of the
ions types) induced by electrical voltage, interfacial polymer-
solvent, and polymer internal elastic energy (limitation of
polymer chain elongation) [34]. No further relaxation is
observed with TBA cation type. It can be caused by the
possibility that the cations block the channels and prevent
water leakage or by the possibility that the concentration of
cations requires more water than it moved. No relaxation
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occurs with Flemion-Au IPMC for all cation types. Instead,
the displacement rate drops without moving back [22].

If ammonium size increases, IPMCdisplacement rate will
go down, because of the slower molecule mobility inside the
ionomer. However, the IPMC curving angle will be more
pronounced, and relaxation by water leakage will decrease
gradually. Moreover, ammonium’s slower mobility eliminates
electrochemical reactions like water electrolysis [35].

4.2. Electrode Characteristics. Electrode polarization, by elec-
trical current, should alter half-cell potential. Half-cell vari-
ation (difference between observed half-cell potential and
equilibrium zero current half-cell potential) is known as over-
potential. The element chosen for electrode composition is
directly associated with IPMC performance such as ductility
and electrical conductivity. Electrodes must be also stable
in electrochemical reactions like noble metals. Of course,
overpotential should be very large for a higher decomposition
potential. This section explains the effects of overpotential.

Electrodes made with noble metal, such as platinum
and gold, have a behavior similar to perfectly polarizable
electrodes. Both platinum and palladium have extremely
small overpotentials for hydrogen evolution. Gold has a
significantly larger overpotential. As well, gold does not
appreciably absorb hydrogen, and this factor together with
its larger overpotential for hydrogen evolution makes gold
the metal of choice [21]. Such a relatively inert electrode is
difficult to oxidize and dissolve. The best reaction for IPMC
is characterized by a displacement current (no actual charge
crosses the electrode-electrolyte interface) and the electrode
behaves as though itwere a capacitor. In this case, themajority
of the overpotential is a result of concentration overpotential
(ion concentration variation at the interface) [36].

Frequency and waveform have a direct influence on ion
mobility inside IEM. The next section explains frequency
and waveform influence on the displacement current at the
interface to approach IPMC behavior as a capacitor without
a resistive element.

4.3. Frequency andWaveform. Visual observations of micro-
leg displacement show that the movement is greater in the
nonlinear region. This result is not interesting for many
biomedical applications. However, it is possible to drive the
microleg with a charge-balanced waveform.

Control of the charge density and charge balance are
essential for avoiding electrolysis and to provide a chemically
reversible reaction (or safe stimulation). Waveforms can be
symmetrical or asymmetrical. Symmetrical refers to biphasic
stimuli in which the magnitude of the current density in the
first pulse of the biphasic pair is the same as in the second
pulse. The use of biphasic stimulus waveforms with zero net
charge flow does not guarantee that toxic electrochemical
reaction products will not be produced [37].

Considering the IPMC electrical model, a minimum
frequency is necessary for eliminating water electrolysis. The
electrochemical technique of cyclic voltammetry can delin-
eate an operational potential window between hydrogen and
oxygen evolution.This technique is applied to findminimum

frequency of symmetrical stimuli because water electrolysis
decreases thermodynamic efficiency and consumes power.

Figure 17 shows three hysteresis curves for the frequency
10, 30, and 180Hz. Signal amplitude applied to system is 5V
peak-to-peak in order to produce water electrolysis. To read
current amplitude, divide Δ𝑌, on this figure, by 100, which
is the transimpedance amplifier gain. Water electrolysis is
shown by concave form at two hysteresis extremity. It is clear
that increasing frequency decreases power consumption and
eliminates water electrolysis.

A study could be carried out to characterize themechani-
cal reactions during stimulationwith a current source instead
of a voltage source. The use of a current source would make
it possible to control the quantity of charge flow injected by
varying amplitude and/or the width of the pulse phase with
any IPMC impedance. Maximum charge density being able
to be injected is according to the surface of the electrodes.

5. Locomotion Model and Control

Avery special designwill be developed and explained to allow
BMR to move in all directions within the constraints of the
actuators and the eight-bit parallel port of themicrocontroller
[26]. In this vein, the first part of this section is devoted to the
study of the dynamics of an insect gait. This study highlights
the main parameters to be considered in order to operate
the microleg. Among other things, the types of locomotion
are covered. The type of locomotion is important because it
depends on the speed of the insect and hardware constraints
of the microcontroller. The analysis of the movement of the
leg and themovement of an insectwith six legs, like ants, leads
the design of the control system. It will also be necessary to
understand the functioning of the physiognomic locomotion
in the central nervous system for a robust adaptive algorithm.

5.1. Insect Locomotion. At this time,manyworks have studied
the decentralized and central control systems involved in
locomotion.The combination of behavioral and electrophysi-
ological experimental data shows that locomotion is the result
of both central and decentralized mechanisms [38]. This
implied that each leg has an autonomous sensitive element
controlled independently.

The RISCmicrocontroller architecture used in this appli-
cation has only one eight-bit parallel port [26]. This strong
internal constraint only lets us use the central control. In fact,
decentralized locomotion control would require a 28-output
bits on one parallel port (6 legs × 4 electrodes per leg, plus the
micropump using thrust vectoring control) from the micro-
controller to drive each BMR leg independently without
sensitive input and reflex. Next, this paper is based essentially
on central systems. With this bus width, a simple neural
network architecture called Walknet, a biologically inspired
network for controlling six-legged walking, can be used from
a cellular nonlinear approach [39, 40]. The central command
developed here coordinates BMR movements with a higher
stereotypy and less adaptivity. A feedback loop acts as a reflex
to adjust the leg displacement. This reflex can move one leg
to another position to avoid or to climb over an obstacle.
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5.2. Hexapod Insect Walking. The cyclic movement of a
walking leg consists of two parts (shown in Figure 18), the
power stroke (PS, also stance or support phase that propels
the body) and the return stroke (RS, also swing or recovery
phase).

The anterior transition point (transition from swing to
stance) is called the anterior extreme position (AEP), and
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Figure 19: Top view of microrobot. Two legs groups (A, B) must be
used. The tripod of support is represented by the dash triangle.

the posterior transition point is called the posterior extreme
position (PEP). The most critical point to maintain the
robot’s stability is the transition from PS to RS [41]. Next, an
interesting location for the feedback sensor could be used to
detect PEP movement.

Two conditions must be met to maintain the robot’s
stability during all locomotion phases. The center of gravity
of the body must lie within the triangle of support as shown
in Figure 19. As well, three feetsmust always be on the ground
simultaneously.The body is supported alternatively, for equal
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Figure 20: (a) Checkerboard Turing pattern corresponding to tripod gait locomotion. (b) Insect fast-gait pattern. (c) Insect swimming
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The stabilitymargin is defined as the shortest distance (𝑑
1
,

𝑑
2
, and 𝑑

3
) from the center ofmass to the edge of the tripod of

support. Many insects closely conform to this pattern when
moving quite rapidly [42, 43]. Twomain strategies are known
to allow the insect to turn: increasing step frequency or step
length of legs on one side of the body versus the other [44].

5.3. Central-Pattern Generator Paradigm. The central ner-
vous system (CNS) must produce specific patterns of motor
neuron impulses during coordinate locomotion or move-
ment. The central hypothesis purports that rhythmic move-
ments or basic motor programs in walking are driven by
the central-pattern generator (CPG) located in the CNS. The

CPG includes subnetworks of command neurons (CNs) and
local pattern generating neurons (LPGNs). The neurons of
LPGN are called motoneurons (flexors and extensors neu-
rons) [45, 46]. The impulse in nerve membrane is modeled
using the nonlinear reaction-diffusion partial differential
equation (RD-PDE), which can be represented by autowaves
with cellular neural networks (CNN). Its capacity to generate
plateau potentials or oscillations is a key issue for rhythm
generation, but also for driving the transition among various
types of locomotion like walking, running, and swimming
[47].

Taking into consideration the biological aspects of loco-
motion, reaction-diffusion CNN (RD-CNN) is made up of
two parts: one is devoted to generating autowaves (Figures
20(b) and 20(c)) and the other is responsible for specific
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types of locomotion obtainedwith a stable checkerboard Tur-
ing pattern configuration (Figure 20(a)) [48]. Multitemplate
approach (MTA) is an extension of the model used in RD-
CNN-based hexapod robot. CPG implementation is based

on the principle that the same group of neural cells can be
reorganized by changing the synaptic connection [49].

For implementation purposes, CNN can be classified as
continuous-time (CT) [50] and discrete-time (DT) models
[51]. CNN is composed of basic nonlinear dynamic circuits
known as a cell, where each unit is connected only as a
set of adjacent cell neighbors to form an array 𝑀 × 𝑁. In
this way, the 3 × 3 checkerboard Turing pattern needs a 1-
neighborhood (Figure 22(b)). The CNN structure can form
in any dimensions, but, in our application, we need only two-
dimensional arrays to reproduce autowaves for the tripod
locomotion pattern.

An analogically programmable CNN in CMOS technol-
ogy is reported with MOS transistor. This implementation is
based on operational transconductance differential amplifier
(OTA) stage. The cell resistor is approximated by the MOS
transistor and its current-voltage relationship is nonlinear
[52]. Moreover, digital architecture for the discrete-time
CNN based on the combination of bit-serial computation of
distributed arithmetic (DA) is presented. The system using
DA has some advantages over all others: small memory size,
shared memory contents, and reduced bus width. It can be
implemented on an FPGA chip for reconfigurability, and a
digital CMOS VLSI chip for high integration. The digital
approach has the advantage of simplicity and expandability
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compared with the analog approaches, but the disadvantages
of hardware complexity and bus width [53].

6. CMOS DT-CNN Implementation

The whole system has been designed on BMR as follows
[54]. The proposed design is a simplified version of the
CPG (Figure 21). This design corresponds to the fact that
in most CPGs, the majority of interconnections between
neurons are inhibitory [46]. The output saturation of the
activation function corresponds to the maximum IPMC
actuation (bending angle).

The CPG CNN structure shown in Figure 21 is built
for the insect tripod gait. Each population of neurons is
connected to a group of legs (A or B). Thus, the first one
controls the first tripod (L

1
R
2
L
3
) and the second controls the

other tripod (R
1
L
2
R
3
). This pair of mutually inhibited cells,

with a suitable choice of the synaptic weights, is characterized
by an antiphase synchronization of the activities of the
two cells. The cells are implemented on FPGA using DA
(Figure 22) with the architecture proposed in [54].

Eachmemory contains only the partial products for three
coefficients. This configuration reduces storage by 95% in the
direct implementation.The accumulator in DA performs add
and shift operations.

7. Control System

The BMR body is the support for the current microlegs. The
leg configuration on the body is an important consideration
for driving the robot in any direction (Figure 23). In partic-
ular, the electrical configuration of the connections shown
in Figure 23(b) of the legs is designed so as to produce a
walking pattern. Experimental results show that the half-
period of stance does not need any power consumption,
while the other legs are in swing period (maximal current
consumption). IPMC elasticity propels the BMR body. The

Bits

F

F

RLRL RL

Figure 25: BMR possible direction control by PWMmodulation.

bending angle decreases or increases the stance, and the
swing time produces the BMR turn.

DT-CNN architecture for CPG has been included in the
previous BMR control system to improve adaptability to this
environment.TheDT-CNNmodule controls themoore finite
state machine (FSM) with GA and GB bits, the two tripod
groups. DT-CNN has two inputs and five outputs. FSM is
designed with eight states, and the output is controlled by the
PWM as depicted in Figure 24. The MSB bits, R (right) and
L (left), control the PWMwidth, while the ten bits, including
LSB 𝛼 bits, are proportional to the bending angle of the fiber
IPMC actuator.

The BMRwill move forward when R and L are set to zero.
PWM width will be the same for the left and right legs as
shown in Figure 25. In addition, it can turn the same way as
an insect when the width of the PWM is changed for the left
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or right legs. Only three bits, stored in the microcontroller
LEG register, are used to control the direction of the robot.
Only these bits can be modified by user algorithms.

The overall system is coded as a driver in VHDL and is
tested on FPGA. Currently, the PWM period is fixed in the
PWMmodule. Experimental results show that a frequency of
763Hz and 24Hz for PWM and FSM, respectively, can drive
one BMR leg. A half-period of stance is calculated at about
0.042 seconds (maximum bending to relaxation position).
Figure 26 shows the FSM signal from the FPGA and current
consumption with timing parameters. In future work, the
module will be included in the microcontroller.

8. Conclusion

Microleg fabrication is an important challenge. It requires
microscopic handling and specific instrumentation. Also, a
failure in the procedure and a bad handling could damage the
IPMC surface. Indeed, the distribution of the metal particles
added on the IEM is very sensitive to the conditions of treat-
ment, impregnation, and reduction. Microleg dimensions,
according to the new manufacturing process worked out in
this paper, make it possible to carry out a millimeter-size
microrobot. Furthermore, the configuration of the electrodes
confers 2,5 degrees of freedom. Thus, a hexapod robot will
have 15 degrees of freedom unlike insects, which have at least
18 degrees of freedom. Using amicropumpwith a trust vector
control improves maneuverability of the BMR.

Thereafter, several essential IPMC physical properties
were given to drive 15 DOF hexapod BioMicroRobots. To
measure these characteristics adequately, a very particular
assembly was carried out. Inter alia, it was possible to show,
without any doubt and using a laser vibrometer, that there is a
linear relationship between the IPMC displacement rate and
PWMreport/ratio of cycle (duty cycle). It was also possible to
measure the resonance frequency coupled with a heavy fluid.
The minimum frequency for eliminating water electrolysis
when the voltage is higher than the decomposition potential
was also studied. The four methods for reducing water
electrolysis explained in this paper are as follows:

(1) Using alkyl ammonium like TBA allow decreasing
electrolysis and the relaxation effect with the Nafion
membrane;

(2) keeping frequency higher than 30Hz, the limit of
molecule diffusion through the electrode membrane;

(3) obtaining a high overpotential with better electrodes
or keeping applied voltage lower than the decompo-
sition potential;

(4) using bipolar current source to control the charge
density and charge balance injected inside IPMC. It
may be done by active and passive waveforms for the
two phases of asymmetrical biphasic stimuli.

The evidence of linearity between the PWMdisplacement
rate and the PWM duty cycle is a relationship, which will be
very important for controlling the BMR in all directions like
an insect. Moreover, the electromechanical characteristics
provided in this paper will allow developing a controlmethod
for each microleg. In effect, power consumption and leg
degree of freedom numbers are two of the many restrictive
characteristics to be observed at the time of system design for
autonomous robots.

Obviously, other interesting applications can benefit from
the process, which will be developed. It is possible to envisage
active electrodes for the mechanical stimulation in human
implant prostheses. Indeed, these electrodes could stimulate
the sensitive receivers not only electrically, but also mechan-
ically.

Lastly, a new artificial locomotion servo-system with
discrete time cellular neural networks (DT-CNN) has been
developed for a bioinspired hexapod BMR. Using a state
machine and PWM modulation to drive the actuators, the
robot can move in any direction similarly to an insect. An
overview of the robot central pattern generator (CPG) in
accordance with the insect displacement principle has been
demonstrated. MTA is used to perform a particular loco-
motion type with autowave generation. The control system
can be structured as a digital control system done by CNNs
generating the tripod locomotion pattern. Leg displacement
is controlled by CPG as a function of the reflex sensor and the
user algorithm in the microcontroller.
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cellular nonlinear approach to decentralized locomotion con-
trol of the stick insect,” in Proceedings of the IEEE International
Symposium on Circuits and Systems, pp. IV-165–IV-168, May
2002.

[41] H. Cruse, “What mechanisms coordinate leg movement in
walking arthropods?” Trends in Neurosciences, vol. 13, no. 1, pp.
15–21, 1990.

[42] J. Gray, Animal Locomotion, Great Britain, London and Beccles,
edited by R. Carrington, TheWorld Naturalist, 1968.

[43] L. H. Ting, R. Blickhan, and R. J. Full, “Dynamic and static
stability in hexapedal runners,” Journal of Experimental Biology,
vol. 197, pp. 251–269, 1994.

[44] D. L. Jindrich and R. J. Full, “Many-legged maneuverability:
dynamics of turning in hexapods,” Journal of Experimental
Biology, vol. 202, no. 12, pp. 1603–1623, 1999.

[45] P. S. Stein, “Motor systems, with specific reference to the control
of locomotion,”Annual Review of Neuroscience, vol. 1, pp. 61–81,
1978.

[46] K. G. Pearson, “Common principles of motor control in
vertebrates and invertebrates,” Annual Review of Neuroscience,
vol. 16, pp. 265–297, 1993.

[47] P. Arena and L. Fortuna, “Reaction-diffusion CNN algorithms
to generate and control artificial locomotion,” IEEE Transac-
tions on Circuits and Systems I, vol. 46, no. 2, pp. 253–260, 1999.

[48] P. Arena, L. Fortuna, and M. Branciforte, “Realization of a
reaction-diffusion CNN algorithm for locomotion control in a
hexapode robot,” Journal of VLSI Signal Processing Systems for
Signal, Image, and Video Technology, vol. 23, no. 2, pp. 267–280,
1999.

[49] P. Arena, L. Fortuna, M. Frasca, and C. Marchese, “Multi-
Template Approach to artificial locomotion control,” in Pro-
ceedings of the IEEE International Symposium on Circuits and
Systems (ISCAS ’01), vol. 2, pp. 37–40, May 2001.

[50] L.O.Chua andL. Yang, “Cellular neural networks: theory,” IEEE
Transactions on Circuits and Systems, vol. 35, no. 10, pp. 1257–
1272, 1988.

[51] A. Rodriguez-Vazquez, S. Espejo, R. Dominguez-Castro, J. L.
Huertas, and E. Sanchez-Sinencio, “Current-mode techniques
for the implementation of continuous- and discrete-time cellu-
lar neural networks,” IEEE Transactions on Circuits and Systems
II, vol. 40, no. 3, pp. 132–146, 1993.

[52] G. F. D. Betta, S. Graffi, Z. M. Kovacs, and G. Masetti, “CMOS
implementation of an analogically programmable cellular neu-
ral network,” IEEE Transactions on Circuits and Systems II, vol.
40, no. 3, pp. 206–215, 1993.

[53] S. Park, J. Lim, and S. Chae, “Digital implementation of discrete-
time cellular neural networks with distributed arithmetic,” in
Proceedings of the IEEE International Conference on Neural
Networks, vol. 2, pp. 959–963, June 1997.

[54] P. Arena, L. Fortuna, andM. Frasca, “Attitude control in walking
hexapod robots: an analogic spatio-temporal approach,” Inter-
national Journal of Circuit Theory and Applications, vol. 30, no.
2-3, pp. 349–362, 2002.




