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Abstract

In this paper, we study the effects of various doping elements (Aluminum, Cerium or Europium) with different
contents and of heat-treatiment on the structural properties of TiO: nano-crystalline powders. The sol-gel technique was
used to prepare the doped and undoped TiO: powders. The structures of the obtained samples were investigated using
Raman spectroscopy, which allowed to monitor the formation of anatase and rutile crystalline phases as a function of the
annealing temperature. We have shown that all the doping elements contribute to stabilize anatase phase at high
calcination temperature. Furthermore, doping with Europium was found to be the most efficient anatase phase stabilizer.
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1. Introduction

Recently, TiO. powders doped with diverse
elements have been investigated for many applications,
among which photocatalytic activity is the most
important [1-6]. For instance, TiO. powders doped with
cerium were analysed for photocatalytic activity [7-9]. As
another example, nano-powders of Aluminum-doped
Ti0O. were used to make thick films-based gas sensors
exhibiting a good selectivity and sensitivity to CO and O.
gases. These Al-doped TiO. powders showed stable
anatase phase up to 800°C [10]. Besides, the properties
of T1O. nanoparticles doped with Europium have been
studied for optical applications [11-14]. Hence, the
mmpact of such dopants on the structural properties of
titanium dioxide 1is of crucial importance for these
various applications.

In this paper, we report on the crystallization of
sol-gel-derived TiO. powders as a function of heat-
treatment temperature and of doping contents ranging
between 1 and 7 (mol.96), with different elements (Al,
Ce or Eu). The crystal phase was studied using micro-
Raman spectroscopy.

2. Materials and methods
2.1. Synthesis of TiO: powders
All chemical products have been purchased from
Aldrich and used as-received. A TiO. sol was prepared
using titanium isopropoxide (Ti1(O'Pr)y), isopropanol
(PrOH) and acetic acid (AcOH) with a molar ratio

AcOH/Ti = 6. The obtained mixture was diluted with
methanol. The solution was slowly evaporated at room
temperature to yield a powder. Then, the residual
solvents (isopropanol, acetic acid and methanol) were
eliminated by heating the obtained product at 120°C for
48 h. The resulting powder was ground using an
automatic crusher.

Furthermore, for the preparation of doped
powders with 19, 2%, 5% and 7% of Europium, Cerium
or Aluminum, the as-synthesized sol of TiO. was doped
with europium (I11) nitrate pentahydrate
Eu(NO.):-:5H.O, Cerium(II) nitrate hexahydrate
Ce(NO3)::6H.O and Aluminum nitrate nonahydrate
AINO:)»- 9H.O respectively.

To investigate the effect of the calcination
temperature on the structural properties of the obtained
powders, they have been heat-treated for 1 hour in air at
a temperature ranging from 400°C to 1100°C.

2.2. Characterisation

The Raman spectra were obtained in a confocal
configuration using a triple-grating spectrometer (Jobin-
Yvon T64000) and the 514.5 nm line of an Ar’ laser as
the excitation source with a power of 0.2 W on the
sample. The absence of any phase change under the
continuous laser irradiation has been carefully checked
prior to the data acquisitions. All Raman spectra were
recorded at room temperature in the wavenumber range

50-700 cm.
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3. Results and discussion

In the corresponding Raman spectra of the pure
T10. sample annealed at different temperatures ranging
between 400 and 1100°C (Fig. 1), the formation of
anatase phase appears at from the lower temperature
400°C, while the rutile phase begins to be observed at
700°C. Considering that the Raman scattering cross-
section 1s constant for the anatase phase and that the
spectra acquisitions have been performed in almost the
same conditions, the increasing intensity of each peak in
Fig. 1 may be attributed to the increasing crystallinity of
the powder, due to the heat-treatment. Moreover, Fig. 1
shows the complete and rapid phase conversion from
heat-treatment  temperatures

anatase to rutile for

between 600 and 800°C. The observed Raman
frequencies for TiO. products at different calcination
temperatures are listed n
Table 1.
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Fig. 1. Raman spectra of a pure TiO: powder
annealed at different temperatures for 1 hour.
Table 1

Observed Raman frequencies (cm”) and their
assignments in pure and doped T1O. powders annealed
at different temperature.

Fig. 2 shows the Raman spectra of TiO. powders
doped by Aluminum with 1%, 2%, 5% and 7% contents.
For sample doped with 1% Al and heat-treated from
400°C to 700°C, the vibration bands have been clearly
attributed to the anatase phase while the rutile phase
bands were observed from 800°C to 1100°C. For 2% Al-
doped sample, at 800°C the characteristic vibration
bands of both phases were observed and the complete
polymorph conversion from anatase to rutile was
achieved at 900°C. For the higher Aluminum contents
(5% and 79%), only the anatase phase is obtained for
temperatures up to 800°C. For all contents in Al, the
rutile phase was completed at 900°C and above.
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Fig. 2. Raman spectra of TiO. powders doped with
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Fig. 3. Raman spectra of TiO. powders doped with
different Ce contents
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Fig. (4) presents Raman spectra of 19, 2%, 5%
and 7% Fu-doped TiO. powders annealed at different
temperatures for 1 hour. As it can be seen, anatase
phase appears at 400°C for all samples, while the rutile
1s observed at 1000°C. This result corresponds to
influence  of Europium on the
crystallization  of TiO.. Indeed, rutile phase was
observed at 700°C for pure TiO: powders and at 800°C
or 900°C for TiO. powder doped with Cerium or
Aluminum, depending on their concentration, while in
the case of Fu-doped TiO. powders, rutile phase
appeared at 1000°C and the phase transition was even

tremendous

not completed at this temperature for the highest Fu
concentration. This result demonstrates that Fu" plays
the role of anatase phase stabilizer, much better than
other doping elements. It can be noted that only a few
amount of europium (1%) is sufficient to stabilize the
anatase phase up to 900°C.
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Fig. 4. Raman spectra of TiO. powders doped with
different Fu contents

(@) 196, (b) 2%, (c) 5% and (d) 7%.

Raman spectra can also be used to evaluate the
crystallite size. Indeed, a phonon confinement model
has been reported [17], expressing the relation between
the size of TiO. anatase nanocrystals and the full-width
at half-maximum (FWHM) of the Eg Raman mode
around 147 cm’. Fig. 5 shows that the mean crystallite
size, derived using this phonon confinement model,
remained between 4 and 8 nm for the non-doped TiO.
powder, increasing with the calcination temperature.
Furthermore, it increased from 3 nm to 10 nm for the
samples doped with Certum and from 5 nm to 13 nm
for those doped with Aluminum. For the Eu-doped
samples, it increased from 4 nm to 14 nm. Furthermore,
for a given temperature, the mean crystallite size of
samples doped with Aluminum was found to be the
largest. Hence, it is shown that a relative control of the
mean crystallite size (between 3 and 14 nm) can be
performed by acting either on the doping or on the heat-
treatment temperature.
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Fig. 5. TiO: anatase crystallite size, determined using the
FWHM of E., Raman mode and the phonon
confinement model [17] and reported as a function of
the heat-treatment temperature.

4. Conclusion

Nanocrystalline TiO. powders doped
Aluminum, Cerium and Europium at
concentrations were prepared by the sol-method.
Theses  powders heat-treated ~ at
temperatures ranging from 400°C to 1100°C and their
structure was studied by Raman spectroscopy. Raman
analysis of pure and doped TiO.powders demonstrated
that doping the TiO. matrix with aluminum, certum or
europium Improves anatase phase stability at high
temperature. It was shown that the FEuropium is the
most efficient dopant for anatase phase stabilization up
to 900 °C (instead of 600°C for the undoped sample).
Moreover, the mean crystallite size increased with the
annealing temperature and could be controlled between
3 and 14 nm, depending on the doping species.

with
several

were different
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Abstract

New modified oligophenylene was prepared by acid hydrolysis of a functionalized oligophenylene (OMPA). The latter was
obtained by (4-methoxy phenyl) acetomtrile electrochemical oxidation. The resulting modified oligomer (OAC) was
characterized by various spectroscopic techniques: NMR, FTIR and UV, The thermal study showed that the modified
material exhibited a higher thermal stability compared with OMPA. Further, the optical study revealed that in solution,
the emission was blue-shifted when compared with the non-modified oligomer emission and that the optical gap changed
from 8.1 eV to 2.75¢V. In chloroform solution, photoluminescence was again blue-shifted by 90 nm, which 1s probably

due to an interaction between the oligomer chains.

Keywords: oligophenylen, optical gap, cyclic voltammetry, photoluminescence;

1. Introduction

Conjugated polymers have attracted and stll attract
much attention due to their promising electrochemical,
electronic and opto-electronic properties. These kind of
polymers are applicable in various technological fields such
as electroluminescent displays, field-effect transistors, the
elaboration of photovoltaic devices, super capacitors, active
thin layer of different sensing devices, etc. [1-4].

In nowadays, compared with inorganic semiconductors,
semiconducting polymers have many advantages. In fact,
they offer a greater adaptability and flexibility, simple
manufacturing techniques and a low cost of production.
Moreover, they allow a better and an easier modification
polymer’s physical and chemical properties when making
small structural changes in the monomer [4-12]. Indeed, not
only the polymeric backbone influences these properties but
also those depend on the nature of the presence of
covalently attached functional groups. In fact, the attachment
of functional groups onto the polymer backbone or the
modification of the monomer repeat unit i a post-
polymerization step can be used to achieve molecular level
control of the structure and the properties of the polymer.
And then, it will be possible to (a) give new functionalities to
the polymer (b) enhance the delocalization of electrons
through the m-conjugation on the polymer (c) reduce the
polymer’s band gap by the control of the HOMO-LUMO
energy level (d) improve the optical and electrical properties
[4-15].

In this frame, one significant design approach towards
low band gap polymers is to introduce alternating donor and
acceptor units along the polymer backbone [16-19].

In this study, we report the synthesis and the physico-
chemical characterization of a new conjugated oligomer
prepared by acid hydrolysis modification of a functionalized
oligophenylene (OMPA).The obtained material can be
described as an oligophenylene backbone with carboxylic
pendent chains. Finally, a structural and an optical study of
the elaborated material will be described.

2. . Results and Discussion
2.1. Synthesis and characterization

‘We synthesized the oligomer (OMPA) by the electrolysis
of (4-methoxy phenyl) acetonitrile at a controlled potential
of 1.8 V as described in the experimental section. The
results of gel permeation chromatography analyses and
osmometry indicated that the average chain length was about
5 units [20]. Afterward, OMPA was subjected to a chemical
modification via acid hydrolysis modification (Scheme 1).
The resulting material was analyzed by NMR and FTIR
spectroscopy. To analyse the recorded spectra and to assign
different signals we prepared the monomer (AC) which will
serve as a model.

7

\ A
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Scheme 1. OAC synthesis
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Figures 1 and 2 give us the "C NMR spectra of AC and
OAC, respectively. They revealed that OMPA was partially
modified by acidic hydrolysis reaction. In fact, the signal
appearing at 40 ppm in the OAC spectrum corresponds to
the deblinded benzylic carbons resulting from the chemical
modification. On the other hand, the presence of a signal at
180 ppm (Fig.2), corresponding to the new carboxylic
carbons, evidenced the complete modification. It should be
noted that signals located around 111 ppm and 130 ppm,
were assigned to the quaternary carbons resulting from the
C-C inter-ring bond 1n the oligophenylene structure.
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Figure 1.”"C NMR spectra of AC.

Figure 2."C NMR spectra of OAC.

In the 'H NMR spectra of OAC, given in figure 3, we
detected three broad signals. The first appeared around 3.8
ppm and corresponded to methoxylic and benzylic protons,
the second signal, recorded between 6.8 and 8 ppm, was
assigned to aromatic protons and the third, having a low
mtensity, appears at 12 ppm and corresponds to the mobile
hydrogen of carboxylic function.

14

Figure 3."H NMR spectra of OAC.

The recorded FTIR spectra for OMPA, AC and OAC
are illustrated in figure 4. It can be noted that both spectra
possess almost the same absorption bands. The most
important bands are grouped in Table 1.

'
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Figure 4. FTIR spectra of OMPA (top), OAC(middle) and
AC (bottom).

Table 1. Group frequency assignment for the main infrared
band observed in OMPA, AC and OAC spectra.

Vibration | Aromatic | Methyl Aromatic | Methoxy
ring C-H | group C-H | ring C=C | C-O-C
stretching | stretching stretching

viem") 3100 2900 1609, 1250,

1512 1029
,1470

However, we detected the most important modifications
m OA and OAC spectrum. In fact, the band appearing at
2258 cm’, typical of the nitrile stretching disappears both
spectra of AC and OAC and we note a formation of a new
and intense band at 1700 cm' characteristic of C=O
carboxylic.

2.2. Electrochemical Study

Measurements of cyclic voltammetry were performed
using a three-electrode cell setup, the supporting electrolyte,
tetrabutylammonium tetrafluoroborate (BuNBF), has a
of 0.IM in degassed The
electrochemical behaviour of the oligomers was studied to
understand their electrochemical stability in p and n-doped
states. Figures 5 and 6 illustrate the cyclic voltammograms of
AC and OAC, respectively. During the first anodic scan

concentration acetonitrile.
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(fig.5), AC exhibits an irreversible oxidation peak at around
1.7 V which 1s almost the same than that of MPA [20],
clearly indicating that both of MPA and AC have the same
donor unit. In the other hand, we note that, ike the MPA
[20], there isn’t a reduction peak. The peaks irreversibility,
indicate the short lifetime of the formed radical 1ons during
electrochemical processes. The cyclic voltammogram of
OAC exhibits irreversible anodic and, unlike AC, a cathodic
responses. However, no clear peaks were recorded. This
result could be explained by a slow electron transfer
processes and by the presence of oligomer chains with
different lengths. Nevertheless, the electrochemical gap,
related to the highest occupied (HOMO) and lowest
unoccupied (LUMO) molecular orbitals, can be estimated
by calculating the difference between the onset of electron
and hole injections under the experimental conditions. We
note that both anodic and cathodic processes occur at lower
potentials than for AC. In fact, the extension of the
electronic delocalization, over the molecular structure of the
modified oligomer, stabilizes the electrogenerated radical
1ons. The calculated electrochemical band gap of OAC was
found to be 2.41eV.
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Figure 5. Oxidation voltammogram of AC performed
in acetonitrile, NBuBF, 0.1 M; (<107 M; v=
100mVs ' on platinum disc (d = 2mm).
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Figure 6. Oxidation and reduction voltammogram of OAC
performed in acetonitrile, NBu4dBF4 0.1 M; (=10 M; v=

20mVs ' on platinum disc (d = 2mm).

Besides, we calculated the HOMO and the LUMO energies
as described in the experimental section. We estimated
Fuovoand Einvoto be -5.8 and -3.39 eV, respectively.

2.8 Thermal study

OAC thermal stability was investigated by TGA and
DTA. The obtained results are shown in Fig. 7. It should be
noted that a small weight loss (<10%), most probably related
to evaporation of the residual solvents used during the
oligomer preparation and purification, was observed from
80 °C to 120 °C. The results of differential thermal analysis
showed that a slow exothermic phenomenon took place
from 150°C to 250°C when an accentuated peak was
observed. The corresponding weight loss exceeded 30%.
This phenomenon could be attributed to the degradation of
carboxylic pendant chains. This assumption was supported
by the higher thermal stability of the modified oligomer
relatively to OMPA [20]. Finally, a faster degradation was
observed from 370 °C corresponding to the polyphenylene
backbone degradation as previously described [21].

TG (% oumese)
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Figure 7. TGA and TDA thermograms of OAC
under Nitrogen.

2.4. Optical properties

The optical absorption spectroscopy enables us to
provide fundamental information on the properties of
absorption, especially in the case of molecules very
absorbing in the UV-Visible as well as in conjugated
polymers.

2.4.1. Optical absorption

The optical absorption spectrum performed on OAC in
chloroform solution 1s shown in Figure 8. From this
spectrum we can immediately deduce that the solution of
OAC absorbs in UV and near UV ranges with a strong
absorption band located at 290 nm.
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Figure 8.UV-vis absorption spectra of OAC in chloroform
solution

When compared to the OMPA spectrum, band is blue-
shifted at 290 nm. This displacement can be explained by
the extension of the electronic delocalization over the
oligomer after the chemical modification. The onset Auw. of
the OAC optical absorption spectrum (Figure 8) is estimated
to be at 450 nm (2.75 €V). This indicates the band gap of
OAC is smaller compared to that reported for the
unmodified oligomer (400 nm; 3.1 €V) [20]. Note that this
value 1s different from the electrochemical gap previously
obtained. This result could be explained by the fact that the
optical electron transition leads to the formation of excited
electrochemical reduction/oxidation
reactions generating species in a ground states. Indeed, the

states whereas are
electro-generation of radical anion or radical cation in
solution involves other kinetic and affects thermodynamic
(salvation...). In fact, it is expected that the onsets potential
will be lowered owing to fast chemical reactions following
electron transfer inducing kinetic instability of the primarily
generated radical 1ons.

2.4.2. Photoluminescence

The steady state PL 1s widely used to provide
fundamental information on the photophysical properties.
Figure 9 displays the steady state PL spectra carried out on
an OAC in chloroform solution. When compared with
spectrum of OMPA in chloroform solution [20], the PL
spectrum of OAC in solution (Figure 9) presents two
maxima emission at 380 and 485 nm. It presents a
maximum emission blue shifted of 90 nm with respect to
OMPA in solution because of the presence 4-metoxy
cyanostyryl pendant chains in OMPA. These groups
increase the degree of delocalization of m-electrons on the
carbon of the oligomer backbone which
responsible for the conjugation. This case shows how the

atoms are

chemical nature of the substituent group can impact the
conjugation of polymer.
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Figure 9. Steady state PL spectra of OAC in
CHCL solution; (excitation wavelength 320
nm).

3. Experimental Section

8.1. Chemuicals

4-Methoxyphenyl 4-methoxybezaldehyde
and tetraethyl ammonium tetrafluoroborate were from
ACROS. Chloroform and dichloromethane were from
PROLABO. Diethyl ether, ethanol, petroleum ether and
acetonitrile were from PANREAC. Chemicals were used as
received.

acetonitrile,

3.2. Analysis
3.2.1 Spectroscopic Analysis

FTIR analysis was performed with a Bruker Vector 22.
The spectra were obtained with KBr pressed pellets. 'H
NMR and “C NMR spectral data were obtained on a Bruker
AV 300 CDCls UV-Vis

spectrophotometric measurements were performed with a

spectrometer 1n as solvent.

Shimadzu spectrophotometer.

3.2. 2. Gel

osmometry analysis.

permeation chromatography (GPC) and

The oligomer’s chain length was determined by Gel
permeation chromatography (GPC) and osmometry. A p
styragel 500 A-15 pm (length300 and
diameter7.8 mm) was used in GPC. The temperature was
30°C. The solvent was tetrahydrofuran with a flow rate of
0.85 mL/min. Polystyrene was used as a standard for the

column mim

column calibration. For the osmometry study, a Knauer
thermoelectric apparatus was used with the (4-methoxy
phenyl) acetonitrile as standard.

3.2.3. Thermal Study
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A METTLER DSC was used for the thermal study. The
samples were analyzed between ambient temperature and
500°C with a heating rate of 10 °C/min. The dynamic
thermogravimetric analysis was carried out in a Perkin-
Flmer TGS-1 thermal balance with a Perkin-Elmer UV-1
temperature program control. The samples were placed in a
platinum sample holder and the thermal degradation
measurements were carried out between 30 and 550°C at a
speed rate of 10°C/min under Nitrogen atmospheres.

3.2.4. Photoluminescence Study

Optical density measurements were carried out at room
temperature (RT) using a Cary 2300 spectrophotometer, in
the range 200 to 2200 nm. Steady-state photoluminescence
emission (PL) was carried out on a Jobin-Yvon Fluorolog 3
spectrometer using a Xenon lamp (500 W) at RT and
sample degradation.

The transient PL. was spectrally dispersed into an
ORIEL MS2601 imaging spectrograph (150 grooves/mm,
f=1/4) designed to minimize stray light with high spectral
resolution.

3.2.5. Electrochemical Techniques

The voltammetric study was performed with a
Voltalab10 apparatus from Radiometer driven by the Volta
Master software. The working electrode was a 2mm
diameter platinum disk; the reference electrode was a SCE
(Tacussel SR110) and the counter electrode was a platinum
wire. The preparative electrolyses were carried out in a two-
compartment cell, under nitrogen, at a controlled potential
versus a SCE (Tacussel C12). The potentiostat and the
current integrator were Tacussel (PRT 1-100 and IG 5
respectively). The working electrode and the counter
electrode were a 4 c¢cm’ and a 0.25 cm’platinum gaze,
respectively. The separation between cell compartments was
realized by a number 4 glass frit.

The Fuowo and the FEuwewere calculated according the
empirical method [22, 23] where:

Eiowo (V) = —(Eow™+ 4,4) and Eivo (€V) = —(Eu™ + 4,4)
with the onset potentials were measured vs an ECS
electrode.

3.8. Synthesis
3.3.1. OMPA synthesis

OMPA was prepared by preparative electrolyses carried
out at a constant potential of 1.8 V. The supporting
electrolyte used was tetraethyl ammonium tetrafluoroborate
(NEtBF) and the (4-methoxy phenyl) acetonitrile (MPA)
concentration was about 0.IM. Homogenization of the
solution assured by a mechanical stirring. The
electrolyses were stopped after consumption of 2 F/mole of
the starting The electrolysis
evaporated under vacuum until elimination of the major part
of acetonitrile, then 50 ml of water was added and an
extraction with dichloromethane was performed to eliminate

was

material. solutions were
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the supporting salt. The organic phase, containing the
electrolysis products, was concentrated and then precipitated
i diethyl ether. OMPA was collected by filtration as a
brown powder. The weight ratio of the powder to the
starting material (z12,/ 1) was around 0.3.

3.3.2. Synthesis of monomer (AC)

A 50 ml reaction vessel was equipped with a magnetic
stirrer, reflux condenser, gas inlet and a rubber septum. It
was charged with Immol of MPA dissolved in 20 ml of
anhydrous ethanol. To this mixture was added drop-wise,
with stirring, 2 ml of a solution of sodium hydroxide (2M)
and heated to reflux for twenty-four hours. The reaction was
controlled by thin layer chromatography. Then the medium
1s acidified with a concentrated HCI solution , that 's when it
appears a white precipitate that will be filtered through a
sintered porosity 4. The reaction yield is 65%. mp 77 ° C

'H NMR (300 Hz, CDCl) 3.58 (2H, s), 3.79 (3H, s), 6.85-
7.25 (4H, m), “C NMR (300 MHz, CDCl,) 40.55, 55.67,
114.46, 125.68, 130.84, 159.23 and 179. GC-MS-m/z: [M]
152.

3.3.3. Oligo AC (OAC) Synthesis

A 50 ml reaction vessel was equipped with a magnetic
stirrer, reflux condenser, gas inlet and a rubber septum. It
was charged with 145 mg of OMPA dissolved in 20 ml of
anhydrous ethanol. To this mixture was added drop-wise,
with stirring, 2 ml of a solution of sodium hydroxide (2M).
The refluxed and stirred under Argon
atmosphere for 24 h. The OAC was precipitated in diethyl
ether. The yield was about 65 %. The obtained oligomer
exhibits a good solubility in commonly used solvents

(CHCL, CH.CL,, THF...)

mixture was

4. Conclusions

In this study we showed that the acidic hydrolysis of a
functionalized oligophenylene (OMPA) can be used for
controlling the optical properties of the resulting material.
The OMPA was obtained by the electrochemical oxidation
of (4-methoxy phenyl) acetonitrile. The chemical
modification, performed on its oligomer, led to a highly
modified oligophenylene processing a carboxylic moiety as a
pendant chain. The obtained material was characterized by
various  spectroscopic  techniques:  photoluminescence,
NMR, FTIR, and UV. The optical study revealed that, in
solution, the modified oligomer exhibited two emissions at
380 and 485 nm, taking place 90 nm lower than the non-
modified material and that the optical gap changed from 3.1
eVito 2.75 eV.
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Abstract

The Comparaison of the structural, magnetic and magnetocaloric properties of ProsLanMosMnO; (M = Ca, Ba and Mg)
compounds have been studied using X-ray diffraction (XRD) and magnetic measurements. Our compounds have been
prepared using the Sol-Gel method reaction at room temperature. Rietveld refinements of the X-ray diffraction patterns
reveal that our compounds are sigle phase and crystallize in the orthorhombic system with Pnma space group.
Magnetization measurements versus temperature in a magnetic applied field of 0.05T indicate that samples display a
lerromagnetic (FM) - paramagnetic (PM) transition with increasing temperature. The Curie temperature Te is found to be
94 K, 39 K and 64 K for M = Ca, Ba and Mg, respectively. From the magnetization data as a function of magnetic applied
field, we have determined the associated magnetic entropy change, the maximum of the magnetic entropy 1ASY%| and the
relative cooling power (RCP) for PriLa.M,-MnQO; (M = Ca, Ba and Mg) compounds. In the vicimty of Tc and in a
magnetic applied field of 2 T, \ASM®*| reached, the values of 0.87 J/kg K, 1.43 J/kg K and 0.79 J/kg K for M = Ca, Ba and

Mg, respectively.

Key words: sol-gel, X-ray diffraction, Magnetic properties, Magnetocaloric effect.

Introduction

Mixed valence manganese oxides Ln. AMnO: (Ln
= rare-earth, A = alkalli metal or alkaline-earth) with
perovskite structure are the topic of continuing interest
for various decades. This interest appears from their
fascinating magnetic  performance and transport
properties, as well as practical applications [1, 2]. In
these compounds, double exchange interactions and the
Limited lattice distortions, starting from Jahn-Teller
effect, have been implored to clarify the magneto-
transport properties [3, 4]. Now, magnetic refrigeration
1s enhancing hopeful technology to modify the
conventional gas-compression expansion technique [5].
The magnetocaloric effect (MCE) is a subject property
of a magnetic material appears due to the coupling of

2. Experimental techniques

PrisLanMo:MnO: (M = Ca, Ba and Mg)
compounds have been prepared using the Sol-Gel
method at room temperature. Stoichiometric amounts
of Pr.0:; La.O;, BaO, CaO, MgO and Mn.O: were

dissolved in nitric acid, HNQO.. Suitable amounts of

magnetic sub-lattice with the magnetic field. With the
aim of achieving large magnetic entropy changes
induced costs, by the low tunable magnetic field changes
at low temperature, many researchers have revealed that
Curie temperature as well as magnetic entropy change
can be tuned by controlling relative ratio Mn"/Mn" [6],
the average size of the <r.> cation site [7]. Our present
study has been carried out to study the effect of Ca, Ba
and Mg substituion on the magnetic and
magnetocaloric properties of ProlanMu:MnOs (M = Ca,
Ba and Mg) compounds. These samples, with fixed
Mn"/Mn" ratio, and various <r. values, provide a good
system to detect the individual magnetic nature of rare
earth 1on in perovskite manganites.

citric acid and ethylene glycol as coordinate agent were
added with respect to the compounds formation and a
complete homogenous transparent solution was
obtained. Finally, the resulted precursor was annealed in
air at 1000°C for 3 hours.
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Phase purity, homogeneity and cell dimensions
were checked by powder X-ray diffraction at room
temperature. Structural analysis was carried out using
the standard Rietveld technique using the FULLPROF

program [8, 9]. Magnetization measurements versus

3. Results and discussion
8. 1. Structural properties

The ProlanMoe:MnO: (M = Ca, Ba and Mg)
compounds were characterized by the X-ray powder
diffraction (XRD) patterns at room temperature [10-12].
All reflection lines were successfully indexed according
to the orthorhombic perovskite structure with Pnma

temperature in the range 0-200 K were carried out
using a SQUID magnetometer. MCE was deduced from
the
applied fom 0 to 5T at several temperatures around the

Ill}lgIlCtiZ}lﬁ( N measurements  versus Hl}lgllﬁti(‘

Curie temperature (T¢).

space group. The unit cell volume and the lattice
parameters obtained by whole patterns refinements are
given in Table 1.

Table. 1 Lattice parameters, unit cell volume, magnetic properties and grain size (D) of Pr0.6La0.1M0.3MnO3 (M = Ca, Ba and Mg)

compounds.
ProsLas:MosMnOs a(d) b (A) c) V(@A) D T.(K)
M=Ca 5.4549 7.6861: 5.4415; 228.14s 37.05 94
M-=Ba 54315 7.0470. 24173 225,03 28 39
M-=Mg 5.4856 7.7348 5.4760 232.35 29.28 64

The unit cell volume decreases with <r.>
increasing (Table. 2). This behavior is due to the
difference 1onic radius of Ca, Ba and Mg. The tolerance
factors (tc) were estimated [13]. The calculated tolerance
factors (tc) ranges between 0.89 and 0.96 in agreement
with an orthorhombic structure (Table 2). The ionic

radii were taken according to Shannon [14, 15].

Table. 2 Variaton of <rA>, <rM>, <rB> and tG for
Pr0.6La0.1M0.3MnO3 (M = Ca, Ba and Mg) compounds.

Compounds ProsLasMosMnOs

M-=Ca

M=Ba

v (A) 0.72 1.18 1.57
a(A) 1.045 1.183 1.3
a(A) 0.61 0.61 0.61
V(A) 232.35 9298.1 995.03
Te 0.862 0.914 0.952

20

The average grain size (D) was estimated from

the X-ray diffraction peaks using the Scherrer formula

. K\
[16]: D= ——

. .cos0 . e, .
A is the Xﬁ-ray wavelength employed, 0 is the diffraction
angle for the most intense peak [17] and B is defined as
B*= B.-B.. Here, B. is the experimental full width at half
maximum (FWHM) and . is the FWHM of a standard
silicon sample the experimental full width at half-
maximum (FWHM) of the same peak. The values of
the effective particle size (D) are summarized in Table
1. We conclude that the ProlLacBa.:MnO: compound
has the smaller Grain size (D = 28nm).

3. 2. Magnetic properties

Magnetization measurements as a function of
temperature in a magnetic applied field of 0.05T prove
that our synthesized compounds display a ferromagnetic
to paramagnetic transition with increasing temperature
(Fig. 1). The Curie temperatures (T¢) values, defined in
terms of the inflection point of M (T) curve obtained
using the derivative dM/dT as function of temperature
are listed mn Table 1. It should be observed that the
magnetization decreasing at low temperature observed
in PrisLa.BasMnO; and ProLanMgi:MnO: compounds

arise from the polarization of the magnetic rare earth
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ion sub-lattice influenced by the molecular field of Mn
1ons [18].
In order to conclude the type of magnetic

ProsLanMo:MnQO:

(M = Ca, Ba and Mg) compounds, we have analyzed

phase transition n
versus M’ curves extracted from the isothermal M
H/M M
vs. H data (Fig. 2) using Banerjee criterion [19].
ccording to this criterion, the magnetic transition is the
A ling to tt t , th tic t t tl
rst order (second order) if the slope the plo is
first ord 1 ord f the sl the plot H/M
negative (positive). For our compounds, a second order
phase transition has been proved from the positive slope

of H/M versus M® curves.

3.3. Magnetocaloric effect

The total |ASy| as a
function of temperature and magnetic applied field for

magnetic  entropy

our synthesized compounds were valued from

magnetization  isotherms. According  to  the
thermodynamic theory based on Maxwell relations, the
entropy change |ASy| can be given through the

formula:

() ()

which directly implies that: A4Sy, (T, H) = [ H (6—M) 6H
H

0 \6T

The |ASy| values of ProLanMosMnOs (M = Ca,
Ba and Mg) compounds for different external magnetic
applied field are listed in Table.3.

Pr, La, M, MnO,

H =005T

M (emuw/g)

0 50 100

180 00
T(K)

Figure 1. Temperature dependence of the magnetization at

AH = 0.05T for ProLasMeMnO: (M =

compounds.

Ca, Ba and Mg)

Table. 3 The maximum of the magnetic entropy IAS_M”Max| of Pr0.6L.a0.1M0.3MnO3 (M = Ca, Ba and Mg) compounds.

PI‘oﬁLamMoaMIlOca

ﬁ“

| ASK* | J/Kg.K)

0.40

All our compounds reveal large MCL. effect
close to the Curle temperature due to the large drop in
magnetization. The maximum of the magnetic entropy
achieves the highest value of 1.43 J/kg K at 39 K upon a
magnetic field change of 2 T for PrislLanBa.MnOs
compound. The value of I1ASM®*| of PriLa.Ba..MnO:
compound at 5T (Table3), 1s found to be higher than
that reported recently by Kh. Sbissi et al. in
Pr.:Bi.MnO: compound (ASH%| = 2.77 J/kg K for H =
5T at 114 K) [20].

2.48

|

.10
74

The relative cooling power (RCP) is estimated
as RCP = - ASj** x &Twmv , where 8Twmy 1s the full
width of half maximum of IAS{F**| versus temperature
[21]. The RCP values achieved upon a magnetic applied
change of 2T are respectively, 68.87 J/kg, 45.49 J/kg and
38.74 J/kg at 2 T for M = Ca, Ba and Mg. In Table 3,
we list the MCE values of the present compounds in
comparison with those reported in the literature having
similar Te.

21
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Compared with other materials considered as cover the way for investigations of materials useful as a
suitable for applications in magnetic refrigerators and possible refrigerant for low temperature magnetic
having similar T¢, our results are interesting enough to refrigeration (Table. 4).

m T T T T T T T T
her 2000 T T T T T T ™7,
6000 LT5K 7oK
1 -k 1800 -
+81K 60K
84 K -
5000 13ak 1600 Jv—u
+9%0 K
o 8K 1400 ] 50K
= +9% K 4 —
3 a0 4wk s
£ 102K L 1200 ]
Q «105K o 40K
~ 3
S 3000 s E 1000 10—
111k S
14K Ned I
S MTK S 800 J 30K
120K
200 7123k —® s
- 126K 600 E
+129K 9
I REYS
1000 <tk 400 R I
i + 138K .
. - 10K
0 Lo 1 1 1 1 1 1 20
000 001 002 003 004 005 006 007 008 009 0 . . . . ) P
0,00 004 006 008 010 012 014
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-
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T T T T 12K
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3500 - {2z
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=
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2500 |- { &
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s 1500 E%E
1000 tzn;{
e
=
500 i
e
=
W, H/M(T.glemu)
Figure 2. Arrot curves M versus poH/M for ProcLanMosMnOs (M = Ca, Ba and Mg) compounds.
Table. 3 The maximum of the magnetic entropy IAS_M”Max! of Pr0.6La0.1M0.3MnO3 (M = Ca, Ba and Mg) compounds.
Max =
Tc(K) AH(T) |ASMRX | (/Kg K) RCP (.K)) Ref

PI.U.GIJEUL 1 Cau.:;MHO:% . 68.87 This work

PDU;L'&U.1Mg1>.3M1'103 $ Aé 38. This work

ProslLanBasMnOs 3¢ . 45.49 This work
Lay:CansMnQOs [22]
La..GdoCa0sMnOs [22]
ProsPbe.MnOs (23]
LaveBiosCansMnOs
Gd
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4. Conclusion

The ProlanM:MnOs (M = Ca, Ba and Mg)
compounds were studied using X-ray and magnetic
measurements. The structural study proves that all our
synthesized compounds crystallize in the orthorhombic
structure with Pnma space group. All our compounds
a FM - PM transition temperature
increasing. Large MCE has been achieved in all

display with
compounds at the Curie temperature Tc¢ and the
maximum of the magnetic entropy IASM%*| acquire the
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Abstract

The present study reports the effect of rare earth doping on the structural and magnetic properties in the Ca2-xLnxMnO4,
where Ln=Nd and Sm Ruddlesden Popper-type. The studied specimens were synthesized as powder samples by solid state
reaction at high temperature. The analysis by powder X-ray diffraction using Rietveld refinement showed the crystallization
1n the tetragonal system for all compounds. The magnetic measurements were studied as a function of temperature (1" = 2-
300 K). When the temperature decreases, each compound has shown first a ferromagnetic-paramagnetic (FM-PM)
transition and then an antiferromagnetic-ferromagnetic (AFM-FM) one. The transition temperatures are found to be rare
earth doping dependent. For all compounds, a spin-glass phenomenon is evidenced by FC/ZFC magnetization curves.

Keywords: Ruddlesden-Popper, structural, magnetic and spin-glass phenomenon;

1. Introduction

Besides the perovskite family, the Ruddlesden-
Popper manganites, which consist of a regular
mtergrowth of single rock-salt with multiple perovskite
layers, were studied most extensively. The crystal
chemistry of these oxides shows numerous studies, which
are complex and subject to controversy [1]. The Ca.
LnMnO. compounds (Ln=Pr, Sm, Gd, Ho...) are good
examples of Ruddlesden-Popper manganites. These
compounds display diverse magnetic and electronic
phases such as antiferromagnetic (AFM) insulating,
ferromagnetic (FM) conductor, paramagnetic (PM)
msulating [2], spin-glass [3-5] and charge-ordering [6]. In
the other hand, these Ruddlesden-Popper manganites
display interest magnetic properties depending on
materials-doping, multiple phase transitions, saturation
and no-saturation magnetization. The Ln-doped
manganites of Ca-MnO: compound induces a mixed
valence state (Mn"/Mn") and enhances magnetic
behavior transition; which can be explained by the
double exchange interaction between Mn” and Mn" 1ons
[7]. It has been shown that Ca...Ln.MnO. (Ln=Pr, Sm,
Gd, Ho..) compounds, which despite their pure
bidimensional character submit a spin-glass transition at
low temperatures. For the praseodymium phases Ca.
PrMnO,, all compounds exhibit semiconductor
behavior. In this paper, we report the effect of Nd and
Sm doping on structure and magnetic properties of Ca2-
xLnxMnO4 compounds.

2. Experimental section

Specimens of Ca2-xIL.nxMnO4 (Ln=Nd, Sm) were
prepared by solid state reaction method [8]. The CaO,
Ln203 and MnO2 precursors (all of 99.9% purity) were
mixed in appropriate ratios. The obtained powders were
pressed under 4 tones into pellets about 1 mm thickness
and 8 mm diameter and sintered at 1373 K for 4 days in
air with several intermediate regrinding and repressing
mto pellets. Finally, the mixtures were calcined m air at
1523 K for 24 h on Pt boat. The microstructure was
observed by scanning electron microscope (SEM). The
pictures were taken at room temperature on a Philips XL,
30 equipped with a field emission gun at 19.7 kV. The
structure was characterized at room temperature by X-ray
powder diffractometer (Siemens D5000) with Cu-Ka
radiaions (A = 1.54056 A). The phase analysis was
checked using FULLPROF program based on the
Rietveld method. The magnetization measurements were
carried out using a vibrating sample magnetometer in the
temperature range 2-300K under an applied field up to
0.07 T.

3. Results and discussion

3.1. Structural properties:
In order to make sure that all samples are single phase
and all chemical elements (Ca, LLn, Mn, and O) are
present i Ca2-xILnxMnO4 compounds, XRD and
EDAX analysis have been realized. Using Fullprof
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program, the diffraction peaks corresponding to x=0.000
(Fig. 1) can be indexed in the tetragonal system with
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Figure 1. Observed (dots) and calculated Rietveld refinement plots of
the XRD parent compound Ca2MnO4. The difference between

observed and calculated is shown at the bottom. Vertical tick marks

represent Bragg positions.

I41/acd space group. This result 1s in agreement with
those found by Takahashi et al. [9] and Fawcett et al.
[10].

The substitution of Ca by Nd or Sm generates spectral
modifications a little different to Fig. 1, and the
diffraction peaks can be indexed in the same tetragonal
system with I4/mmm space group [11]. The lattice
constants of Ca..L.n.MnO. at room temperature are given
i 7Table 1.

Fig.2 shows an example of EDAX analysis spectral
realized at  room temperature for Ca.MnO,,
Cai:Sm.MnO. CaisNdiMnO.  compounds
(x=0.200). This analysis reveals that all elements are
present and any element has been volatilized in the
course of the heating for all x compositions.

and

Tablel: Space group and Retvield refinement parameters results of Ca2-xLnxMnO4 compounds.

Space group a (A) b (A) c (A)
Ca:-MnO. I 41/acd 5.183 5.183 24.117
CaisSmi-MnO. I 4/mmm 3.728 3.728 11.93
CaisNdo:-MnO. 1 4/mmm 3.729 3.729 11.93
3.2. Magnetic properties: conduction by e, electrons hopping through Mn"-O-
Mn" system [12, 13]. Such physical phenomenon, called
A systematic Investigation of magnetization with double exchange (DE), is proved by Zener [14] and used

temperature has been undertaken at an applied magnetic
field of 0.07 T for all samples (Fig. 3). When increasing
temperature, all specimens show a ferromagnetic-
paramagnetic  transiion (FM-PM) one, at Curle
temperature (T¢). The substitution of Ca by Sm leads to
the appearance of a second transition at a temperature
known as the Neel temperature noted TN. However, this
transition does not appears in the case of doping with Nd
and the undoped case. This 1s explained by the fact that
the samarium is an element antifferomagnetic (Fig. 4).
These two transitions occur at the Curie temperature (Tc)
and the Neel temperature (T%) determined from the pick
of (-(dM/dT) vs. T curves (Fig.4). For all compounds, the
Curie temperature Tc was found to be constant (around
105 K) and independent to the applied field.

In the other hand, the substitution provides the Mn" ions
and induces a mixed Mn"/Mn" valence, enhancing the

by several authors to explain the electrical transport and
the magnetic properties undoped manganites. This DE,
characterized by a FM state, explains the increase of
magnetization with the doped rare earths. These values
of magnetization are given in Fig. 4. So, the Sm-doping
leads to a competition between two states, AFM and FM,
during the doping. This behavior, related to the presence
of ferromagnetic nano-domains coupled together by
complex interactions (FM and AFM), promotes the
formation of a spin glass [15]. To verify the existence of
such system, measurements of magnetization in ZFC and
FC mode was performed (Fig. 6). It should be noticed
that, for all samples, the ZFC curve does not coincide
with FC curve below a given temperature T., which is a
characteristic of a spin-glass order [11]. These values are
given in Table 2.

Table 2: values of Weiss temperature, experimental effective paramagnetic moments and spin-glass temperature of Ca2-
xLnxMnO4 compounds.

Echantillons ep (K ) ﬂ::fp (,LIB) T « (K )
Ca:MnO. 100 3.887 101
CaisSme-MnO, 104 3.62 101
CasNd.-MnO. 99.88 3.91 53
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From this table, we can deduce that the temperature spin
glass for CaisNd..MnQO, made 1is very low comparing to
Cai:SmMnO.. This difference i1s mainly due to an AFM
behavior of Sm. FHg. 7 shows the temperature
dependence of inverse magnetic susceptibility ¥ at
different magnetic field. As is well known for FM system,
the relation between y and the temperature T should
follow the Curie-Weliss law in the PM region:
C

T Qp

where C and 0, are the Curie constant and the Weiss
temperature, respectively. C and 6, were obtained by

fitting the linear paramagnetic region of (T ) curve. The
effective paramagnetic moments were

Z:

experimental
calculated from the following formula:

—— Cal_sSmlulI |l.l1:l:1

—— Cal_a_‘:d I}.ZiI |1(:I_,i

—#— Ca,MnOy

Figure 3. Temperature dependence of magnetization measured at

0.07 T for Ca:2MnO., Ca:sSmuz2MnO: and CaisNde-MnO.compounds

4. Conclusion
In this work, we have investigated the structure and
magnetic properties of Ruddlesden Popper family
Ca:-MnO,, CaisNdi:MnO. CaisSmo-MnO.
compounds. There is no structural transiion due to
substitution of Ca” by Ln". All the samples crystallize in a
tetragonal structure: with space group 141 / acd for x=0
and I4 /mmm for CaisL.ne-MnQO.. The Curie temperature

and
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where N. = 6.023 x 10" mol" is the number of
Avogadro, ps = 9.274 x 107 emu is the Bohr magneton
and ks = 1.38016 x 10 J.K " is the Boltzmann constant.
0, and p™a are listed in Table 2, where it can be seen that
the substitution of Ca ion by Sm and Nd one leads to the
lightweight decrease of the Weiss temperature. The
positive 0,values indicate a FM interaction between spins.
Moreover, the decrease of effective magnetic moment
from the Ca.sSm.:2MnO: 1s related to the AFM behavior,
due of Sm element nserted. In addition, the FM to
behavior 1s related to the substitution of Ca ion by Nd
ones, which increases the effective magnetic moment of

the CaisNde:2MnO..

;

—*—‘35155"'"0_2“"“0;
—&— Ca, gNdy ,MnO,

dM/ AT (uam K/g)
REEE

158
T}

Figure 4. Variation of (AM/dT) as function of temperature T

for all compounds at an applied magnetic field of 0.07 T.

TC is found to be around 105 K for all samples. At low
temperature, the Nd, Sm-doping leads to a competition
between the AFM and FM states, and promotes the
formation of a spin-glass state. This state is confirmed by
a magnetization study in ZFC and FC mode. This last
phenomena is absent for Nd dopage, and as for the
undoped compound.
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Figure 5. variation of the magnetization as a function of substituted

rare earth.
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Figure 6. Magnetization (M) as a function of temperature (T) for all
compounds measured at 0.07 T under the field- cooled (FC) and zero-
field-cooled (ZFC) modes
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Abstract

One of the problems that concern most often the electricians is how to determine the conditions or the state of operation of
electrical systems quickly, without physical contact with the components and without disconnecting the network system. In
other words, how to identify and locate latent defects that would cause unpredictable catastrophic failures, such as poor
contact caused by corrosion and oxidation, loosening or bad crimp lugs, overloading of cables and transformers, imbalance
phase loads, etc. Most electrical faults are characterized by loss of energy and overheating of the components and eventually
by the emussion of a quantity of infrared energy which varies with the temperature of the components, according to Plank's
law. The detection of this radiation by the mfrared thermography technique it is possible to mspect hundreds of points and
1dentity the presence or absence of electrical faults.

IR thermography is a technique that converts the IR radiation into a visual image of the temperature difterence shown by
the surface of the components. The image obtained is a color map more or less clear showing "hot" zones and 'cold" zones
filmed surfaces. The mspection and comparison of the image obtamed with the IR 1mage of the reference corresponding
normal operating state permit to locate the faults undetectable by the human eye. For example, a hot electrical
mterconnection may indicate poor contact requiring repair.

The tool used in the IR thermography is a portable camera with a pyrometric sensor capable of measuring temperatures of -
40 ° C to 1500 ° C, with a resolution of about 0.1 °C. In this article, we present ifrared thermography and its application for
mspection and predictive / preventive maintenance of electrotechnical and electrical systems.

Keywords: Infrared, Thermography, preventive maintenance, fault diagnosis;

1. Introduction

In the electricity industry, the temperature 1s often
considered an excellent indicator of the status or
condition of operating systems because 1t is a very
influential constraint on the rehability of the electrical
components. Indeed, the life of an electrical component
1s significantly reduced when it is subjected to high
temperature variations. To prevent falures it is often
advisable to perform frequent inspections of the operating
temperature of the hot spots of the electrical system,

including contacts, connections and junction points. [ 318
However, frequently check the temperature of dozens of v
points in an electrical system using temperature sensors

such as thermocouples, is a difficult task, costly and can

be hazardous. Now, there is the IR infrared 150
thermography which allows the presentation in a visual

form the radiant heat energy very many points on the 100
surface of an electrical system. This technique measures

the temperature of a large number of points 50
simultaneously without physical contact and without L 20

danger. IR thermography consists in taking an infrared Figure 1. Thermography of depart distribution board
mmage of distribution of heat from the surface of a body.
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The points where there i1s a too low or too high heat
emission as compared to normal conditions are source of
However,

defects in the system. taking an 1mage,

processing and interpretation of infrared

tasks

computer

mmages are delicate as they require a good
knowledge in IR material and its sources of uncertainty.
Industrial applications of infrared thermography are
unlimited, in particular in electrical and mechanical
domains. For example, it is effective for the inspection of
transmission lines, transformers, thyristors, contactors,
tuses, control equipment, motors and electric control
switchboards.

In the
technique will be described and its use as a preventive

following sections, infrared thermography

maintenance tool electrical systems.

2. Infrared radiation [1]
Flectromagnetic radiation is the energy transfer process in
the form of electromagnetic waves. These waves do not
require hardware support and propagate into space.
Planck, German physicist, announced that radiant energy
can be emitted or absorbed in the form of quanta. The
energy E contained in radiation quanta is proportional to
the frequency y of the radiation: E = hy where h =
Planck constant. Electromagnetic radiation are also
characterized by their wavelengths A = ¢/y into space,
c = 3.10%m/s. Electromagnetic radiation is generated
by the movements of electric charges or by energy
transitions between various quantum states of molecules
or nucleus. On the spectrum of electromagnetic radiation,
visible light can be distinguished, which covers the range
of 0.4 to 0,7um, and infrared, which is invisible to the
human eye [2], extends from 0.7 to 1000pum. Infrared
and its thermal properties have been evidenced by Sir
William Herschel in 1800 using a thermometer placed in
the solar radiation dispersed by a prism [3].

In general, all heated bodies radiate electromagnetic
of Planck, Wien

Boltzmann. The radiation luminance of a body is so

energy by the laws and Stefan-
much greater that its temperature 1s higher.

The field of the IR (> 0.7 wm) 1s arbitrarily divided by the
IR detectors manufacturers in: NIR (0.7 to 1 gm), short-
wave infrared (1 to 3 gm); mid-wave infrared (3 to 5 pm)
and long-wave infrared (7 to 14 gm) and very long-wave
mfrared (14 to 30 gm) [4]. The transmission of infrared
radiation 1s affected by absorption in the atmosphere.
This absorption is related to the concentration of gases
IR

transmission depends on many factors, particularly the

and particles which constitute the atmosphere;
absorption of each gas, temperature and altitude and
weather conditions. The Figure.2 [5] illustrates the rate of
transmission of infrared radiation by the atmosphere
clear.

The interesting IR spectral range is between 7 and 14 pm.
this  broadband  has the

Moreov €r, €nc ouraged
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development of IR detectors based on thermal receivers
as thermopile, bolometer and the pneumatic detector.

Figure 2. Transmission of IR radiation by the atmosphere

The receptors of these detectors are not selective. There
are, however other types of IR detectors called quantum
detectors which rely on the photo-emissive effect
photoconductive or photovoltaic.

3. 'Thermography IR and electrical maintenance [6]
Infrared applications for the diagnosis of electrical
systems, based on the detection of thermal radiation
generated by its components to determine the operating
conditions of the overall system, that they are normal or
abnormal. Also, through to thermography it is possible to
make the system images without the need to enlighten.
The military value of thermography 1s obvious: it allows to
observe the enemy at night without sending it to radiation,
easy to detect and that betray the observer. Its usefulness
in industrial maintenance is even more important.

IR thermography devices employ punctual detectors or
mosaic detectors which, associated with a mechanical
scanning usually, provide a temperature map as a scanner
as an 1mage with a sensitivity of the order of 0.1 °C. The
map points who find excessive amounts of heat are the
origin of a latent defect in the system.

The employment benefits of thermography in electrical
diagnosis are many, namely more efficiency, more safety,
more reliability in the results, low cost and operation

time.

8.1. Thermal variances in an electrical system
Thermal energy generated by an electrical component is
directly proportional to the time t and the square of the
current flowing through the component multiplied by the
resistance (W = RI?t). Gradually, as the component
conditions deteriorate, the resistance tends to Increase
More
temperature increases, resistance also augment according
to the equation R = Ry(1+ oT);
resistance at 0°C, and o a coefficient to the metal; it 1s of

and generate more heat. the component

where Ry 1s the

the order of 4.1073 if the temperature T is given in
degrees Celsius. This amplification process continues
until the lowest melting point of the component is

reached.

§100 T T T T T T T T T T T T T T
[ o
3 80 ﬂ.l ' O
= o i ‘ | Y “\*‘ Va L3
2 \ | | [ \ 0 f i ma
g 6ol 11 | \ ' ] W
g | L | 'k‘.‘f
L Rl ‘ I ‘ ( | | ‘3

| J
il } ) [ W
g 0 | \ f \
e I 4 5 6 7 8 9 10 1 12 13 14 15
S Longueur d'onde (um)



Detection of electrical faults with

JNTM (2016)

A. Dib et al

A component that heater is not always linked to an
mtrinsic event, but it can be linked to an overcurrent
caused by other system components; in the case of an
overload condition or unbalance in three-phase systems.
All thermal radiation emitted by a surface are not due
only to the temperature of the surface. It is therefore
mmportant to take this into consideration in the analysis
and the interpretation of the IR images because the
apparent radiation can be misleading and lead to
erroneous conclusions about the existence or otherwise of
a defect. The thermal variations of a surface can result:

- Variations in the real temperature: the temperature
distribution caused by the IR energy following the
surface of the component itself.

- variations in the apparent temperature: these radiations
are produced by sources other than the temperature of

the mspected object;

811 The real temperature
In electrical systems, the causes of temperature variations at the
surface of the components and represents good indications of a
fault are mainly: the increase in resistance, the load, harmonics
and thermal induction. There are other causes but provide little
information about the operating conditions of the system, namely
mass transport (wind), thermal capacitance (solar gain) and the

phase change (rain, snow ...).

31.2. The apparent temperature

The main causes of the apparent temperatures are: emittance,
reflection, transmittance and geometric variations of the surface.
The apparent temperature 1s a major source of uncertainty in the
results of the diagnosis by thermography. Indeed, the relationship
between the real temperature and the apparent temperature 1s an
important factor to be considered n interpreting the IR images.
The problem is that this ratio varies from one point to another in
random sequence. Therefore, the temperature variances
indicated by the IR image is not only caused by the electrical
components themselves, but also by external influences creating
false defects that mask real problems.

82, Causes of electrrcal faults

321 Contact resistance

Overheating of an electrical component can be linked to several
factors; the most important are the defects of contact. A contact
appears when you realize a connection with low pressure parts in
contact, with a malformed welding, or with materials in contact
oxidized or worn, e.g. decrease the spring tension, thread wear or
tightening excessive of screws of electrical appliances.

Also, the mnsulation degradation of the conductors in the motors
raises an increase of the absorbed current. Gradually, as the
component continues to deteriorate, the temperature will

30

continue to increase until the material melting point 1s reached;

this is the fault.

11,2
°C

Fgure 3. Thermography of disconnect switch

This type of fault can be 1dentified because he will appear as the
hottest spot in the IR image. This means that the heat generated is
the largest at the point where the fault is located with a portion of
thermal energy that propagates away from the defect by

conduction or convection.

322 'The load
Overloading also causes an increase n thermal energy.
Thermographic viewpoint, a load is often considered a different
type of problem with a specific thermal signature. When the load
applied to an electrical component increases, the current
consumption also increases which in tun causes an increase

temperature of the component.

A balanced load of a three phase system should result n a
uniform temperature distribution on the three phases. And an
anomaly 1s identified as the temperature of an entire component
or conductor 1s too high or too low. A balance condition 1s

identified by the phases that do not observe even temperatures.

An unbalanced or overloaded component may generally be
identified because the temperature remains relatively constant
along the conductor or component as the size and mass of the
object are fixed.
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Fgure 4. Thermography of an imbalance of the load

328, Harmonic
Harmonics are currents and  voltages whose frequency 1s a
multiple of fundamental frequency 50 Hz of the electric network.
Presumably the nisk harmonics are odd harmonics. These odd
harmonics are superimposed on the fundamental harmonic and

generate overvoltage, overcurrent and possible overheating.

Tablel. Electrical faults and their potential effects:

Thus, the odd harmonics can cause significant heating and even
cause melting of the conductors, connections, contact surfaces,
and power outlets. Other equipments affected by the harmonics
telecommunications  equipment,

are transformers, motors,

electrical panels, breakers, disconnectors and busbars

324, The heatinduced

The induced heat is the heat generation in a material or a surface
by the induced currents or by the inductive magnetic field created
by an external source. This phenomenon occurs in the media
located n a strong electromagnetic field, as is the case of HV
equipment, Transmitters, and thermal induction equipment. The
magnetic nduction and also relates ferrous ferromagnetic material
placed in a changing magnetic field.

Figure 5. Thermography of a defect busbars

The induced currents or faucault currents summed of losses due
to the hysteresis cycle causes heating of the magnetic material.

Fquipment:

Faults:

Potential effects:

Distribution  post  of  electrical
energy, capacitors, spark gaps;
conductors or wires junction;
Disconnector

Contact weak / poor / worn; Badly made
connection or junction; Bad switch connection;
spark gaps defective; Overheating, Overload,;
Broken strands wires

Overheated; Arc striking; Fire; Burning device;
Cable break; Fall of airfline line, capacitor
moperative losing the protection against transient
overvoltage; Losses of electrical energy (cost)
Replacement Parts (cost); Security problems.

crcuit or shorted turns; heating brushes; rings
and switches: overload / overheating; ventilation
or cooling blocked.

Various electrical equipments; Wom or weak connection; Bad contact; | Arc striking; Short Circuit; burning, fire.
Switches.: loads Station; motors Unbalanced load; Overload. Overheated. Repair or replacement of the control post (high
control post of cost) Loss of energy (cost) Security problem.
Transformers; Weak or detertorated connection; through | Arc striking; Short Circuit; burning, fire. Rewind
transformer overheating; Low contact (tap | (expensive) replacement (more expensive) Loss
changer); Overload; Unbalanced three-phase | of energy (cost)
load; Clogged or restricted cooling tube. Fluid
level.
Motors and Generators; Overheat bearings; unbalanced load; open- | Defective bearings causing damage to the steel

core or windings; Brooms defective — damage
rings or switches — damage to the windings.
Damage to the driven load. Rewinding motor
(cost) Replacement Parts (cost) Security problems.
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This process creates a true change in temperature on the surface.
‘When warming concerns Steel or aluminum busbar bolts, it is
often difficult to know a priori that it is a default component or a

variation of emissivity.

33 Efects of electrical faudts [6]

The following table presents some electrical devices that can be
mspected using the IR thermography technique. Table 1 also
mdicates m columns 2 and 3, the most common electrical faults
and their potential effects.

The application of thermography 1is also useful for the precise
localization of drawing of electric cables heat and of any defects,
monitoring power nstallations "sensitive" to which an operation
stop for venification is not feasible, and even the detection Fluid
leaks in underground pipes or exposed, and the detection of
msulation defects, etc.

4.Instruments IR thermography
IR cameras the most common and most precise are two types:
mechanical scanning cameras on a single receiver and pyroelectric
vidicon camera [7].

4.1. mechanical scanning cameras
This type of camera is constituted by a movable flat mirror
associated with another fixed parabolic murror, allows, by an
appropriate two-dimensional scanning to combine all the points of
a landscape with a single receiver.
These cameras are the most popular to date; they may scan 200
lines of 200 points in 30 seconds, with a thermal resolution of 0.1
K to about 300 °K temperature objects.
4.2. Pyroelectric vidicons cameras (pyricons)
The pyricons are newer IR cameras that compete with
mechanical scanning cameras. Their principle 1s to
project a thermal image on a pyroelectric target. There 1s
obtained a relief of related electrical charges that can be
read with a beam of electrons as in an ordinary vidicon.
After digital video signal processing, we come to a
resolution in temperature of 0.5 °K on an object at 300 °
K. The frequency reached 15 images per second. Thus,
obtained of 250
approaches the visible television commercial.

Images are whose quality lines
In trade, many IR camera models are offered by
FLIR SYSTEMS and AGEMA. Two
models are cited as an example: the IR camera around to
2 to 5 pm, make AGEMA Thermovision 470, and IR
camera using 7.5 to 18 pm, make FLIR SYSTEMS
THERMACAM PM 595

With these cameras IR thermal scenes from -40 °C to

manufacturers

1500 °C can be thermography with a temperature
resolution of up to tenths of a degree and a spatial
resolution of less than 2 cm to 10 meters.

32

5. CONCLUSION

IR thermography is an effective tool for predictive and
preventive maintenance of electrical failures. It measures,
without  physical contact and safe, component
temperature from thermal radiation emitted. The result 1s
a visual image which shows the "hot" areas and "cold"
zones characterizing the importance of thermal stress and
the presence or absence of latent faults in power systems.
Factors causing warming components are mainly the
contact resistance, the load, harmonics and thermal
induction.

However, the use of thermography requires special
precautions and rigorous knowledge to avoid IR image
interpretation errors that may be distorted by the effects
of emissivity, reflection, transmittance and geometrical
variations in the surface.

The benefits of IR thermography are many, including:

e Fault location quickly without interruption of service or
production

* Reduction of unplanned outages and costs caused by
the unavailability of equipment

¢ Extension the lifetime of the of the equipment by the
identification of defects before the occurrence of
catastrophic failure

* Equipment check for problems before the warranty
expires

e Confirmation that appropriate repairs are made
correctly

* Acquisition of Spare Parts can be done before the
failure, and downtime 1s kept to a minimum

e Security inspection of systems at risk,

e Locating areas of energy loss in generation systems,

transmission and distribution of electrical energy.
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Abstract

Despite of Iimited avarlability and high cost of utilities, Pakistan 1s now declared as the second largest denim exporter
country. With the advent of denim garment, it has been crucially important to face the upcoming challenges of the process
optimization, cost eftectiveness and utilities consumption from pre-treatment of raw yarn to quality finished denim. The
focus of this study was to understand mdustrial scale optimization of sodium dithionite and water consumption for indigo
rope dyeing process. Consumption of sodium dithionite was reduced from 10.99 gmymeter to 10.62 gmy/meter from the
month of July-15 tll Feburaray-16 which resulted in steady utilization of indigo. Reduced utilization of chemicals decreased
water requirement for post washing dved yarn. These factors lead to comparatively cleaner, cost effective mdigo dved yarn

production with required shade consistency.

Keywords: denim; indigo; optimization; utilities consumption; raw yarn; dyveing

1. Introduction

The denim industry has been playing an important role in
the textile sector with approximately 636,000 tons per
annum production [1],[2]. Pakistan is the second largest
exporter of denim fabric with 40 major production units
producing around 50 million square meters of finished
denim fabrics per month [3]. Traditionally denim fabric is
produced by dyeing cotton yarn with naturally occurring
mdigo dye but nowadays due to enormous consumption
of denim fabrics and articles, a larger percentage of
synthetic indigo dyes are also used for dyeing[4],[5]. There
are number of techniques used for indigo dyeing but rope

in terms of uniformity of dyeing yarns [6]. Indigo is water
msoluble vat dye and cannot mobilize itself towards cotton
fiber until it is converted into water soluble form known as
“leuco” through the process of reduction. Sodium
dithionite (Na.S:04) aka sodium hydrosulphite or hydro 1s
one of the most commonly used reducing agent in indigo
dyeing process. Approximately 150 liters water per kg
fabric is utilized in a typical indigo dyeing process.
Consumption of large quantity of chemicals and fresh
water ends up in increased product cost and larger volume
of chemically loaded effluents; particularly excess sodium
dithionite, unfixed indigo dye and their byproducts.
Optimization of various dyeing parameters can reduce
consumption of chemicals and water requirement for
typical denim dyeing processes. For an optimum rope
idigo dyeing process, it 1s recommended to regulate some
of the dyeing parameters e.g. concentration of sodium
dithionite (Na.S:0.), pH value of caustic soda (NaOH),
dipping time and airing time etc.

This case study presents the statistical comparison of eight
months data based on optimization of amount of sodium
hydrosulphite (Na.S.:0.), and water consumption control
for rope dyeing process in a denim industry which will
ultimately result in the reduction of unit cost per meter in
dyeing yarn.

2. Reduction Mechanism Of Indigo

The indigo bath consists of indigo dye, caustic soda
(NaOH) and sodium dithionite (Na.S.O,) as reducing
agent. During reduction process Na25204 react with
NaOH and break it into NaO and nascent hydrogen; both
of which adhere to indigo dye molecule. Nascent hydrogen
opens the indigo vat dye molecule by letting it join with
water and the water carry the vat dye to the cotton fibre.
This reduction process is termed as vatting[7].

During dyeing process the concentration of leuco is
maintained in the dye bath by the addition of sodium
dithionite. Once indigo 1s applied on fabric, it oxidizes
back to its original insoluble form in order to make it stay
within the fibre by skying process [8].

Reduction oxidation mechanism is shown in following
equation.

Na'o H\
Na,S,0,4+NaOH N
__Reduction —
Oxidation
e.g. air N\
H Nab
Indigo Leuco form
Water insoluble Water Soluble
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3. Indigo Dyeing Process
Indigo dyeing process involves number of stages shown in
Figure 1. Rope of 300 to 400 mdividuals threads are

continuously dyed in the following steps:

. Pre-treatment

e Prewashing
e  Indigo dip
e Post washing

On top of each dip squeeze rollers are arranged to oxidize
dye with air.

Washing
( Raw Yarn, )—» Pretreatment  [-¥ ot Cold
. Washing . .
Softening < Cold— Hot—Cold < Indigo dyeing
. Indigo dyed
Drying 4{ yarn >

Figure 1 Steps involved in typing indigo rope dyeing
process

8. 1. Pre-treatment of raw yarn

In the pre-treatment process, ropes are fed into scouring
baths where warp varn is treated with wetting agent,
detergent and caustic soda at 70-80°C. The purpose of this
step 1s to remove trapped air from cotton yarn and
guarantee uniform wetting and dyeing. Then, ropes are fed
mto one or more water rinsing baths.

3.2. Prewashing

Pretreated raw yarn is thoroughly washed with hot water to
remove remains of caustic which might change the pH of
the dye bath. After hot wash, yarn is cold washed to lower
down the yarn temperature as indigo dyeing is carried out
at room temperature [9].

3.8. Recipe for dyeing liquor and vat dye stock [8].

The dyeing tanks contain about 2000 liters of bath
comprising:

e Caustic soda (27% by weight), 5 ml/l
e  Sodium dithionite, 1.5g/1

e  Stock vat, 62.5 ml/l

The bath (about 16 000 liters) is constantly re-circulated
and automatically reinforced by mother solution on the
basis of the weight of the yarn being dyed.

The dyeing stock is prepared as follows

e 85 g/l Indigo Pure
e 76 g/l Hydro

34

o 57 g/l Caustic Flakes or 74 ml/l caustic 50°'Be
e 1 ml/l Dispersing Agent
o | gm/l wetting agent

Mostly the vat stock is prepared by adding indigo dye with
0.8-0.9 time’s sodium dithionite and 0.7-0.8 time’s caustic
soda. The quantity of caustic soda and sodium dithionite
must be monitored regularly according to required
amount.

3.4. Indigo Dyeing

After prewashing the yarn ropes are fed into dyeing
equipment which consists of series of dye baths where
multiple lower and upper rolls are provided to twist and
squeeze yarn ropes between the dye baths. Above the
middle set of multiple dye baths, there are skying rolls.
After wetting out of the first dye bath, they pass at about 20
to 30 m/min to the skying rolls and dipped for 20 -30
seconds in leuco indigo dye liquor and then skied for 2
minutes after leaving the dye box[9]. The skying floor
should be high enough for complete oxidation of the dye.
This step is repeated for each dye liquor box followed by
skying for oxidation. In the successive dye box more leuco
indigo 1s consumed followed by oxidation and the fibre
surface 1s gradually dyed with indigo pigment. There are
more than six dye boxes used for finer layers of indigo on
yarn surface [10].

8.0, Post washing and softening

After dyeing the unfixed die and residual of caustic from
the yarn surface are removed by washing the ropes with
the water at about 60°C. Washed ropes are lubricated so
that individual threads can be easily separated during re-
beaming process. For lubrication the bath contain water,
softener, acetic acid and this application occurs at room
temperature.

8.0. Drying

In the last, the ropes are dried at about 120°C with the
residual of 8% humidity. Dried yarn ropes are stored in a
can in such a way that threads will not be twisted.

4. Process Control Parameters Of Rope Dyeing For
Denim

4.1. Concentration of dye in dye bath

Mostly the concentration of indigo dye depends on the
need of the depth of the shade and the number of dips
used. It is usually in between 2 to 6 g/l [11]. If the dye
concentration 1s high, it will show a poor rubbing fastness
with more reddish duller shade of indigo dyeing. When
yellow leuco indigo oxidizes, it transforms into greenish
and then gradually turns into blue oxidized form. Small
quantity of sodium dithionite must be added to dye bath
for maintaing clear yellow leuco and to prevent premature
oxidation of dye into greenish form.
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4.2. Dipping ime

Longer dipping time results in high penetration of dye in
the yarn which reduces the ring dyeing effect. On the other
hand for short dipping time, there must be a negative
effect on dye penetration depth. The dipping time should
be in the range of 20-30 seconds for each dye bath. On
exceeding more than 60 seconds, darker shades are
obtained due to high take up of dyestuff [11].

4.8. Concentration of Sodium dithionite (Na.S-O,)

Concentration of sodium dithionite plays very vital role in
indigo dyeing process. Higher concentration of sodium
dithionite results in lighter bluer shade and ultimately
consumption of indigo will be much higher if darker shade
1s required. At relatively low concentration of sodium
dithionite, darker shades can easily be produced. A further
decrease in sodium dithionite concentration results in
unreduced indigo which will bleed in the next bath and
post washing.

4.4. Redox potential

The redox potential depends on the final desired shade.
Typically it should be in the range of -760 to -860
millivolts. In order to keep the leuco indigo stable, the
level of redox potential should be low. The potential of
msoluble indigo in dye bath remains same until all the
leuco indigo molecules are oxidized to raise the potential
in the positive direction. Reduction capacity is monitored
by millivolt meters to ensure optimum redox potential
mentioned above.

4.0. Caustic soda or pH value

pH of indigo dye bath greatly affect dye penetration and its
affinity to fabric. Being weakly acidic, indigo dye exists as
mono-phenolate ions at pH 10.5-11.5 which is most
substantive form for ring dyeing as compared to its other
ionic forms [10]. Therefor alkaline pH (10.5 to 11.5) is
maintained by adding caustic soda to dye bath in order to
achieve a high strike rate of the dye to the yarn and for
good wash down activities[12].

4.6, Aring time

Airing time forthe fixation of dye should not be more than
60 to 75 seconds because longer time results in high
tension on the yarn and subsequent process becomes
difficult.

4.7. Optimization of sodium dithionite concentration

The indigo and sodium dithionite concentration must be
efficiently managed through continuous feeding of both
igredients otherwise shade will be altered after vatting[13].
Although sodium dithionite enables very short fixing times
i various dyeing methods and produces levelness in
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continuous dyeing [7], it is unstable and can be easily
oxidized by atmospheric oxygen. Higher temperature
further reduces stability of its alkaline solutions and it gets
oxidized even in the absence of oxygen. Therefore, excess
quantity of sodium dithionite and caustic soda are needed
over the stoichiometric requirements of the reduction
process. Concentration of sodium dithionite should be
enough to completely reduce insoluble indigo dye into its
soluble leuco form. Sodium dithionite is also required to
prevent possibility of unwanted oxidation of soluble leuco
dye back into insoluble indigo. At lower concentration of
sodium dithionite, oxidized dyestuff present in dye bath
with adheres on the fibrous material and results in duller
red shades. On the other hand, high concentration of free
dithionite i the dye bath will cause msufficient oxidation
in skying and will bleed the colour in the next successive
bath resulting in low colour yield. In this case, more indigo
dosing 1s required to get the desired shade which will
disturb equilibrium of dye bath.

This case study refers to an unstable process control
resulting in higher concentration of sodium dithionite in
the dye bath which caused huge shade fluctuation. For an
dyeing
regularly
controlled which ultimately resulted in stabilized indigo

ensured optimized process, sodium

dithioniteconcentration was monitored and

consumption.
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Figure 2 Month wise consumption of sodium

dithionite (g/m)

Figure 2 shows the gradual reduced consumption of
dithionite per meter of dyed yarn from the month of
October-15 to Feburaray-16. But from July-15 to
September-15 it was not effectively optimized which
caused high consumption of dithionite. Sodium
dithionite consumption was monitored and control
achieved from October-15 to Feburaray-16
keeping in view that there must not be any shade
alteration. The statistics shows that the consumption
of dithionite gm/m reduced from 16.99 gm/m to 10.62
gm/m from the month of July-15 till Feburaray-16.
This optimization of sodium dithionite not only lead
to the steady consumption of indigo and washing water
but also reduced the cost of dyed yarn as mentioned in
further discussion.

was
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4.8. Steady Consumption of digo

Figure 3 shows the steady utilization of indigo from
November-15 to Feburaray-16 While before November-
15 there was abrupt consumption of indigo because of an
un-optimized dithionite concentration which resulted in
higher consumption of indigo for dyeing yarn.
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Figure 3. Production (m) versus liquid indigo
consumption (grams per m)

4.9. Reduced water consumption

This study also includes optimized water consumption
during pre and post washings of cotton yarn. The fix
dosing of inlet fresh water for prewashing in order to
remove caustic from fiber was controlled by installing
digital flow meter while in post washing the water
consumption became steady from October-15 to
Feburaray-15 just by optimizing the concentration of
Na.S:0:. Month wise water consumption 1s shown in
Figure 4.
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Figure 4. Month wise consumption of water (gallons)
for rope indigo dyeing process

As the high concentration of sodium dithionite in the
indigo baths ultimately resulted in insufficient oxidation
during aeration this caused bleeding of unfixed dye in post
washing chambers. The more unfixed dye stuff on the
surface of the yarn, the more water required to wipe it off.
In this manner an reduction 1n

effective water
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consumption has been seen by optimization of sodium
dithionite concentration.

4.10. Effective cost reduction per meter

Due to stable circulation and concentration of sodium
dithionite, the cost required for chemicals has been
effectively reduced as shown in Figure 5. The cost
reduction is about 2.88 Rs./m of dyed yarn which is
specifically good for consistent and reproducible dyeing.
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Figure 5. Month wise production cost (Rs/m)

4. Introduction About Industry

The textile unit under study was established m 1949.
Operating on an area of 165,922 square meters and
employing 7,650 people, it has the ability to cater to
specific client needs with package deals such as product
development at source, design support, shorter lead times,
on-time deliveries and warehousing facilities. Their latest
undertaking 1s the new state of the art denim mill which
will take their production capacity to 36 million meters per
annum.

6. Aims of Case study

There are number of factors affecting optimal indigo
dyeing process. This case study was particularly focused
on the optimization of indigo dyeing process by reducing
consumption of overall sodium dithionite and rinsing
water which ultimately reduced the dyeing cost per meter
of dyed yarn. This was done by continuous monitoring
and controlling of various factors for eight months without
hurting the shade consistency with reduced consumption
of sodium dithionite in gm/m of dyed yarn.

7. Process Optimization

Table 1 represents eight month’s data for optimization of
indigo rope dyeing process in the industrial unit under
study.
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study for indigo rope dyeing. exporter of denim fabrics,” Pakistan Text. J., vol.
N ~ 14
Month Product. NasS:0:  Liquid Water Cost 64, lef_)' 6, p. 36, 2015. . .
(m) @) Indigo  (gal) Rsy/m [4] A. Gurses, M. Acikyildiz, K. Glines, and M. S.
&'m) Giirses, “Dyes and Pigments: Their Structure and
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Cham: Springer International Publishing, 2016,
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o i } o [7] M. Bozi¢ and V. Kokol, “Ecological alternatives to
Feb-16 1,210,079 10.62 31.92 2,500 15.05 . . . . .
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with vat and sulphur dyes,” Dvye. Pigment., vol. 76,
8. conclusion no. 2, pp. 299-309, 2008.
[8] N. Meksi, M. Ben Ticha, M. Kechida, and M. F.
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reduced the water consumption during pre and post wash [9] A. Giirses, M. Acikyildiz, K. Giines, and M. S.
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meter. Reduction in water and chemical consumption Dyes and Pigments,” A. Giirses, M. Acikyildiz, K.
ultimately resulted in reduced cost per meter of dyed yarn. Giines, and S. M. Giirses, Eds. Cham: Springer
It was. also expgcted that process optimization would International Publishing, 2016, pp. 47-67.
maintain lesser .dls.(‘hzu‘gc Qf effluent containing harm.ful [10] M. G. Uddin, “digo Ring Dyeing of Cotton Warp
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Abstract

The advanced technology still requires a good surface finish at a low cost. This scenario asks the industries and the scientific
community to develop new finishing processes. Currently, there are many techniques and the most promising of them is the
abrasive vibratory treatment (AVT). The performance of the AVT depends on the operating mode (Amplitude, oscillation
frequency of the work chamber, thermal and energy parameters), devices design features and other factors, among which
the central place is occupred by the functional properties of the granules, generally, based on the composites,
predetermining the important role and the main task of the vibratory treatment. However, the analysis of the works in this
domain shows that AVT gives good results with the right selection of granules that is the shape, the size and the composition
of them, which are determined by the configuration and material of the treated parts thus shows that the functional
properties of granules are not completely used. Therefore, the purpose and task of the relevant work is the intensification of
the AV'T process by improving functional properties and performance of abrasive granules based on a polymeric binder

(PB).

Keywords: vibratory treatment, abrasive granules, functional properties, polvmeric binder, performance;

1. Introduction

The development prospects of modern industry are
largely due to the introduction of new materials and
technologies. Some of these materials are polymeric
composite materials (PCM). The PCM uses extensively in
the automotive industry, aerospace, naval construction, oil
and gas industries. We examine i our work a new field
application of polymers: their use in the AVT, which is
based on the capacity of the polymers, which mechanically
activate the surface deformation and the dispersion of the
solid bodies.

At the current stage of development of metal processing
technology, the questions of improving environmental
performance are increasingly relevant. The modern
mechanical production represents a complex set of
processes using different types relating to the energy
influence, a wide range of basic and auxiliary materials in
solid, liquid or gaseous, solutions, granules and electrolytes
of various compositions and concentrations. To achieve
the quality and the required performance is often used
toxic materials and granules. In this regard, the significant
mterest 1s presented by the development of new granules
of treatment, excluding the application of such materials
and substances, the introduction of ecologically rational

and appropriate technologies so the exploitation of the
waste of diverse productions [1]. The industrial production
of various abrasive granules (AG) allows extended using
the methods of AVT [2]. The important significance to
guarantee the cutting properties of these granules belongs
to the binder of AG. The binder must solidly retain the
abrasive grains and constantly be triturated for the
denudation of new cutting edges. It represents an
important component, influencing considerably on the
performance of granule [3]. The AG is generally
manufactured containing a polymeric, metallic and
ceramic binder. However, the most widespread is
polymeric [4].

Currently the volume of the production of diamond
binder (PB)
approximately 70 % of all abrasive production [5, 6]. That

tools with a polymeric represents
1s expressed by the positive influence of PB on the
treatment processes. PB  promotes the reception
performance of the treated surface; ensure a low
coefficient of friction, consequently, a low temperature,
and a capacity of auto-sharpening, which increases granules
cutting performance and intensification of AVT
production [7, 8]. Generally, AG with elastic and rigid PB
are largely used in the industry, as elastic PB 1s uses
compositions, Inserting rubber, polyvinyl chloride and
phenol-formaldehyde novolac resin [9]. However, it is
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advisable to note that the major part of the AG is
industrialized with the rigid PB [10]. The basis of these
agglomerating is composites filled with polymer. The
mternational market, offers a very wide nomenclature
granule of different characteristics and particularly
containing polyamide and poly benzene resins. But more
and more PB based on resins of epoxy, polyurethane and
fluoride found an increasing use [4,10].

The analysis of the granules applied in processes of the

vibratory (reatment, makes it possible to classify them

according to various characteristics, in particular, nature of

origin, structure, type and shape of granules. Depending
on the nature of origin, all granules are divided into two
principal groups [11]: inorganic (natural, synthetic) and
organic granules according to Figure 1.

Granules of vibratory treatment

| Natrural minerals
Molded

Vitreous

Figure 1. Classification of vibratory treatment granules
based on its nature

In recent years, many companies have considerably
activated the research of production and sale of AG with
defined geometric shape. These works are completed,
particularly, in Germany (by Résler and Walther Trowal
companies) according to Figure 2, in the Russian
Federation by abrasive factory of Moscow, in USA by
Finishing Systems and others companies.

Figure 2. Some granules produced by ROSLER

The primary reason for such extensive use of AG based
on PB 1s higher cutting capacity, which is due to the
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release of a large number of macro radicals during the
attrition of this binder [12].

The longevity of free radicals under normal conditions
1s very short, because as reactivity, they can interact with
compounds, atoms and molecules that act as locators of
unpaired electrons (acceptor). Since generated radicals
mteract with atoms or molecules of the compounds, their
recombination in these conditions is impossible (at least
limited). Thus, polymeric granules and compounds used
in conjunction during AVT, allow producing even more
reactionary radicals, which must more intensify the
treatment.

Currently, abrasive fillers are based on traditional materials
such as black and green silicon carbide, white and normal
[13]. Natural

corundum 1is a rare material, artificial 1s expensive. In this

electro-corundum and other materials
context, It 1s Interesting to use non-conventional abrasive
materials, including wastes from various industries. In
particular, it is known i the field of metallurgical
production that slag possesses high abrasive properties and
1s not deficient and costly. The manufacturing process of
abrasive tools 1s well-known [14], in which the abrasive is
mixed with polymer and hardener then the mixture is
placed in an appropriate mold, the mold is heated to a
temperature of 70° [4].

2. Experimental study

The objective of our study 1s the production of the AG
and the lowering of their cost prices, by replacing one or
more expensive components for others less expensive,
while preserving the physical and mechanical properties in
order to improve the ecological security of this production,
thus to solve the task of improving the wear resistance [15],
the absence of the clogging and good wettability of AG
surfaces. The result which can be achieved in the
implementation of this method consists in using:

1) As the abrasive - normal electro-corundum (NE) with
a particle size at 06 to 10 um, granulated slag of blast
furnace, slag crushed for the road works and sand.

2) As a polymer - Poly methyl methacrylate (PMMA).

3) As the monomer - methyl methacrylate (MMA) 1n
liquid.

4) As the hardener - dimethyl aniline

2.1. Technological equipment

Experimental studies of the process are conducted with
vibratory equipment 4x10 according to Figure 3. The
machine has a base 9, welded iron of U-shape, on the basis
1s assembled metallic square structure 8 for the fixing of
the electric motor 5, and the intermediate support 7 with
shaft 6 transmitting the rotation of the electric motor by
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two elastic couplings 4 to vibrator shaft 3, fixed under the
vibrating table 1. The vibrating table is installed on four
screws springs, relying on the base. On which at the same
time fixed the work chambers 2 volumes of 1 up to 10
dm’. The presentation of the liquid system consists of a
pump, pipes and tank 10. The technical characteristics of
this equipment are given in Table 1. The advantage of the
equipment 1s the simplicity of conception, easiness of use,
and the universality that is reflected by the use of this
machine i the laboratories of research as well as in
idustrial enterprises.

i |

Figure 3vibratory equipment 4x10

The experiments were accomplished with free loading
of parts in the work chamber. The consumable loading
volume (granules, solutions) and parts, it's about 80 % of
the work chamber volume, the entire experience was
conducted with continuous solutions.

Table 1. Technical characteristics of vibratory equipment

4x10

Designation Measuring |[Equipment 4x10
units
Volume of work dm’ 10
thamber
Number of work unit 4
thamber
Jriving device - Eccentric weight
Jisposition of vibrator - Horizontal
I'ngine power Kw 1.1
Vibration amplitude mm 0.5-2.5
Dscillation frequency Hz 16, 26, 33, 40
Jimensions m 1.3x0.95x1.37
Weight Kg 820
Volume of settler dm’ 200

2.2, Studied granules

To study the influence of granule characteristics of AVT
performance and in treating surface finish, as well as the
determination of granules functional characteristics, we
used:

Abrasive granules in triangle prisms shape with

dimensions of 20x20 mm (TP 20x20).

Granules epoxy 520, cone-shaped with dimensions of 20
mm and granulometry M40 from 28 to 40 um.

Newabrasive materials cone-shaped with dimension of
25 mm, based on polymeric binder + PMMA + MMA +
hardener + abrasive grains granulometry M40 and
dimension from 28 to 40 um.

Normal electro-corundum (NE-10) of 10 um with an
abrasive concentration from 45 to 709, and the
mtroduction of non-standard agent of load mstead of the
abrasive, particularly the metallurgical production waste.

Also, slags of fusion in grains and crushed roadwork
granulometryM50 from 40 to 50 ym and M10 from 7 to
10 um, and sand M6 from 3 to 6 um.

Noting that before preceding to the experimental studies
all the granules must past a prior treatment for 30 minutes.

2.3. Solution and treated materials

In order to study the AVT process when using AG
based on a polymer composite, we use an aqueous
solution 5% of Na.COs. Studies are conducted on parts of
different materials and the most used in the industry: steel
45, copper Cu-B, aluminum 2024A and CuZn40Y40.
Exploiting the wvibratory equipment 4x10, the operating
mode of treatment 1s the following: amplitude varying from
2 to 2.5 mm, oscillation frequency from 16.7 to 26.7 Hz.

2.4. Technological characteristics (functional)

To perform comparative tests of technological
characteristics of new granules compositions, we use the
method [4], which takes into account the functional
properties and the main parameters of abrasive granules
exploitation and which 1s calculated as follows:

- Concentration of abrasive grains:
7
C,=-2-10009 1
s =12100% ()
Where v,- Volume of abrasive grains, %; v,- binder
a g c

layer volume containing abrasive grains.

- Cutting capacity of abrasive grains:
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Ry, =—%;
xS, h * cm?

Rec = (g + kg - V) - 107
Where Q - metal removal of the part surface; t -
processing time; Sp- surface area of the part; 1y, k, -
empirical coefficients.

- Consumption of the abrasive granules in mass:

I
p=_m.9 @3
" 3)

m y —

h

- Consumption of the abrasive granules in volume:

I dm?
P =X ; 4
Yot h W

Wherel,,,[,,- Mass and volume of consumed granules
layer.

- Treatment coefficient (specific metal removal):
Q. 1 0
IS b cm

KOZ(ba—Ca~‘/;l+qa']/:12)X10_5

2

Where b, ¢, , q, - empirical coefficients.

- Wear resistance of abrasive granules:
_Im. % -
U = uo + ka * Va

Where M- one hour of the total mitial weight of
abrasive granules; U, , k, - empirical coefficients.

- established roughness under normal processing
conditions (miimum value R, of treated parts 1s achieved
at the fixed operating mode of treatment).

3. Results and discussions

The comparative tests of MMA+ PMMA and epoxy
resin according table 2 are showed that:

- The cutting capacity in Graph 1 and the wear resistance
of the granules in Graph 2 are high compared to granules
based on epoxy resin.

- The treatment coefficient in Graph 3 is almost three
times higher than for the granules containing epoxy resins.
- The established roughness in Graph 4 is higher than for
€pOoXy resins.

By comparing the experimental results on parts of
different materials when using granules with a new
polymeric composite binder (PMMA + MMA), epoxy
resin (Epoxy 520) and ceramic (TP 20x20), we can say
that, the use of new granules gives good results for
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improvement and intensification of AVT, with a less
expensive cost, ensuring high properties of granules
without any influence on the environment. It's good to
note that, the abrasive granules based on polymer binder
increase productivity; ensuring a stable surface quality, an
economy of abrasive granules which reflect their wear
resistance.

Table 2. Comparative tests of MMA + PMMA and the
epoxy resin 520

Ne  [Type of binder Type of Cutting
processed capacity
material Rx10"
(AFNOR)  |g/hxcm’

1 PMMA-+MMA (M40) Steel 45 1.78

2 PMMA+MMA (NE-10) |Steel 45 2.073

3 PMMA+MMA (M40) CuZn40Y40 [2.73

4  |PMMA+MMA (NE-10) |CuzZn40Y40 [3.75

5 PMMA+MMA (M40) Cu-B 9.43

6 |PMMA+MMA (NE-10) |Cu-B 14.063

7 PMMA+MMA (M40) 2024A 16.62

8 PMMA+MMA (NE-10) [2024A 32.67

9 EPOXY-520 (M40) Steel 45 1.27

10 |[EPOXY-520 (M40) CuZn40Y40 [2.02

11 |EPOXY-520 (M40) Cu-B 7.75

12 |EPOXY-520 (M40) 2024A 14.43

13 (TP 20%x20 Steel 45 1.85

14 (TP 20x20 CuzZn40Y40 3.1

15 (TP 20%x20 Cu-B 5.6

16 (TP 20x20 2024A 2.44

Following Table 2
No  [Wear resistance |Treatment IEstablished
U, %/4 coeflicient Kx107 froughness R.,
1/em’ um

1 0.867 1.5 ).77

2 10.528 2.144 1.16

3 10.95 4.5 ).642

4 |1.61 5.37 718

5 10.905 9.19 924

6 |1.619 9.94 1.248

7 1095 12.37 1.172

8 [1.62 19.06 2.006

9 10.66 1.36 .8

10 10.631 3.25 71

11 10.602 5.57 1.01

12 0.6 10.99 1.97

13 2.11 3.29 1.84

14 [2.97 5.04 1.212

15 B.141 8.16 1.17

16 K.78 16.09 2.99
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Conclusion

The surface treatment and particularly AVT is a very
complex process, requesting attention because many
factors are involved both during treatment, so far that it’s
known as Mass Finishing. In this work we try to:

- Reveal a mysterious phenomenon, a cutting tool
which 1s present by abrasive granules, which are composed
of the rest of abrasive discs and ceramic with a particle size
of 8 to 40 um.

- Accomplish a set of theoretical and experimental
studies, to improve the quality of abrasive granules and
increase the efficiency of AVT.

- Develop a system of operating parameters of abrasive
granules, allowing conducting comparative studies of
several granules compositions.

- Thus, this work presents the classification of abrasive
granules containing a polymeric binder, taking into
consideration the operating parameters (functional) of
abrasive granules according to their nature and their
designation.

The right chooses of the granules component 1s the key
to improving the performance of vibratory treatment.
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Abstract

Characteristics of flurd flow and heat transter are analyzed for a constant property flud flowing turbulently through a two-
dimensional horizontal rectangular cross section channel with staggered, transverse L-shaped baflles (STLBs) and a constant
temperature along both walls. The Commercial CFD software FLUENT 0.3 is used to simulate the Huid flow and heat
wransfer fields. As a part of the same package, a preprocessor Gambit 1s used to generate the required mesh for the solver.
The governing equations, based on the Shear Stress Transport (S51) kw model used to describe the turbulence
phenomena, are discretized using the Finite Volume Method (FVM) with Semi Implicit Method for Pressure-Linked
LFquations (SIMPLE) algorithm for pressure-velocity coupling. Air is the working fluid with the flow rate in terms of
Reynolds numbers ranging from 12,000 to 30,000. The eftects of the baffle L-shape as well as Reynolds numbers are
examined. A detatled description of turbulent heat transfer flow behaviors around the STLBs was presented. In particular,
contour plots of velocity and pressure fields, axial velocity profiles, local and average heat transfer coefticients, and friction
loss evaluations were obtained at constant wall temperature condition along the top and bottom channel walls. The
numerical results are validated with available rectangular-baffle measured data and found to agree well with measurement.
The results reveal essentially, that the flow pattern of using STLBs is characterized by strong deformations and large
recirculation regions. The highest values in the velocity and pressure fields are found near the top channel wall with an
acceleration process that starts just afier the second STLB. Also, an increase in the Reynolds number causes a substantial

mcrease 1 the Nusselt number but the pressure loss is also very significant.

Keywords: CFD ; Finite volume method ; Forced-convection ; L-shaped baffle ; Rectangular channel ; Turbulent flow.

1. Introduction

The use of baffles and fins in channels is commonly used
for passive heat transfer enhancement strategy in single
phase internal flow. Considering the rapid increase in
energy demand, effective heat transfer enhancement
techniques have become important task worldwide. Some
of the applications of passive heat transfer enhancement
strategies are in process industries, thermal regenerator,
Shell-and-tube type heat exchanger, Internal cooling
system of gas turbine blades, radiators for space vehicles
and automobiles, etc. In literature, numerous studies on
baffled channel heat transfer are reported, but only the
relevant articles are cited here. Yuan [1] reported a
numerical study for the characteristics of the periodically
fully developed turbulent flow and heat transfer in a
channel with transverse opposite-positioned fins. The
influence of the thermal boundary condition of the fin to
the heat transfer was verified. Yuan and others also studied
experimentally the duct with periodic rectangular fins
along the main flow direction [2] and the duct with winglet
fins [3]. They can both increase heat transfer largely

comparing with  smooth  duct. An  experimental
ivestigation was done by Habib et al. [4] to study the
characteristics of the turbulent flow and heat transfer inside
the periodic cell formed between segmented baffles
staggered in a rectangular duct. The parameters of the
experimental work were the Reynolds number and the
baffle height. The results indicated that the pressure loss
increases as the baffle height does, for a given flow rate.
Also, the local and average heat transfer parameters
increase with increasing Reynolds number and baffle
height. Demartini et al. [5] presented the numeric and
experimental analysis of the turbulent flow of air inside a
channel of rectangular section, containing two rectangular
baffle plates. Hot wire anemometry and the Finite Volume
Method, by means of commercial program FLUENT 5.2
were applied in that research work. Tsay et al. [6]
numerically investigated the heat transfer enhancement
due to a vertical baffle in a backward-facing step flow
channel. The effect of the baffle height, thickness and the
distance between the baffle and the backward facing step
on the flow structure was studied in detail for a range of
Reynolds number varying from 100 to 500. They found
that an introduction of a baffle into the flow could increase
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the average Nusselt number by 1909%. They also observed
that the flow conditions and heat transfer characteristics
are strong function of the baffle position. The heat transfer
enhancement in a heat exchanger tube by installing a baffle
was reported by Nasiruddin and Kamran Siddiqui [7]. In
that study, the effect of baffle size and orientation on the
heat transfer enhancement was studied in detail. The
results showed that a significant heat transfer enhancement
in a heat exchanger tube can be achieved by introducing a
baffle inclined towards the downstream side, with the
minimum pressure loss. Numerical studies for both solid
and porous baffles in a two dimensional channel for the
turbulent flow [8] and for the laminar flow regimes [9,10]
were conducted and similar thermal performance results
for both the solid and porous cases were reported. Ko and
Anand [11] carried out an experiment for turbulent
channel flow with porous baffles and found that the
porous baffles present a flow behavior as good as the one
with solid baffles. Dutta and Dutta [12] first reported the
enhancement of heat transfer with inclined solid and
perforated baffles. In that study, the effects of baffle size,
position, and orientation were studied for internal cooling
heat transfer augmentation. Dutta and Hossain [13]
experimentally nvestigated the local heat transfer
characteristics and the associated frictional head loss in a
rectangular channel with inclined solid and perforated
baffles. A combination of two baffles of same overall size
was used in their experiment. The upstream baffle is
attached to the top heated surface, while the position,
orientation, and the shape of the other baffle are varied to
identify the optimum configuration for enhanced heat
transfer. A constant surface heat flux was applied from the
top surface, but the bottom and the side surfaces were
maintained at an adiabatic condition. The experimental
results showed that the local Nusselt number distribution 1s
strongly depended on the position, orientation, and
geometry of the second baffle plate. The friction factor
ratio goes up with an increase in the Reynolds number, but
its value depends on the arrangement of baffles. Karwa
and Maheshwari [14] presented results of an experimental
study of heat transfer and friction in a rectangular section
duct with fully perforated baffles (open area ratio of
46.8%) or half perforated baffles (open area ratio of 26%)
at relative roughness pitch of 7.2-28.8 affixed to one of the
broader walls. The authors showed an enhancement of 79-
169% 1n Nusselt number over the smooth duct for the
fully perforated baffles and 133-274% for the half
perforated baffles while the friction factor for the fully
perforated baffles is 2.98-8.02 times of that for the smooth
duct and 1s 4.42-17.5 times for the half perforated baffles.
Later on, a number of research groups have utilized the
perforated  baffle
augmentation both experimentally [15] and numerically
[16-18]. In those studies, different aspect ratio channels

concept for internal  cooling

and different porosity baffles were used. Other authors
studied in detail the effect of the shape of baffles and
orientations on the heat transfer enhancement in the heat
exchanger channels. Laminar periodic flow and heat
transfer in a two dimensional horizontal channel with
1sothermal walls and with staggered diamond-shaped
baffles was investigated numerically by Sripattanapipat and
Promvonge [19]. Wang et al. [20]

computational and experimental results for research on

summarized

the flow and heat transfer process of a rectangular channel
embedded with staggered pin fins of various shapes (i.e.,
circular, elliptical, and drop-shaped) in a staggered
arrangement. Guerroudj and Kahalerras [21] reported a
numerical simulation of laminar mixed convective in a
two-dimensional parallel plate channel provided with
porous blocks of various shapes (i.e., rectangular,
trapezoidal, and triangular-shaped). Benzenine et al. [22]
presented a computational analysis of the turbulent flow of
air in a pipe of rectangular section provided with two
waved fins sequentially arranged in the top and the bottom
of the channel wall. The influence of baffle turbulators on
heat transfer augmentation in a rectangular channel with Z-
shaped baffles was investigated experimentally and
numerically by Sriromreun et al. [23]. Numerical and
experimental predictions of the flow and heat transfer in
shell-and-tube heat exchangers helical baffles were
mvestigated by Lei et al. [24], Dong et al. [25], and Wen et
al. [26]. Other similar works can be found in literature as
Promvonge [27,28], Promvonge and Kwankaomeng [29],
Tamna et al. [30], and Jedsadaratanachai et al. [31] studied
the heat transfer and flow over V-shaped baffles submitted
to laminar and turbulent flows using numerical and
experimental techniques. All these shapes increase
thethermal transfer rate but created catastrophic pressure
losses. The principal objective of the present study is to
show the influence of STLBs on the fluid flow and heat
transfer characteristics when the Reynolds number effects
are simultaneously present. This was decided after
literature search has revealed that no work has been
reported on the computation of the flow in L-baffled
rectangular channels. This has motivated the present
numerical simulation which 1s a contribution to the
previous studies on improvement techniques of heat
transfer. Throughout the study, a constant temperature 1s
assumed from the entire wall of the computational
domain. The simulation results of an L-shaped obstacle
pair are also compared with conventional CFD simulations
and the experimental data of previous researchers.

Flow Velocity Upper Wall Atmospheric Pressure
i) Lin S Lout
I 11 1
7>
—_
H|o >
> T h
D L-Baffles —p
—>/
I« 4 >
L
Y Lower Wall

L X Figurel. Schematic diagram of flow

andgeometrical configuration
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h/2

Figure 2. Cross-sectional geometry of the L-shaped baffle

2. Physical model

The system of interest 1s a two-dimensional 1sothermal wall
rectangular cross section channel with a staggered
transverse L-shaped baffle pair placed on both the upper
and lower walls in staggered arrangement and pointing
towards the upstream end as shown in Figure 1. A
schematic view of the baffle shape i1s shown in Figure 2.
The flow 1s two-dimensional, turbulent, incompressible
and 1n steady state with no internal heat generation and
neglecting viscous dissipation. The Prandtl number is
taken equal to 0.71. All physical properties of the fluid and
solid are considered to be constant.

The geometric dimensions of our problem have been
based on the experimental work of Demartini et al. [5]. In
their study, the experiment was conducted in a two-
dimensional domain, which represents a rectangular duct
of L = 0.554 m long and H = 0.146 m high, provided by
two baffle plates, through which a steady flow of turbulent
air. The first plate 1s attached to the top wall at a distance
of Lin = 0.218 m and the second inserted to the bottom
wall at Lout = 0.37 m from the entrance. The distance
between the upper edge of the baffle and the wall was kept
constant at h = 0.08m. This corresponds to the area
reduction of 54.794 % at the baffle edge. The thickness of
the two baffles 1s a e = 0.01 m.

3. Mathematical modeling

Based on the above assumptions, the channel flow 1s

governed by  continuity,Navier-Stokes and  energy
equations, respectively

W =0 1)
PV )=—VP + 41, vV ©)

pCp(\_/.VT):KfVZT
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where: V is the velocity vector. Prepresents the pressure.
P, i, K and Care the density, the dynamics viscosity, the
thermal conductivity and specific heat of fluid, respectively.

To ensure realistic accurate turbulent modeling, the
performance of four different turbulent models, namely
Spalart-Allamaras model, Standard 4- model, Shear
Stress Transport (SST) k-wmodel, and Reynolds Stress
model were evaluated by Nasiruddin and Kamran Siddiqui
[7], solving Navier-Stokes equations. The comparison of
the simulated results obtamed from these turbulent
models with the experimental data made the selection
easy. In that study, the SST k-wmodel was found to be the
that predicts the flow and
modification due to the baffle. The selected turbulent
model 1s capable of calculating the rapidly evolving two-
dimensional flow and also in predicting, interactions with
the wall. Another advantage of the selected turbulent
model is that the model equations behave appropriately in
both the near-wall and far-field regions. The SST k-
wmodel is defined by two transport equations, one for the
turbulent kinetic energy, & and the other for the specific

one most accurately

dissipation rate w, as given below [32]

o b ok (4)
<~ )=—| T, — G, Y, S

ox, (Pkuu) ax, [ K anJ"' K K T Ok

-

2 (pan)= 2|1, 22 |16, -V, +D, +5, )
o, ox, | “ox,
Where
G - _ ‘u’. J

K PUU; ox,
G,=a?aG, )
Foopst®

Oy

and
s 2 ©)

In these equations, x and xare the spatial coordinates. Gi
represents the generation of turbulence kinetic energy due
to mean velocity gradients. Gyrepresents the generation of
w. v and Tyrepresent the effective diffusivity of & and w,
respectively. Yiand Y,represent the dissipation of & and w
due to turbulence, respectively. D, represents the cross-
diffusion term. .5 and Syare user-defined source terms.
The commercial CFD software FLUENT®6.3 [33] 1s
used to calculate the heat and fluid flow characteristics in
the computational domain with STLBs. The governing
equations were discretized by the QUICK-scheme [34],
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decoupling with the SIMPLE-algorithm [34] and solved
using the Finite Volume Method [34]. For closure of the
equations, the SST &-w model [32] was used 1n the present
study. The mesh was generated by the pre-processor
software  Gambit 2.3.Structured meshes, with type-
Quadrilateral elements were built and tested with the
Fluent 6.3 [33]. To ensure the independence of the mesh
with the numerical results, a serial of test was performed.
To control the update of the computed variables for all
iterations, under relaxation was varied between 0.3 and
1.0. The solutions were converged when the normalized
residual values were less than 107 for all variables but less
than 10" only for the energy equation.

3.1 Boundary conditions

The The hydrodynamic boundary conditions are chosen
according to the experimental work of Demartini et al. [5]
while the thermal boundary conditions are set according to
the numerical work of Nasiruddin and Kamran Siddiqui
[7]. Air was used as the working fluid for all simulation
runs. The boundary conditions were given as, (i) the air
entered the channel at ambient temperature with a
uniform one-dimensional velocity (z = Us, v = 0, 1., =300
K); (i) the pressure at the ilet of the computational
domain was set equal to the zero (gauge); (i) the
turbulence intensity was kept at 7 =2 % at the mlet; (iv) A
constant temperature of 102°C (7. = 375 K) was applied
on the entire wall of the computational domain as the
thermal boundary condition. (v) impermeable boundary
and no-slip wall conditions are imposed at the walls; and
(vi) in the channel outlet it is prescribed the atmospheric
pressure (P = P.). The Reynolds number of the
experiments [5] 1s Re =8.73x10", defined as

(10)

where U is the entrance (reference) velocity, 7.8 m/s, and
D. 1s the hydraulic diameter of the channel, equal to 0.167
m. The total length of the channel 1s equivalent to 3.307 x
D., which 1s not sufficient for the flow development.
Therefore,no influence will result from the side walls, so
that the flow can be considered as being two-dimensional.
The skin friction coefficient, C/; is given by
Cf =__‘w
1 —
= puU
2
The numerical friction factor was computed from the
pressure drop, AP, across the length of computational flow
domain, L, having the hydraulic diameter, using Darcy
Weisbach formula. That 1s,

(12)

. _(ap/Lp,

1 IDUZ

(13)

2
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The local Nusselt number, N 1s evaluated as follows
h,D

_ _x—h

M=
f

The average Nusselt number, Nu. can be obtained by

Nu,, = %j Nu, ox

(14)

(15)

where /A represents the local convective heat transfer
coefficient

3.2 Grid sensitivity

The mesh was generated by the Pre-processor software
Gambit 2.3. The mesh was refined at all solid boundaries,
with volumes growing in geometrical progression with the
increasing  distance from the wall, as given by the
expression

a,=a(q")

(16)

where a.1s the length of the last volume from the wall, a: 1s
the length of the first volume adjacent to the wall, ¢ 1s the
growth ratio and n is the number of volumes. This
expression 1s valid for the regions near the walls. For the
regions more distant from the walls, the mesh is uniform,
as reported by Demartini et al. [5]. A fine non-uniform
mesh with the minimum cell number of (220 x 95) and the
maximum cell number of (420 x 235) were provided
through the walls. It is found that the variation in Nu. and £
values for the staggered L-shaped baffles at Pr =0.142 and
Re =8.73 x 10'is marginal when increasing the number of
cells from (220 x 95) to (420 x 235). Hence, there 1s no
such advantage in increasing the number of cells beyond
this value. Considering both convergent time and solution
precision, the grid system of (220 x 95) cells (in X and Y
directions, respectively) was adopted for the current
computation. The grid density was kept higher in the
vicinity of the heated wall and the STLBs to capture the
variations in the flow and temperature fields within the
hydraulic and thermal boundary layers.

0.08
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Figure 4. Two-dimensional axial velocity field in the L-
baffled channel at different flowReynolds numbers:
(@ Re = 12,000, (b) Re = 18,000, (¢) Re = 24,000,
and (d) Re =30,000. Airflow is from left to right. Velocity
values in m/s.

4. Results and discussion

To verify our numerical simulation, a comparizon was
made with the numerical and experimental data obtained
by Demartini et al. [5] in the case of a rectangular channel,
where two baffle plates were placed in opposite walls. The
geometry of the problem is a simplification of the
geometry of baffle plates found in shell-and-tube heat
exchangers.

A quantitative comparison between both the experimental
and numerical velocity profiles after the lower wall baffle,
near the channel outlet is shown in Figure 3. For the case
of axial velocity profiles at a position x = 0.525 m,
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measured downstream of the entrance, there is a good
agreement between the present study and previous work
[5]. These results give confidence that the numerical
scheme used was accurate.

The two-dimensional horizontal constant temperature-
surfaced rectangular cross section channel flow structure in
the presence of STLBs could be easily discerned by
considering the velocity contour plots in Figure 4(a-d). The
figures present axial velocity fields of turbulent channel
flow through STLBs using the SST 4w model for Re =
12,000, 18,000, 24,000, and 30,000, respectively. The
largest variations in the velocity fields occur in the regions
near to the staggered STLBs, as expected. The peak
velocity values are seen near the heated top channel wall
with an acceleration process that starts just after the lower
wall STLB, while the velocity i1s observed to be very low at
the locations corresponding to the zones of counter
rotating flow in the regions downstream of both STLBs as
seen in the figure. In the regions between the tip of both
STLBs and the channel walls, the velocity is increased.
The effect of the flow rate on the fluid velocity is also
depicted 1n the figure which shows that the velocity value
increases with the increase of Reynolds number.

The structure of the near wall flow in the channel with
two solid STLBs which are arranged on the top and
bottom channel walls in a periodically staggered way can
be displayed by considering the axial velocity profile plots
in transverse stations for four different Reynolds number
values (Re = 12,000, 18,000, 24,000, and 30,000) as
depicted in Figure 5(a-g) at various axial positions, x =
0.159, 0.189, 0.255, 0.285, 0.315, 0.345, and 0.525 m,
respectively. At Reynolds numbers of 12,000 to 30,000,
the air flows under, between and above the STLBs by
taking their exact shape with presence of recirculation
zones downstream from each STLB whose size increases
by increasing the Reynolds number from 12,000 to
30,000. When the inertia effects become important, the
great quantity of the fluid, at a higher velocity, flows over
the STLBs which will certainly causes a higher heat
transfer than that of the lower Reynolds number. Between
and downstream the STLBs there 1s appearance of larger
vortices whose size changes with the value of the Reynolds
number. The comparison of axial velocity profiles at
different axial stations shows that the influence of the
deformation of the flow field increases as the air
approaches the upper wall STLB, increasing the velocity
of the flow approaching the passage under the baffle (see x
=0.159 m and x = 0.189 m in the figure). The plots also
show that as the flow 1s accelerated and redirected near the
first STLB, a very small recirculation zone is formed in the
vicinity of the upper left corner (see Fig. 5a and b).
Downstream of the first STLB, as a result of sudden
expansion In the cross-section, the airflow separates, a
larger clockwise vortex is formed behind the upper wall
STLBs i the upper part of the channel andflow
reattachment is then established (see Fig. 5¢ and d).
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Figure 5.Plots of axial velocity profiles at axial stations
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Figure 5. (Continued)

In the region opposite the first STLB, the flow is
characterized by very high velocities, approaching 237.7%
of the inlet velocity, which is 1.049m/s at the lowest value
of Re number, as shown in Fig. 5(c and d). A similar
behavior 1s observed near the STLB mounted on the
lower wall with counterclockwise vortices at the upstream
(see Fig. be and f) and downstream STLB (see Fig. 5g).
The plots if Figure 5(e and f) shows that as the airflow
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approaches the second STLB, its velocity 1s reduced in the
lower part of the channel, while in the upper part is
increased. In these locations (x = 0.315 m and x = (0.345
m) the negative velocities indicate the presence of a small
recirculation zone at the lower left corner behind the lower
wall STLB. The axial velocity profile distribution obtained
for different values of Reynolds number after the lower
wall STLB, near the channel outlet is also shown in Figure
5. At a position x = 0.525 m, 0.145 m after the second
STLB and 0.029 m before channel outlet, the value of the
velocity reaches 4.443m/s, 4.233 times higher than the
entrance velocity at the lowest value of Re number, as
shown in Figure 5g. In the lower part of the channel, a
strong counterclockwise vortex is observed downstream of
the considered baflfle, which was induced due to the flow
separation. The vortex is located close to the solid wall and
its height was approximately equal to the extent of the flow
blockage by the STLB, which is equal to 0.08m (see Fig.
5g).

ESI ) Lol ]

30,000. Airflow is from left to right. Dynamic pressure
values in Pa.

The presence of the STLBs influences not only the
velocity field but also the pressure distribution in the whole
domain examined. The contour plots of dynamic pressure
are shown in Figure 6 (a-d) for different Re values. The
plots in Figure 6 show very low dynamic pressure values
adjacent to the STLBs. In the regions downstream of both
STLBs, recirculation cells with very low dynamic pressure
values are observed. This fact is associated to the negative
velocities at the upstream and downstream both STLBs
shown in Figure 5. In the regions between the tip of the
STLBs and the channel walls, the dynamic pressure is
mcreased.

It indicates that the highest dynamic pressure value can be
observed at the area of high velocities especially at the area
near the upper channel wall with an acceleration process
that starts just after the second STLB.
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30,000. Airflow 1s from left to right. Fluid temperature
values in K.

The temperature field is an important indicator to reflect
the performance of a baffled channel. The contour plots
of temperature field distributions in the given channel with
the guidance of two-STLBs and a constant wall
temperature condition along the top and bottom walls for
the tested Reynolds number range of 12,000-30,000 are
shown i Figure 7(a-d), respectively. In the figure, the
lowest temperature value can be observed where the flow
mpinges the channel wall, especially in the region
opposite the STLB tip where the velocity in this region is
somewhat high while the highest one 1s found at the STLB
corner area where the corner recirculation zone occurs,
especially area behind the STLBs. The figure shows that
the fluid temperature in the recirculation region 1is
significantly high as compared to that in the same region of
no STLB. It is also shown that in the recirculation regions,
the fluid temperature is increased by approximately 75%
due to the msertion of STLBs. The most intense in the
temperature field 1s that occurring downstream of the
lower-wall STLB, responsible for the high flow velocities
observed at the outlet of the channel, creating a negative
velocity profile which introduces mass inside the test
channel through the outlet (see Fig. 5g).
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Figure 8. Axial variation of local Nusselt number with
Reynolds number at the surface of (a) top and (b) bottom

walls of the I-shaped baffled channel
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The temperature field 1s also affected by the Reynolds
number. Figure 7(a-d) also depicts the temperature field
contour plots as a function of the Reynolds number. In the
figure, it 1s worth noting that the fluid temperature value
tends to decrease with the rise of Reynolds number for all
locations due to the augmentation of the inertia forces
turther to the augmentation of the flow rate while the flow
velocity shows an opposite trend (see Fig. 4 and 5). By
increasing the Reynolds number from 12,000 to 30,000,
large recirculation regions and velocity gradients are
observed behind the STLBs. The generation of these
vortex flows from using the STLBs as well as the role of
better fluid mixing and the impingement is the main
reason for the augmentation in the temperature gradient
over the heating wall.

The axial distribution plots of local Nusselt number
profiles as a function of Reynolds number at the surface of
the lower and upper walls of the channel are shown in
Figure 8(a and b), respectively. It is seen in the figure that
the largest variations on both the upper and lower walls of
the given channel are found near the tip of the STLBs,
due to the strong velocity gradients in that region. In the
regions downstream of both STLBs, the local heat transfer
1s significantly enhanced for all Re values mvestigated. This
enhancement is due to the intense mixing by the vortices.
Due to the changes in the flow direction produced by the
STLBs, the highest Nu. values appear in the region
opposite the lower wall STLB with an acceleration process
that starts just after the second STLB. Concerning the
effect of the flow rate on the local heat transfer
characteristics, it can see from this figure and for this range
of Reynolds number (12,000 < Re < 30,000) that the Nu.
value tends to increase with the rise of Re values for all
locations. This could be due to the reason that an increase
in the Re value cause an increase in the length and strength
of the vortices, which enhance mixing and mixing length.
The average heat transfer results are done on the heated
top and bottom surfaces and presented n terms of a non-
dimensional Nusselt number ration, NVi.,/Nuw, along the
tested channel walls. Nu 1s the Nusselt number for fully
developed flow in a smooth channel at the same Reynolds
number, and 1s given by

Nu, = 0.023Re"® Pr®*

(17)

The Nu 1s used as a reference to minimize the Reynolds
number effect i the presented results. The Nusselt
number ratio essentially indicates the amount of

enhancement in heat transfer obtained by the flow
guidance turbulators over the smooth rectangular channel.
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Figure 9. Vanation plots of Normalized Nusselt number as
a function of Reynolds number at the surface of the top
and bottom channel walls

Figure 9 shows the normalized average Nusselt number
versus the Reynolds number (based on the hydraulic
diameter) for the channel with upper and lower wall-
mounted STLBs. The figure shows as expected, that the
heat transfer rate increased with the Reynolds number.
Both channel walls show similar trend but with different
values. The largest varnations are found at the heated top
surface of the channel, due to the strong velocity gradients
i that region. It 1s also noted that the use of the STLBs
lead to extremely considerable increase in the convective
average Nusselt number rate in comparison with the plain
channel with no baffle. The heat transfer rate value for the
STLBs 1s found to be higher by about 8.637-28.081 times
over the plamn channel with no baffle, depending on the
wall surface and the Reynolds number values.

Figure 10(a and b) shows the axial distribution plots of
local skin friction coefficient profiles along the lower and
upper channel walls in the range of Reynolds number
mvestigated, respectively. We will start analyzing the effect
of the STLB presence before discussing the influence of
flow Reynolds number. Similarly to the results in Figure 8,
the largest Cf value 1s found in the region opposite the
upper and lower wall STLBs, due to the strong velocity
gradients in that region while the smallest Cf value is
found, firstly, upstream of the top wall STLB in the upper
part of the channel and, secondly, downstream of the
bottom wall STLB in the lower part of the channel, due to
the orientation of the airflow by these deflectors. However,
the skin friction coefficient is increased again at the
locations corresponding to the zones of recirculation as
seen in the figure. It indicates that the highest skin friction
coefficient can be observed at the top heated surface of the
channel in the area of high velocity especially at the top
face of the STLB mounted on the lower wall of the
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channel. The varation of isothermal skin friction
coefficient value with Reynolds number for the STLBs is
also shown in Figure 10. It is clear from this figure that the
Cf tends to increase with raising the Reynolds number
value, as expected.
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Figure 10. Axial variation of skin friction coefficient with
Reynolds number at the surface of (a) top and (b) bottom
walls of the L-shaped baffled channel

0,6

Figure 11 shows the variation of the dimensionless
pressure drop given by the friction factor ratio, £/, with
Reynolds number (12,000 < Re < 30,000). Here £ 1s the
friction factor in a fully developed smooth channel at the
same Reynolds number, and it can be presented as

‘P 1
° (0.79InRe-1.64)

(18)

As expected, obviously it can be observed that values of /7
become higher with increasing values in Reynolds number.
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Inthe figure, the L-shaped baffled channel flows give
higher values of friction factor than that for smooth
channel flow due to the induction of high recirculation or
vortex flow and thin boundary layer in the baffled channel,
leading to higher temperature gradients, heat transfer and
pressure drop.
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Figure 11. Normalized friction factor versus the Reynolds
number at the surface of the top and bottom channel walls

The maximum #% values for both upper and lower
channel walls are found to be about 0.722-2.918 and
2.784-10.554 times above those for the smooth duct with
no baffle, respectively, depending on the Re values. Thus
the flow blockage due to the existence of baffle as well as
the role of turbulence degree in the core region is a key
factor to cause an extreme pressure drop.

4. Conclusion

A numerical study has been conducted to examine the
flmd flow and heat transfer characteristics in a two-
dimensional horizontal constant temperature-surfaced
rectangular cross section channel with lower and upper
wall-mounted L-shaped baffles in the turbulent regime
from Re =12,000 to 30,000. The aim at using the STLBs
Is to create vortex flows having a significant influence on
the flow pattern leading to higher heat transfer
enhancement in the given channel. The computations are
based on the Finite Volume Method, and the SIMPLE-
algorithm has been implemented. The effects of the baftle
L-shape geometry as well as Reynolds numbers are
examined. The obtained results are compared with
available experimental data from the literature and good
agreement 1s obtained. The velocity profiles, and pressure
and temperature fields over the baffled channel are the
most notable characteristics of the effects of the STLB on
the mainstream flow. These effects are: mainstream flow
separation, recirculation, and secondary flow. The
comparison of axial velocity profiles at different Reynolds
numbers shows that as the airflow 1s accelerated and
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redirected near the STLBs, a very small recirculation zone
is formed m the vicinity of the upper left corner.
Downstream, as a result of sudden expansion in the cross-
section, the flow separates, a larger clockwise recirculation
zone 1s formed behind the upper wall STLB and flow
reattachment is then established. A similar phenomenon is
found near the STLB mounted on the lower wall with
counterclockwise recirculation zones at the upstream and
downstream STLB. The length of theses recirculation
zones strongly depend on the flow Reynolds number
value. The appearance of these recirculation flows can
help to increase higher the heat transfer in the channel
with two- STLBs because of transporting the fluid from the
core to the near wall regimes, and in general, an increase
in the flow Reynolds number causes a substantial increase
in the flow velocity, leading to a high temperature gradient
along the heating channel walls but the pressure loss is also
very significant.

The above results suggest that a significant heat transfer
enhancement in a heated channel can be achieved by
mtroducing STLBs into the flow. The study can be
extended for different number, sizes, positions,
arrangements, orientations, and inclination angles, of the
L~shaped baffles at different boundary conditions for
temperature and velocity.
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NOMENCLATURE

a Length of the last volume from the wall, m

a Length of the first volume adjacent to the wall

Cp Specific heat at constant pressure, J/kg K

Ccr Skin friction coefhicient

D, Hydraulic diameter of rectangular channel, m

e L-shaped baffle thickness, m

a Friction factor

) Friction factor in smooth channel at the same
Reynolds number

G Turbulent Kkinetic energy generation due to
mean velocity gradient

Gy Kinetic energy generation due to buoyancy

H Channel height, m

h L-shaped baffle height, m

h Local convective heat transfer coefficient,
W/m’K

k Turbulent kinetic energy, m?#/s?

L Length of rectangular channel in x-direction, m

L, Distance upstream of the first L-shaped baffle,
m

L. Distance downstream of the second L-shaped
baffle, m

n Number of volumes.
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Nu. Average Nusselt number

Nu. Local Nusselt number

Nu Nusselt number for fully developed pipe flow
at the same Reynolds number

Vi Pressure, Pa

P.. Atmospheric pressure, Pa

Pr Prandtl number

q Growth ratio

Re Reynolds number based on the channel
hydraulic diameter

S L-shaped baffle distance or spacing, m

S, Su Source term of k and w

T Temperature, °C

1. Inlet fluid temperature, °C

1. ‘Wall temperature, °C

U Mean axial velocity of the section, m/s

U. Inlet velocity, m/s

u, Velocity component in x- and y- direction, m/s

u Velocity component in x~direction, m/s
Velocity vector, m/s

\Y

X,y Cartesian coordinates, m

Y, Y, Dissipation of k and w

Greek symbols

) Specific dissipation rate, m%/s

Iy, Ty Effective diffusivity of k and w

p Fluid density, kg/m’

Y7, Dynamic viscosity, Kg/m s

7 Fluid dynamic viscosity, Kg/m s
Y7 Turbulent viscosity, Kg/m s

T. Wall shear stress, Kg/s* m

A Fluid thermal conductivity, W/m °C
AP Pressure drop, Pa

Subscript

atm Atmospheric

r Fluid

Ly Refers coordinate direction vectors
i, out  Inlet, outlet of the computational domain
t turbulent

w ‘Wall

X Local
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Abstract

In this work, we aim to use the Warren-Boettinger model for isothermal solidification to predict the dendritic growth n
binary alloys; using the phase field method coupled with a CALPHAD database (CALculation of PHase Diagram). The
main benefit of this work Is to study the effect of the excess energy in the phenomena of dendritic growth for the real
solution. We took i consideration, the contribution of the regular solution interaction parameter associated with the excess
energy of mixing solid and liquid in the phase field equation @(x,t) and the concentration equation c(x,t). The model we
proposed is able to simulate the microstructural evolution of the real solution Ni-Cu by linking directly the phase field
model to the CALPHAD thermodynamic database. The comparison of the numerical calculations for the Ni-Cu real
solution and the Ni-Cu ideal solution shows that the addition of the excess energy has an important effect on the dendrite
form.

Keywords: Dendritic growth; Phase field model; CALPHAD); Excess energy.

1. Introduction
model of Warner and Boettinger [6] imposes an ideal Ni-
The phase field models have become an important
tool In material science simulation [1], 1.e : the formation
of microstructure and growth of dendrites [2] and the
process of solidification of binary alloys [3-7].They have
been the subject of numerous studies and different properties of N1 and Cu elements and the nature of the Ni-

Cu solution, but indeed, considering the Ni-Cu solution as
ideal 1s not entirely justified, since in reality it may not be
close to the ideal, despite the similarity of the physical

simulation [8]. The phase field method is a powerful Cu phase diagram [27].
kinetic tool for simulating microstructure evolution at the
meso-scale [9-12], whereas phase equilibrium information
such as equilibrium phases and their compositions can be
obtained from the CALPHAD method [13-17].
Therefore, the coupling of these two methods 1s useful for

In a real solution AB, it is necessary that the energy of
the mixture called also the excess energy is less than the
energy of pure elements A and B (for more details see ref

effectively predicting kinetic microstructure evolution in [31]). Our contribution falls within this context; it involves
alloy systems. The phase field simulation coupled with the the development of the Warner and Boettinger model [6],
CALPHAD method have also been reported for where we consider the Ni-Cu alloy as a real solution by
solidification such as temporal evolution of interfacial introducing the term of excess energy. To get this

composition profiles during solidification, dendrite growth,

e L . N . . contribution, we must take into account the interaction
and solidification microstructure formation [18- 24].

parameter associated with the excess energy of mixing
solid and liquid phases [6, 30, 31]. The thermodynamic

The numerical simulation adopted and performed in ) . ) .
modeling of the Ni-Cu phase diagram with CALPHAD

this work for the dendritic growth in the case of binary

alloy was much discussed previously, for example we methods gives us directly the excess energy parameters of
mention in this context the work of Warner and solid and liquid phases. This setting was previously
Boettinger [6], who created the first model to predict the assumed to be zero in the model of Warner and
dendritic growth in binary alloys, Steinbach [25,26], Boettinger [6] also the same in [7, 9, 27].The introduction

Provatas and Elder [27], Chen [28], and in particularly the
work of Mathis Plapp [29], they studied the digital side by
changing the methods of solving and mesh pattern. All
these works treated the Ni-Cu alloys as an ideal solution Boettinger lead us finally to a model reflecting dendritic
where the mixing energy 1s neglected. For example the growth for real solutions.

of the interaction parameter in the phase field and the

concentration equations in the model of Warner and
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Our contribution is to study the dendritic growth of a
real solution, the growth evolution is presented and a
comparative study is made between our results and the

others results found in the literatures.

2. Mathematical Model

(6]

progress of solidification of binary alloy in time t, by two

The Warren-Boettinger model describes  the

partial differential equations system, the phase field and

the concentration equations with two independent

variables: ¢ and concentration, c.

2.1. The phase field equation

1 Do(x,t) _, 5
M, Dt €27.(n*Vep) — (1 — 0)Hy(,T)
a dp
— _ €2 __ T
cHp(p,T) — € ax<"" 6y>
a dp
2 _ r_ T
te 6y<ml 6x) @

Where:
M, > 0 : is the interfacial mobility
M(ﬂ = CMB - (1 - C)MA
_ (T)*Bx
X V2Ly6y
BxThe linear kinetic coefficient of component X,

2

3)

TXThe melting temperature of component X,
6x The interface thickness of component X,
Ly The latent heat of component X
&2 = 6‘/31‘1)(0)( )
m
ox The surface energy of component X

HyThe free energy of element X
T
Hy(p,T) = Wxg'(@) +30g(p)Ly <1 - F) )

TThe absolute temperature

9(@) = 9*(1 - ¢)? (6)

@

Wy = X ®
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In order to include the effects of anisotropy n in the
model, Warner and Boettinger [6] follow the ideas put

forth by [2, 4] and [24]:

€g = €n = €(1 + ycosko) ©))

‘Where 6 is given by equation:

tanf = hied (10)
Dx

Pxr Py

,_0n

: are the partial derivatives of .

an

y: The anisotropy

k: The mode number

2.2. The concentration equation

Dc
Dt

=div (D((p) (Vc

W(mmn—m«»n)w)) (12)

D (¢) The inter diffusion coefficient
D(¢) = Ds + p(¢)(D, — D) (13)

D;, Dy The diffusivities in liquid and solid respectively

p(9) = (10 — 15¢ + 69?) (14)
Vs The specific volume

R: The gas constant
2.3. The addition of excess energy term in the model

In the warren-Boettinger model [6], the Ni-Cu is an
ideal solution, so the interaction parameter A(¢) = 0, but
in our predictionA(¢) is associated with the excess energy
of mixing solid and liquid[30, 31]and equal to:

Ap) = A5 + p(p)(4, — 4s) (15)
Ag, A;, - The excess energy of mixing solid and liquid
respectively.

And, 2L = p(p) (1 - 4s) (16)
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As, A They are presented by the Redlich-Kister
polynomial [30] in the thermodynamic assessment of the
binary systems by CALPHAD methods. These energies
are given by: [30, 31]

As =) (af = bfT)(1 — 2¢)’ (17)
)

A= ) (aF —bIT)(1 - 20)! (18)
)

Where:  (a?,b?), (ak,bF) are the
parameters between the atoms in solid and liquid

interactions

respectively. These parameters can be taken directly from
the development of the phase diagram using the
CALPHAD method. If 7= 0 the solution is regular else the

solution 1s real.

After replacing A(¢) in the phase field development,

we find the new free energies:
T
HE (9, T) = Wyug' (@) + Lap' () (1 - T—,)
m

2
+ c? [309((/))[((1% —bFT)(1 = 2¢)}

—(af
- bisT)(l - 2C)i]] (19)
— 2
+ % [3Og(<,o)[(a,-L — bFT)(1 — 2¢)*
— (af = b§T)(1 - 20)]| (20)

Finally the phase field and concentration equations for
the real solution with the excess energy addition are:

1 Do(x,
M—q)% = €2V.(n*Vep) — (1 — OHf (9, T) — cHE (9, T)
L, 0 ( 00
-5 (m3)
_, 0 ,00
+ &2 3y (nn a) (21)
Dc - di
i iv| D(ep) <Vc
+ W(HBE("” T)
- Hi(p, T))wp)) 22)

3. Computer Program : Numerical simulation

We present physical simulation of the dendrite growth
during the solidification of Ni-Cu alloy. To perform this

simulation, we consider the two dimensional 1sothermal
anisotropic model of Warren and Boettinger [6] with the
mtroduction of the excess energy in the model. As we
know, in the phase field models, the interface thickness
between the solid and liquid interfaces must be very small,
this restricion requires a very dense mesh in the
simulations of dendrite growth such that the mesh size
should be sufficiently less than the interface thickness,
otherwise the simulation of dendritic growth cannot be
realized [7]. The model was solved with boundary
conditions applied only at the edges of a computational
box. Zero Neumann boundary conditions for ¢ and @were
imposed at the boundaries. The phase field and
concentration equations are solved on two dimensional
uniform grids with the grid spacing Ax, Ay using finite
difference approximations to the derivatives, the second
order for space discretization and the first order centered
difference formula for time discretization. The choice of
the numerical method to solve the equation ¢ and c

influences only over the time of resolution, not the results

For convenience, the governing equations (21) and (22)
are transformed into dimensionless form. Length and time
have been scaled with a reference length 1 = 0.94 8and the

e . 12 . . . .
diffusion time 3 respectively [6,7]. The dimensionless

form of discretization is:

(pt+1 —_ .t — lZHg leg
—_—— = A t— 1 —ct _ tT
Y &2 |n*8p" — (A=) —=—c—=
+ e;n’[sin(20) (@f, — &)
+ ¢L,2 cos(26)]
& _ N

— 72 (n'z + rm”)[Zsin(ZG)(p};y — At

— cos (20)(phy — PL)] (23)
Ct+1 _ Ct o B 174 %4 -
S t t(1 _ [ M ygE _ M E t

A_t dAct + dct(1 c)(RHb RHb)Aq)
+ [d_p +d(1
|4 |04 _

—2ct) (?’” HE — ?';H{;”)] AifAcf

Rl )

+d (7'” HEp — %pr)] AptApt  (24)
dl = D;[m?/s] (25)

M,é? -

& = dl (26)
[=0.946[m] 27
. MAx
Ax=— (28)
_ Atdl
At = (29)

12
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- d
d= = (30) 5. Results
dp = Z_Zl) 31) The figures (l.a, 1.b, l.c and 1.d) show the
ap microstructure development for the case of Ni-Cu real
dp = ) (32) solution where the excess energy 1s well-considered. The
g dHEp (33) figure (1.a) presents the initial solid seed where (@ = 0).
b do The figures (1.b, 1.c, and 1.d) show that the value of the
HEp = dg (i p (34) phase field parameter @ decreases from 1 to 0; this means

4. Results and Discussion

We have developed a computer program to simulate
the progress of dendritic growth using the finite difference
method for solving the governing differential equations
system (phase field and concentration). The simulation
conditions of dendrite solidification process have a
significant effect on the simulated microstructure. In this
simulation, the calculation of the solidification progress 1s
carried out using a square box size of 35 pm with grid
point numbers 750x750. The mitial condition was a small
square area of solid ¢ = 0 in the center of a liquid @ = 1
with the concentration everywhere equalscy. We have
used the physical data of Ni-Cu real solution (see tablel)
where the alloy containing ¢y = 0.408 atomic fraction of
Cu in Ni and T=1574 K. For this temperature, the
equilibrium concentration 1s in the hqud ¢; = 0.4668
and in the solid ¢g = 0.3994. Therefore, the mitial
super-saturation of liquid wasA= 0. 86. For the interaction
parameters, they are calculated by Miettinen [31], where
the excess enthalpies of solid and liquid phases are
developed to the first order (a§ = 8366,b) =
2.802,af = 11760,bs = 1.084,a5 = —4360,b3 =
1.812, all‘ =-1670,bl = 0) in the thermodynamic
assessment of (N1-Cu-Sn) system by CALPHAD method
and Redlikh-Kister model.

Tablel. Physical data of Cu and NI elements [10)].

Propriety Unit Nickel  Cooper
Melting temperature (77, K 1728 1358
Latent heat (1) Jm'’ 2350.10° 1758.10°
Diff. coef. liquid (D) m'’/s 10° 10°

Diff. coef. solid (D)) n/s 10" 10"
Linear kinetic coefficient (8) m/K/s 8.3 10" 3.9 107
Interface thickness (6) m 8.48 10" 6.01 10"
Surface energy (o) Jm’ 0.37 0.29
Molar volume (V) m’ 7.46 10°  7.46 10°

Mode Number ( &) 4 4
Anisotropy (y) 0.04 0.04
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a variation 1n the solid concentration, therefore, the initial
seed grows. On the other hand, we see the appearance of
primary branches of the dendrite and also the creation of
second branches between the primary ones. In the figure
(1.d) we remark an overlap of the primary and second
branches. Figure (l.e) presents the variation of ¢@ in
function of time (t), as can be seen, the variation of the
order parameter ¢ 1s almost linear, where it decreases
rapidly until zero, which represents the time of
dendriticformation and, At = 1.11 represent the time of

formation.

+| 4

Fig.1 Dendritic growth with excess energy at different time
t (@, b, ¢, and d: ¢ distribution, e: ¢ variation).

The 2b, 2.c and 2.d)
concentration distribution at different time (t). The figure

figures(2.a, show the
(2.a) presents the initial solution contaming ¢=0.408
atomic fraction of Cu in Cu-Ni alloy. The figure (2.e)
shows that the value of the concentration of Cu element in
the area of the dendrite changes in the range [0.39, 0.47],
the concentration of Cu increases from 0.408 to 0.425
almost linearly, then it decreases from 0.425 to 0.408 with
a slope shape.The increases phase corresponds to the
formation of the dendrite shape, and the decreases phase
presents the rejecting of Cu element. In the previous
pictures, we remark the creation of a thin film rich in Ni
around the shape of the dendrite, due to the absorption of
Cu element by the dendrite fromthe mterface liquid-solid.
According to figures (2.e), the variation of ¢ proves also the
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complete formation of the dendrite at At = 1.11 as can be
seen 1n figure (1.e).

Fig. 2 Dendritic growth with excess energy at different time
t (a, b, ¢, and d: concentration distribution, e:
concentration variation).

Figure3 shows the phase field distribution of the
dendritic growth simulation,using the Warren-boettinger
model [6] by Adrian et al. Ref [9], where they have treated
the effect of the noise term in figure 3.a and 3.b. Also,
figure 3.c shows the phase field distribution where we have
added the effect of excess energy.

o
X | €
02
'§o
a b

Fig. 3 The results of simulation of dendritic growth of ¢
distribution (a: without noise term [9], b: with noise term
[9], ¢: our work without noise).

D OO G e
M ooh

[SIS)

s
035
03
a c

Fig.4 The results of simulation of dendritic growth of
cdistribution (a: without noise term [9], b: with noise term
[9], ¢: our work without noise).

The calculation of dendrite growth with neglecting the
noise term and the effect of excess energy gives the
dendrite a shape of a four simple clovers leaves (see figure
3.a). The mtroduction of the excess energy factor to the
phase field and concentration equations changes the
dendrite form. Numerical calculations show that the
mtroduction of the excess energy in the model of Warren
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and Boettinger [6] produce the second branch without the
addition of the noise term and also a secondary branches
grow between the axis of principals branches(see figure
3.0).

The comparison between our results and the results of
Adrian et al. Ref. [9] shows clearly a difference between
the Ni-Cu ideal solution and Ni-Cu real solution growth
behavior. This latter drives us to conclude that the effect of
the introduction of the excess energy gives to the dendrite
a seconds branches between the principal ones, even if
there is no noise term.

In the modeling of Ni-Cu ideal solution, the dendrite
shape does not change after the formation of the principal
branches. But in the modeling of dendritic growth of Ni-
Cu real solution, we see the formation of the second
branches between the principal ones, then an overlap of
the primary and second branches.

6. Conclusions

e The model of Warner and Boettinger 1s limited
to modeling the ideal solution, but the changes
we have made to this model has improved it to
model the dendritic growth whatever the nature
of its solution.

o the development of Warner and Boettinger
model by adding the excess energy, gives us an
attempt to find out the effect of this energy in
dendritic growth

e We have not studied the noise effect with the
excess energy effect at the same time, because the
two effects produce side branches so we can’t
distinguish the difference between them.

e The simulation of the simple case of dendritic
growth (neglecting excess energy and the noise
term) presents a simple leaves has four branches
but:

» The

producesinter-branches

addition of excess  energy

grow
between the principal branches with an

which

angle of 45°.

» The addition of the noise produces
branches perpendicular to the principal
branches.

So the difference between the two previous
additions can be a subject of discussion to future
research.
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Abstract:

The aim of the present work was the recovery of nickel and copper from metal finishing hydroxide sludge by kinetic acid
leaching. The study was divided into two main parts: First, a kinetic model of precipitate leaching with the presence of acid
was developed and subjected to theoretical approach so as to determine optimal leaching conditions (pH and time). Next,
the study was conducted experimentally on pure metals hydroxides and then on electroplating sludges. The leaching
operation was performed at atmospheric pressure with constant stirring. pH and solubility versus time at different
temperature values and different amounts of sludge were carried out. The resulting filtrate was found to contain more than

99% of nickel and copper.

Keywords: Acid leaching, Copper, Nickel, Electroplating sludge, Metal recovery

Introduction
The electroplating waste waters are generally detoxified

(oxidation of cyanide and reduction of chromium) and
then neutralized to precipitate metal hydroxides [1-3].. In
the present work, the electroplating sludges are subjected
to precipitation so as to get rid of hazardous metals.

Many studies reported that the sludges may present a

great danger to the environment. The economic

considerations are also worth considering because of the
appreciable loss of metals. Since the eighties, the
environment protection, the waste mmimization and the
metals recovery became a social and political 1ssue in the

U.S.A.[4-7] where the volume of sludges is so important

owing to the large electroplating industries To combat

this problem some solutions can be convenient to be
implemented such as:

» The clean technologies (membranes processes):
The rinsing wastewaters are directly treated by
electrodialysis, ultrafiltration, and solvent
extraction. The metals are concentrated and reused
i the electrodeposition bath. The water 1s also
recycled. [8-20]. However some economic,
technical and  psychological  considerations

hindered a rapid progress of this approach.

» The metal recovery from electroplating sludges:
This solution is extremely necessary to treat, at least, the
existing sludges. The American government through the
EPA encouraged this solution and research projects were
supported.

The economical recovery of metals with a sufficient
purity is quite intricate and needs a big effort and hard
research based on two main aspects:

- First, it is necessary to develop simple and economical
analysis methods to define the sludges composition. The
simultaneous precipitation of many metals 1s always
accompanied by secondary processes such as: co-
precipitation, occlusion adsorption etc. The precipitate
aging 1s also a problem.

- Secondly 1t is required to choose of a qualitative
method of selective dissolution (acidic, ammoniacal, etc)
depending on the sludge composition and the leaching
agent (recyclable or not) . This step needs a deep
knowledge of chemical equilibrium, the mutual

influences (E-pH), solubility complex, etc). [21-39]
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Theory

Kinetic and Thermodynamic Theory of Acid -
Basic Leaching

Kinetic Aspect

The leaching of industrial waste is generally nonreactive.
The reactions are most often carried out at high
temperature  or pressure and administrated by
heterogeneous kinetic characteristics. In most cases, the
rate of the overall reaction 1s characterized by diffusion of
reactant and is therefore proportional to its concentration.
Furthermore the overall rate increases with stirring owing
to the slow diffusion in the electrolyte. In some cases, the
overall dissolution rate may be affected by the transfer of
the charged particles making up the initial crystal through a
solid-electrolyte interface [40].

The most extensive study performed up to date on the
leaching behavior of metal hydroxides and metal sulfide
sludge may be the study reported by Hohman who
developed a kinetic model of precipitate leaching [41].
The leaching process was based upon an area-dependent
mass transfer controlled process. The driving force for
the leaching process was assumed to be proportional to
the difference between the concentration of metal n
solution (C) and the saturation concentration (Cs)
predicted from precipitate equilibria consideration. The
basic differential equation describing the leaching
process 1s as follows [48, 49]:

9 _kAC,-0)
dt
‘Where:
Cs: saturation concentration of metal (moles/L)
C: metal concentration in solution at time t (moles/L)
A: area available for mass transfer, (cm’)
K: mass transfer coefficient (cm’.min")
t: leaching time (min).
and the fraction leached (a) of dissolved sludge depends
on:
ro: initial radius of precipitate particle (cm).
Ksp: metal hydroxide solubility product (moles'/L).
WT: total weight of precipitate (g).
p: molar density of the precipitate particles (moles/cm’).
pu: mass density of the precipitate (g/cm”).
Vs: volume of solution (L).

For large particles (lmm < r < lcm) the change in
particle size influences the leaching behavior. The slow
concentration rise indicates that the surface area

decreases quickly, causing a rapid dropping in effective
mass transfer coefficient. For small particles (1lum < r <
10um), the driving force dominates, causing a rapid rise
in the heavy metal concentration until saturation.
Intermediate radius values show a balance of both
effects.

In the case of small molecules, it 1s considered that the
specific surface area 1s constant, so the integrated
equation (1) becomes:

J-C dc

Cs-Co _ xa @
G Cq-C

:KALtdt:> s

C.: the nitial consumable concentration of metal. ( C=0)

and the leaching reaction 1s:

M(OH), +nH" <>M™ +nH,0 ©

So leaching concentration (mole/L) of M" requires (nC
mole/L) of H:

The consumable concentration of H' is:

H* | =ncc-c,) @

The remaining amount of H' in the solution at the time t

1s:

H*] =[H*]-nc-c,) ©

If C=0

] o
n

and

— _ akAt (7)
c=c,(t-e*~)
This relationship is represented in Fig. 1. a.
where we note that when:

t >
c=cC,
to find the variation of pH with respect to time we

replaced C of the equation (6) in the equation (7) we get:
] =[H*}-nC,-e*) ®

The concentration of the saturated solution 1s:

ey Y

K, =[M"JoH ]=c, =[M™]=

‘We replaced C. of the equation (9) in the Equation (8)

we got:
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R S [
(11)
pH= —Iog[[H*]0 -n %[H*]n (1- e'kA‘))
This relationship 1s shown in Fig. 1. b.
‘Where we note that when:
t >
(12)

oo, g b -2

w
‘Where:

pH, [H]: pH and [H] concentration of saturation
concentration of metal (moles/L)

we replaced n=2 in equation (10) we get:

K (13)
2Kl f o] ) =0

C=C=K_ MHTK

C (mol/it)

min)

a- The variation of the concentration of dissolved 1on

(11
1+ 1+8E52”[H*]0
[H+]s: 4Kspw
KZ
(15)
1+ 1+8E;"[H+]0 i
pH, =-log K
4%
KW
(16)
1, | [H]
pH, —2Iog 4Ksp
K%

1 (17)

pH, z§(0.301+ pH, +2pK,, —pK_,)

pH =0.5(pH=0.301+2pK oK}

pH,

pH

pH

Kmin)

b- pH variation

Fig. 1: Qualitative hydroxides leaching curves

If the specific surface area A is known, the constant K
can be determined by the following relationship:

In(C, ~C) =In(C, —C,) KAt (18

If we plot the curve In (Cs - C) = f (1), we can determine

the constant KA from the tangent to the curve.

64

From this theoretical approach, we conclude that to
dissolve 1 mg of hydroxide contaming N mole of
hydroxyle [OHT], we need N mole of [H] ions. If using 1
liter of acid solution with a concentration ([H]) we
obtain a saturated solution with a concentration: Cs = N/

n (mol/L), and with a pH equal to:
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1
pH, z5(0.301+pH0 +2pK,, —pK,,)

The speed of leaching increases with the increase of the

amount of [H]e

Thermodynamic Aspect

Most dissolution reactions occur in strong acid medium
such as :(HCI, HNO;, H.SO\) depending on the type and
composition of the material to be dissolved. These
reactions are applied to metals oxides, mining and
mdustrial wastes. In Lewis acids and bases the ion in the
mineral compound is displaced by the proton in the

acidic medium and fixes the O* or OH' to give dissolved
Experimental

The solubility of nickel and copper was experimentally
studied using:
1- Analytical Ni(OH). , Cu(OH). , (CuO) were
purchased from Aldrich

2- Sludges (mixture of Ni(OH). , Cu(OH). , Fe(OH): and
Cr(OH): were prepared by precipitation from respective
solutions of NiSO,, CuSO. with NaOH before being
washed with distilled water and dried at 40C. The
electroplating sludges were originated from the industrial
area of ‘El alma’, in ALGERIA, where a galvanization
plant had previously operated. These sludges are

classified as FOO6 by the EPA [7].

Kinetic Aspect

Solubility Experiments for Pure
Electroplating Sludges

Kinetic Leaching Behavior of Metal Hydroxides:

Hydroxides and

A mass m (in g) of Ni(OH). , Cu(OH): and electroplating

sludges respectively, was put into a 50 mL using a screw-
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complex in the basic medium, as shown in the solubility

curves represented in Fig. 2.

log[M]T
12
— Fe(1m)
10+
Cr(1n)
8r A\ Ni(I1)
6l cu(11)
—— Fe(Il)
4k
5L
ol
ol
! N
6 S
L L L L L L I I [ ¥ T Il Il

Fig. 2: The variation of the hydroxides solubility with pH

Table 1 : Compositions of four electroplating sludges,

8ks’
Sludge number
Metal 1 2 3 4
Ni 139.8 134.3 124.2 85.9
Fe 67.4 98.4 55.6 50.3
Cu 39.9 11.25 32.6 14
Cr 0.72 0.083 0.39 0.028

The compositions of four hydroxide sludges are shown
in Table 1 and purities of the dried hydroxides were
higher than 99%. The sludges and hydroxides were
dissolved in sulfuric acid and after filtration. The metal

concentrations in the filtrate were determined by atomic

absorption spectroscopy.

cap glass Dbottle with known imitial conditions

(temperature, pH, specific conductivity), The bottle was
shaken continuously, and the pH and specific
conductivity were measured as function of time. At
different ttimes, small volumes (1 mL) of solution were

taken and filtered
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immediately. The metal concentrations in the filtrate

were measured by atomic absorption spectroscopy.

Thermodynamic Aspect

different amounts of Ni(OH).,, Cu(OH). and
electroplating sludges were put into a 50 mL screw cap
glass bottle to which 25 mL of a solution ranging from 1
to 0.01 mol/L of acidic solution was subsequently added.

The pH of the bottled solutions was adjusted by adding a

Dissolution Kinetics

A- Effect of Temperature on the Dissolution
Rates:
Figure 3 illustrates the difference between the leaching

process when the initial pH 1s 0.5, 1 and 1.5, Figs. 4. 5.

pH

IS

o
!

084« —=—ph=15
pH=1
0,6 —8—pH=0.5

t (min)

Fig. 3: The difference between the leaching of
hydroxidesludge when the mitial pH 1s 0.5, 1 and 1.5.
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/
¥
0,7
0,6
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0 5 10 15 20 2 30

Fig. 4: The temperature effect on leaching of
hydroxide sludge when the nitial pH is 0.5

predetermined amount of NaOH, H.SO. and H.O, in
such a way that the volume in the bottle was not
substantially changed. The bottles were shaken for 8 h at
25°C, after which the pH was measured and the solution
was filtered immediately. The metal concentrations in
the filtrate were measured by atomic absorption

spectroscopy.

6. show the temperature effect with respect to the

starting pH value.

17

1,44 /A

—8—T=50
T=30
1,2 f —A—T=20

114

L0 A———————————1——
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Fig. 5: The temperature effect on leaching of
hydroxide sludge when the mitial pH 1s 1
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Fig. 6: The temperature effect on leaching of
Hydroxide sludge when the mitial pH is 1.5
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B- Effect of the Mass of Sludge on the Dissolution
Rates

Under the same conditions of initial leaching, pH,

temperature and volume are kept constant; only the

mass of sludge 1s varied. The impact of the increase in

the sludge mass is highlighted by the increase of the

-
5 e
o
I//
4 7
/
/ R~
3] / m=2g
T . m=1.25¢g
/ —e—m=1g
24
TR
14
0 T T T T T
0 10 20 30 40 50 60

t (min)

Fig. 7: The mass of hydroxide sludge effect on
leaching of hydroxide sludge when the initial pH 1s 1

6
—
] —
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.
|
1 / —=m=2g
;. m=1.259
3 ./ ——m=lg
1 /
Q
24/
.
e
0 T T T T T
0 10 20 30 40 50 60
t (min)

Fig. 8: The mass of hydroxide sludge effect on leaching
of hydroxide sludge when the mitial pH is 0.5

Results and Discussion

According to the dissolution Kkinetic curves of the
hydroxides, the dissolution starts when the pH is less
than the values specified in theory and in particular for

the trivalent hydroxides such as (Cr(OH)., Fe (OH).).
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consumption of the acid, and then leading to an increase
i pH value which in role leads to a precipitate of
trivalent cations such as iron and chromium. Then the
pH leveled up at about 6 for the remaining time. Figs. 7.
8. show the mass of hydroxide sludge effect to the

starting pH value.

These two hydroxides begin to dissolve in theory at pH
of 3.35 and 7.3 respectively. However in practice their
dissolution 1s very slow and does not even begin at pH =
0.5 as shown 1in tables 2 and 3. For other hydroxides,
such as (CuO, Ni(OH).), the dissolution starts quickly,

even at pH of 1.5.

Table 2 : the dissolution kinetics of Iron (III) hydroxide at t=0;
(v=70ml ,[HCl]-20mmol, pH =0.5) + 0.25g Fe(OH)g

Time (min) 0 4 21 30 40 2

days
pH 050 049 050 051 0.52 050
Conductivity 69.8 69.5 69.96 69.7 69.6 69.95
10°(@Q' em')

Table 5: the dissolution kinetics of chromium (II1) hydroxide
At t=0;
(v=70ml ,[HCl[=20mmol, pH=0.5) + 0.25¢ CI‘(()I—I)(‘))

Time (min) 0 14 15 18 43 2
days

pH 0.50 049 0.5 051 0.52  0.51

Conductivity ~ 69.98  69.55  69.96 69.7 69.9 50.70

10°(@Q' em')

The copper oxide dissolution rate is greater than that of
nickel hydroxide although CuO 1s more soluble than
Ni(OH). : as shown in Fig. 9 and 10, ( pKsxom = 17,
pKsco = 19.9) and the basicity of CuO 1s low compared
to that of nickel (pKa wemoms = 8.9; pka oo = 6.85).
This difference relies on the structures of these
hydroxides. In fact the structure of the nickel hydroxide
1s crystalline whereas that of copper is colloidal. The

same behavior was observed in the leaching of the
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mixture of two hydroxides (CuO, Ni(OH).) and three

hydroxides (Fe(OH):, CuO, Ni1(OH).) as shown in fig. 11 17 10
and 12, as well as the hydroxide sludge as shown in fig s e %
c r N . . 80
13,14,15, 16 and 17, where a higher leaching copper rate >
154 170
was recorded compared to that of nickel even if the
60
144 J
amount of nickel in these samples ranged from 4 to 6 : —e—pH 50 5
- L}
. 213 —=—%Ni 1, 8
times the amount of copper. 40
124 I 130
On the contrary the iron hydroxide (III) does not begin 0
114 t;v=115ml [HCI]=13.57mmol, i
to dissolve even at pH = 0.5. The lixiviation solutions of PH,=Lm=0.25GNi(OH), =0 101gMi 10
] T Q . =1 75 -~ 1 1 3 9 T 10 T T T T T T T T T T T — 0
industrial sludge at pH=1.5 contain iron ions, which 0 20 4 80 8 100 10 10 160 180 200 220 240
t (min)

confirm that the sludge contains iron other than

Fe(OH)-.

Fig 9: The variation of pH and the concentration

At pH = 0.0 the leaching of all metal components of of dissolved nickel 1on from nickel hydroxide (Ni(OH).)

hydroxide sludge 1s complete. Copper and Nickel can be

. . . P 20 100

separated from iron and chromium starting from initial
N O AU 0
pH of 1 over a period of 90 minutes and leveling up at 5] "
pH of 1.6 where almost 100% of copper and more than 174 i

——%pH

709 of Nickel were dissolved, whereas the iron 16 60
—a—%Cu
. . . 15 45 R
dissolution does not exceed 309% over that period. The I 0
14 440 ©
separation may take place from initial pH of 0.5 over a
13 130
period of 25 minutes and leveling up at 1 where 70-80% L2 1w
N . - CO . e t=0: v=140ml,[HCI]=16.52mmol,pH =1,
of copper and 60-70% of nickel were dissolved, however 114 0 5CUOHPOATBIG O {w
1T 15 dissolv rwithin 20-50c¢ 10 ——— T T T 71— 1 10
ron 1s dissolved only within 20-50%. ' L S A A
t(min)

The separation may also occur by leaching from initial
I . . 3 o C :

pH of 1.5, but over a longer period of about 240 minutes Fig 10: The variation of pH and the concentration of

where pH levels up at 2. Under these conditions 100% dissolved copper ion from copper hydroxide (Cu(OH).)

of copper and 95% of nickel were dissolved while iron

1,70 o 100
does not exceed 19%. s
I S + 90
1,60
Based on the previous results we suggest the following 1557 180
. . . 1,50 17
procedure for copper and nickel dissolution from 15
J 60
. . 1,40
hydroxide sludge as seen in figure 18. L o s
135 ]
2130 8
e —4—pH J40
125 "
——%Ni 2
1,207 —e— 0 Cu b
115} 420
110 t;:v=200ml [HC[]=23.7mmol, pH =1, T=17° 0
1,05 CuONi(OH)2 :0.3g : Ni : 35.63%, Cu : 10.56% 1
1,00 -— 0
0 50 100 150 200 250

t (min)

Fig 11: The variation of pH and the concentration of
dissolved copper and nickel ion from mixture of

hydroxides (CuONi(OH).)
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150 12 80
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Fig 15: The variation of pH and the concentration
of dissolved copper, iron and nickel ion from
Fig 12: The variation of pH and the concentration hydroxide sludge at pH0.5 (m=1g, v=60ml)
of dissolved copper, iron and nickel ion from mixture
of hydroxides Fe(OH):CuONi(OH).)
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Fig 16: The variation of pH and the concentration
of dissolved copper, iron and nickel ion from
hydroxide sludge at pH0.5 (m=1g, v=70ml)

Fig 13: The variation of pH and the concentration
of dissolved copper, iron and nickel ion from
hydroxide sludge at pH1 (m=1g, v=250ml)
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Fig 14: The variation of pH and the concentration of . . . . .
. g . . P Tl i £ . Fig 17: The variation of pH and the concentration of dissolved
dissolved copper, iron and nickel ion from hydroxide

sludge at pHI (m=1.19g, v=290ml) copper, iron and nickel ion from l}ydroxide sludge at pH =1.5
(m=1g, v=250ml)
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Abstract

In the present study, the thermally exfoliated vermiculite has been sonicated in order to grafiing with the butyl-imidazolium.
A suspension of vermiculite-water with 1% of concentration was sonicated at 20 KHz. This led to the decrease in the size of
grains tol0 um after 2 h of treatment. Increasing of sonication time, presence of H.O., and the increase of the vermiculite
concentration have caused an accentuation of sonication effect, this resulted the decreasing of the size to 10 um. Moreover,
a 2% fraction of submicron-sized particles was appeared. The pH of the vermiculite suspensions was imcreased. The
number of the -OH sites was determined by acid-base titration using Gran method. The ifrared spectra of the raw and
sonicated vermiculites in H.O or containing H.O. were very similar. In the presence of H.O., two bands were observed at
1380 and 1460 cni'. These are due to the presence of carbonates anions formed during sonication i H.O.. XRD spectra
showed that the sonication did not aflect the vermuiculite structure. The grafting was carried out on sonicated samples during
O h i H.O. This was realized in two steps. In the first step, we grafied 3-chloropropyltrimethoxysilane mstead of the -OH
sites. In the second step, we conducted a nucleophilic substitution of chlorine with methyl-imidazole. We proved by
mfrared spectroscopy and Gran method that grafting was real and XRD that this was not an intercalation.

Keywords: clay, vermiculite, sonication, grafting, 1onic liquids;

The most studied modification 1s the thermal

1. Introduction exfoliation [10-18, 4]. Exfoliation improves certain

Vermiculite 1s a layered phyllosilicate (type 2:1 or
TOT), its sheet is an octahedral layer (type of Mg, Al, and
Fe) sandwiched between two tetrahedral layers (type of Si
and Al ). Isomorphic substitution of Si" by Al” leads to the
appearance of a negative charge at the sheet that will be
compensated by hydrated exchangeable cations (Ca”, Mg",
Cu”, Na, K, H'...) [1]. The adjacent sheets are attached by
electrostatic forces and combinations of Van der Waals
forces. Water molecules can be adsorbed in the interlayer
space forming layers with interlayer cations, leading to
swelling of the vermiculite. This adsorption depends on
the hydrated cations state, which can be dehydrated,
monohydrated or bihydrated, corresponding to the
intercalation of 0, 1, or 2 plans of water molecules [2, 3].

The interaction of certain organic molecules with
vermiculite may occur by adsorption, consequence of its
large surface area or by intercalation consequence of
swelling power of its interlayer space [4-6].

Vermiculite is also used for the adsorption of heavy
metals [7-9]. These properties in addition to its
environmental inertia make it a good candidate to be used
in the water treatment field. Several scientific studies have
been realised for the modification of vermiculite.

properties of the vermiculite without diminishing its
environmental inertia. This modification of the vermiculite
causes a reduction of the apparent density and its thermal
conductivity and an increase in its surface area and its
melting point. Increasing the surface area of the vermiculite
improves its adsorption capacity.

This improvement will be enhanced by decreasing the
grains size by simple milling [6] or by sonication [19-26].
Mechanical milling is the simplest technique to reduce the
grains size; it can be reduced to 40 pum [19]. However,
aggressive  milling can  damage the vermiculite
structure. The use of ultrasound seems to give better results
[20].

They allow to obtain lower grains size without
destroying the molecular structure of the clay.

Sonication in the presence of hydrogen peroxide for 10
hours can reduce the grains size of vermiculite to 15.5 pm.
A size of 0.7um was obtained after 80 hours of sonication
[24]. A size of 1.7 ym was obtained after 25 minutes of
sonication [27]. However, the increase of the sonication
time can resulted aggregation of vermiculite [21, 23]. A
finer grains size and higher surface area were obtained by
"vibration milling, unfortunately this technique can leaded
to the destruction of the vermiculite structure [28].
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The sonication is the most appropriate method for
obtaining nanoparticles without denaturation of physical or
chemical properties of the material. The scattering of
acoustic waves 1n the suspension of vermiculite-liquid
(distilled water, hydrogen peroxide, alcohol ... ..) until the
mmploding of formed bubbles generates Physical effects
leading to fragmentation of the particles and producing
smaller particles [29]. Generally, treatment with low-
frequency ultrasound (20-100 kHz) has a physical effect on
the adsorbents without changes in chemical structures. On
the contrary high frequencies (>100 kHz) lead only to
chemical effects.

Grafting vermiculite by specific chemical groups was
also used to Improve 1its water decontamination
capabilities. The vermiculite has been grafted by
manganese oxide [30]. Ferniandez et al grafted vermiculite
by silane group [31]. This technique gives the best results
when the limit to the modification by milling or sonication
1s achieved. Because generally, the grafting of clays wass
carried out on the -OH groups located at the edges of the
sheets. To increase the yield of grafting, it 1s essential to
reduce the size grains of vermiculite and increase the
number of -OH groups at the edges of the sheets.

In this study, we have ivestigated the effect of various
parameters of sonication on the decrease of the thermally
exfoliated vermiculite particles size. Knowing that ionic
liquids have a special affinity with metals [32-37]. We
grafted the smaller particles of vermiculite with butyl
imidazolium to so as increase their capacity for adsorption
of heavy metals.

2. Materials and methods
2.1. Clay

The studied vermiculite was provided by the CMMP
(French  company), originating from  Yuli-China,
(millimetric plates). Thermal exfoliation was achieved after
a thermal shock in an oven at 600°C for 5 min. It was
washed with deilonized water several times. The insoluble
mmpurities such as sand were precipitated and the
exfoliated vermiculite floats on the water surface. After
washing, the vermiculite 1s dried in an oven at 105°C for 12
h and was then milled to obtain a powder (denoted as: raw
vermiculite). Its empirical formula 1s found to be:
(Si«xAlx)(Mgz.uzFexr.:lzTixr.nu)()lw(()H)zKﬂ.Lican.nx [38-39] It has a
cation exchange capacity of 148.6 meq/100 g.

2.2, Charactrisations
2.2.1. Infrared spectrophotometry

The samples were conditioned in a pellet form by
compressing under 7 tons. 1.5 mg of sample was dispersed
m 300 mg of potassium bromide. The infrared spectra
were carried out between 400 and 4000 cm’ with a
resolution of 2 cm” with 64 scans by a spectrophotometer
Thermo  Electron  Corporation-Nicolet 380 FTIR
spectrometer, brand.
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2.2.2. Laser granulometry

Laser granulometry allows us to calculate the average
size of the particles and determine the speciation
percentage of each size. It 1s based on the diffraction of
light according to the Fraunhofer theory. The used sail 1s
MALVERN -INSTRUMENT brand, Mastersize type, S
32734-60 model. It allows the characterization of particles
with diameters ranging from 0.02 to 2000 gm. The
concentration of particles suspension must exceed 1 gL
so that the obscuration ratio will be satisfactory (about 9-
10%). Before measurement the sample must be
homogeneous in distilled water to ensure good dispersion.
If the particles are agglomerated it 1s imperative to use an
ultrasonic container for deagglomerated.

2.2.3. Acid-base titration

The acid-base titration allows us to quantify the -OH
groups of clay, which will subsequently be used for grafting
of butyl imidazolium. We have used the Gran method
[41]. The experiment was carried out under argon
atmosphere at 18°C. Clay-water suspension (1 g in 100 ml
water UHQ) firstly acidified at pH=3 with
hydrochloric acid (0.01 M). Then the basic titration was
carried out with (NaOH 0.01 M) untl the pH = 10 [42,
43]. The concentration of electrolyte (NaCl) was adjusted
to 1 mol.Ll* to remove the exchange effects that can occur
between the H' ions and the interlayer cations of the
vermiculite. The representation of the function :

(Vo + Vae + Vp). 107PH = f(V,)

(Vo + Ve + V). 107PH = (V)
for acid side and for the basic side, (V. is the volume of
clay suspension, V. is the volume of added acid to achieve
a pH around 3 and V. is the volume of added base)
allowed us to determine the equivalent points Vaiand Vs
(Vai1s equivalent to OH 1ons that neutralize the excess of
H ions in the suspension and Vgpy — Vepq 18 equivalent to
OH ions which react with acceptor sites of clay) using
extrapolations on the two branches of the curve Gran. The
concentration of surface sites (CSSA) was calculated by the
following formula:

was

[(Vebz - Vebl)sample - (Vebz - ebl)blank] X Cb
Vo

The number of active sites (NSA) was deducted from
the above formula by divided the number of moles of
active sites surface (VixCSSA) to the mass of the clay (1g)
in the suspension. Sites active number was given by
following equation:

NSA(mmOI-g_l) = [(Vebz - Vebl)sample = (Vepz — ebl)blank] X Cp

The representations of Gran (below) are plotted as
function of V.. Therefore, the second branch of acid-base
titration which was used (passage of acid pH to basic pH).
‘We have performed the acid-base titration for the blank
(100 ml of 1M NaCl solution), where: Vaiwa=2.3 ml and
Ve = 5.7 ml (Figure 3.(a))

CSSA(mmol.L™%) =

2.2.4. X-ray diffraction (XRD)

The XRD analyses were performed i a Bragg-
Brentano geometry using a Brukers D8 Advance
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diffractometer (acceleration voltage of 40 kV and an
elecron current of 30 mA) equipped with a Ge
monochromator and using the Cu kg incident radiation
(A=1,5406 nm).

2.2.5. pH of vermiculite-solvent suspensions

The pH of clay-solvent (H.O or H.O.) was measured
using a pH meter (NF ISO 10390, 2005) before and after
the sonication. The pH measurement was performed after
the preparation of clay suspension in water or hydrogen
peroxide at a ratio of 1/5 (v/v).

2.3. Ultrasonic treatment

The raw vermiculite was sonicated in aqueous solution
either m presence or absence of hydrogen peroxide
(concentration of 385%). The used reactor for the
sonication 1s a glass reactor 60 ml of volume. It is a
cylinder at double-walled which allowed us to maintain the
suspension at 25°C during sonication. Ultrasound 1is
generated by a generator Sonics and Materials 500W
Ultrasonic Processor-VC505. The used titanium probe has
a diameter of 13 mm and was immersed to a 1.5 cm in the
suspension. The frequency of sonication was 20 KHz and
the power was set at 709% of 500 W that can produced by
the generator. The concentration of the vermiculite in
aqueous solution either in presence or absence of
hydrogen peroxide was set at 1 and 7%. The time of
sonication was set at 2 and 5 h. After treatment, the
obtained samples were dried at 80°C for 48 h.

The calorimetric method was applied to determinate the
acoustic power of our system. A thermocouple was
mmersed i distilled water to control the increase in
temperature during the sonication (for a few minutes (3
min) without cooling) in the cylindrical reactor. The values
of (t, T) were: (0, 295.5), (30, 303.95), (60, 312.05), (90,
320.35), (120, 326.65), (150, 333.15), (180, 339.05), where:
t is the sonication time (s) and T is the temperature of our
system (K). The acoustic power was calculated using the
following equation [40]:

dT
Up =m. Cpa
Where C, is the heat capacity of solvent at a constant
pressure (J.Lkg "K™), m is the solvent mass (kg) and j—:
(K.s™) is the rate of temperature increase. A 56 W acoustic
power was found for our system.

2.4. Grafting procedure

The grafting was carried out on sonicated vermiculite
sample in H.O at 7% of concentration for 5 h (denoted as
V: H:O, 5 h). Before grafting, the sample was dried with
nitrogen liquid for 8 h and mtroduced overnight in a
desiccator. The used reagents (methyl-imidazole,
acetonetrile, toluene, and 3-chloropropyltrimethoxysilane
3-CPTMS) for grafting have a purity of 99% and originating
from Sigma Aldrich. The grafting was carried out in two

steps. At the first step, we grafted the 3-
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chloropropyltrimethoxysilane  (3-CPTMS) on the edge
surface of the vermiculite sheets (Figure .1).

OH
on (Me-0)sSICH,CH,CH,CI oO\ SN~
OH toluene & 105C° o—

Figure 1: Schematic illustration of the procedure of the first grafting step.
During the second step, we have carried out a
nucleophilic substitution of chlorine with methyl-imidazole

(Figure .2).
. @,CI'
/O\Si/\/\q Si TN

Methyle imidazole
O/

acétonétrile & 70 C°

Figure 2: Schematic illustration of the procedure of the second grafting
step.

During the first step, an amount of 10 g of sample was
mtroduced into 50 ml of dry toluene with an excess of 3-
CPTMS in a three-necked flask. The system was kept
under reflux system at 105°C under argon atmosphere for
6 h. The obtained product (denoted as V-CPTMS) was
filtered under vacuum, washed six times with a water-
acetonitrile mixture and dried with liquid nitrogen and
placed in a desiccator. This step allowed making the
substitution of -OH of vermiculite edges by 3-CPTMS. For
the second step of grafting, we introduced the product of
the previous reaction (V-CPTMS) with 40 ml of dry
acetonitrile and excess of methyl-imidazole (4 ml) n a
three-necked flask. The system was stirring under reflux
system at 70°C for 48 h. The obtained product was filtered,
washed 6 times with distilled water and dried at 80°C for 48
h (denoted as V-CPTMS-Me.Im). This step has achieved
the nucleophilic substitution of chlorine with methyl-
mmidazole.

3. Results and discussion
3.1. Modification by ultrasonic irradiation
3.1.1. Measurements of pH

The pH measurements of vermiculite suspensions in
water either in presence or absence of hydrogen peroxide
were performed before and after sonication. The obtained
results are summarized in the table 1. The effect of
ultrasound on the pH of vermiculite suspension depends
on the sonication time and is depreciated with time. The
sonication of the vermiculite in water either in presence or
absence of hydrogen peroxide leads to the dissolution of
the interlayer cations (Ca” and K) in the solution. The
water molecules located on the clay surface dissociate into
OH and H' 1ons. OH ions were released mto the solution
to keep the electrical equilibrium while H ions were
captured by -OH groups of clay surface or intercalated in
the interlayer space. The excess of OH 1ons in solution has
leaded to the increase of pH [44]. Muromtsev et al [45]
noted the expulsion of interfoliares exchangeable 1ons
(Mg" and Ca”) in aqueous solution by exfoliated
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vermiculite, in addition, the appearance of OH 1ons to
keep electrical equilibrium. These ions react with carbon
dioxide dissolved in solution during sonication to form
carbonate anions CO3™.This reaction is evidenced by
mfrared of the sonicated vermiculite
(Figure 4.). The pH of vermiculite-water suspensions either
in presence or absence of hydrogen peroxide was
increased with respect time, but this increase was greater in
the presence of hydrogen peroxide. This is explained by
the decomposition of hydrogen peroxide, which increases
the concentration of OH anions during sonication (in
addition to those released by the clay). Increasing the
concentration of vermiculite from 1% to 7% decreases the
effect of ultrasound on the pH. In fact, this increase has
leaded to an increase in the viscosity of the suspension
which has interfered cavitation effects.
Table 1: pH of the solvent-vermiculite suspensions before and after the
ultrasonic irradiation.

characterization

Concentration of 1% 7%

clay

Time of sonication 0 2 ] 0 2 5
(h)

pH of H:O-clay 9 9.5 9.6 9.4 9.7 9.84
suspensions

pH of H.Oxclay | 8.4 | 536 | - 5.7 6.27 6.34
suspensions

3.1.2. Acid-base titration

The number of -OH sites located on the edges of the
vermiculite sheets were determined by acid-base titration
using the Gran method. Based on the acid-base
determination method that was mentioned above, we can
plot the Gran curves, which allow determining the number
of -OH sites. After linearization, we found that V..=3.9 ml
and V..=8.3 ml for the raw vermiculite (Figure 5.(b)).Using
the following relation:

NSA = [(Vebz - Vebl)sample = (Vebz — Vebl)blank] X Cp
= 0.010 mmol.g™?

WhereV.a: and Va of blank were measured previously
(Figure 3.(a). For sonicated sample during 5h in the
presence of peroxide hydrogen (Figure 3.(c)), we found
that Va=16 ml, and V.=27 ml. NSA=0.076 mmol.g’
(7able 2). The number of active sites (<OH) of the raw
vermiculite was 0.010 mmol.g". After ultrasonic irradiation,
the value of NSA was clearly increased. After 5 h of
sonication in H.O. media, it was reached at 0.076 mmol.g",
which that represents 7.6 times of the raw clay. This
Increase was a consequence of the perpendicular rupture
of the clay layers, resulting -OH groups on the edges of the
new smaller particles.

Table 2: The values of Vi, Ve, CSSA and NSA for raw vermiculite, V:

H.O., 5 h and V-CPTMS samples.

Clay Raw vermiculite V: H:0,, 5h V-CPTMS
Vi (ml) 3.9 16 2.1

Va: (ml) 8.3 27 5.8

NSA (mmol.g") 0.01 0.076 0

CSSA (mmol.L)") 0.1 0.76 0
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3.1.3. Infrared spectra
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Figure 4: Infrared spectra of the clays: (A) raw vermiculite -a- and its
sonicated samples in water after 2 h and 5 h, (B) raw vermiculite -a- and

its sonicated samples in hydrogen peroxide after 2 h, and 5 h.

Figure 4. show the infrared spectra of the raw and
sonicated vermiculites samples in water (a) and in water
containing hydrogen peroxide at 7% of concentration (b), it
can be seen that the results were very similar. This
indicates that no structural change of the sheets during the
irradiation. The broad band at 1000 cm” was attributed to
the stretching vibration of the group (Si-O). The two broad
bands at 450 cm” and 686 cm’ were attributed to the
stretching vibration of the group (Al-O) [46]. The broad
vibrational band of water at 3430 cm” was assigned to the
asymmetric and symmetric stretching vibrations of the
group -OH. The two bands at 3660 ¢cm’ and 3720 cm’
were assigned to the stretching vibration of the -OH groups
of the sheets. The frequency at 3660 cm” was assigned to
the stretching vibrations of -OH groups in Mg(OH):
tetrahedron of the vermiculite [46, 47]. For sonicated
vermiculites in water containing hydrogen peroxide, two
bands were observed, the first was intense and narrow at
about 1380 cm” while the second was broad at about 1460
cm’ (Fgure 4.(B)). They were assigned to the presence of
carbonates 1ons formed by the dissolution of carbon
dioxide of the air with the hydroxide ions (OH) released
by the clay [48] and those generated by the decomposition
of hydrogen peroxide. We also noted that there was a
small amount of carbonates in the raw vermiculite (Fgure
4.(B)), (The peak was less intense compared to the
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sonicated samples for 2 and 5 h). This amount was
increased after sonication. The carbonates ions CO3~ were
formed during the sonication, which were generated by the
reaction of carbon dioxide of the air with the hydroxide
(OH). The ultrasounds mduce the
decomposition of the hydrogen peroxide leading to an
increase of the amount of OH 1ons in the solution. The
OH the of the
decomposition of hydrogen peroxide and the (OH) ions
released by the vermiculite. These two sources of OH lead
to the increase in amount of dissolved carbon dioxide in
the suspension, and this according to the reaction:

CO2(aq) + 20HGg) = CO3Gq) + H200)

The formed carbonates react with the interlayer ions to
form K.CO; and CaCO: salts.

2K{aq) + CO3q) = K2C030q)
2Caffy) + C030q) — CaCO3(ag)

For the sonication in water, there 1s a single source, OH
ions released by the clay leading to the reduction in the
quantity of dissolved CO:. gas during the sonication , that 1s
why the intensity of the peak around 1380 cm® is lower
than that observed with hydrogen peroxide (Figure 4.(B)).

1ons also to

ons 1n solution were the result

3.1.4. Granulometric curves

Before sonication, the granulometric curve of the raw
vermiculite showed a single peak (Figure 5.), the average
particles size was 80 um (the maximum of peak position),
the full width at half maximum (FWHM) of the peak was
220 um, the percentage volume was 9% and all the
particles located in the range of 2-800 um. Firstly, we have
sonicated a 1% After 2 h of
sonication, a peak at 16 um was appeared with a FWHM
of 35 um and a volume percentage of 11.3%, the particles
size was In the range of 1-110 um. There 1s also a small
peak located in the range of 0.5-1 um was appeared, which
1s related to submicron-sized particles and which has a
percentage of 0.8%. After 5 hours of sonication, a peak at
12.2 pym, with a FWHM of 20 pm and a volume
percentage of 11.6%, was appeared, the particles were in
the range of 1-44 pm and the percentage of the submicron-
sized particles was increased to 1.6%. The sonication effect
1s interpreted by the effectiveness of the physical effects of
ultrasound caused by acoustic cavitation leading to the
fragmentation of vermiculite particles. In the presence of
hydrogen peroxide, after two hours of sonication, a peak at
15 um was appeared with a FWHM of 25 ym and 12% of
volume percentage, the particles was in the range of 1-80
um and the percentage of the submicron-sized particles was
19%. The sonication leads to a reduction of the grains size.

This decrease is accentuated by the presence of
hydrogen peroxide in solution during treatment. This 1s the
result of the decomposition of hydrogen peroxide which
generates oxygen gaz that produces a pressure between the
sheets and thus break the vermiculite particles. This
phenomenon was very clearly at low concentration of clay.
Secondly, we have increased the vermiculite concentration
to 7% 1n order to increase the yield of low particles size. In
this case, after 2 hours of ultrasonic treatment in the
absence of hydrogen peroxide, the average grains size has

vermiculite solution.
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decreased, and the maximum of the peak correspond the
particles size distribution curve is located at 16 um, the
particles were in the range 1-60 um, the percentage volume
was 139 and the percentage volume of submicron-sized
particles was 0.8%. After 5 hours of treatment, the
maximum of the peak of the grains size distribution curve
1s decreased to 10 um, the particles were in the range 1-40
um with 11% of percentage volume and the percentage
volume of submicron-sized particles was 2%. The presence
of hydrogen peroxide does not improve the efficiency of
the sonication at this concentration. Indeed, the maximum
of the peak of the size distribution curve was 16 um after 2
hours of treatment and it was 12 pm after 5 hours of
treatment. The particles were in the range of 1-63 um for 2
hours and in the range of 1-40 um for 5 hours of treatment.
The submicron-sized particles were in the range 0.5-1 um
and the volume percentage of these particles was 0.89% and
2% for 2 hours and 5 hours of treatment, respectively.
Increasing the vermiculite concentration reinforces
ultrasonic effects on particles size. This 1s due to the
icrease of collision probability between the vermiculite
particles. This result was observed by Michael [49], for the
ultrasonic treatment of the alumina i aqueous solution.
Granulometric  curves showed that the ultrasound
efficiency 1s important at the beginning of treatment and
this in either the presence or absence of hydrogen
peroxide. The treatment time is important for the obtained
amount of submicron-sized particles.

—=&— Raw vermiculite
14 | —— VI lz() 1%, 2h
—A—V:11,0 1%, 5h
—v—V:HO,1%, 2k
12 | +V:H20 7%, 2h
—4—V:H,C 7%, Sh
—— V:II,C, %, 2h
——VHO, 7%, 5h

-
] o
1 1

Percentage volume (%)
|

1000

10
Particles size (pum)

Figure 5: Granulometric curves of the raw and sonicated vermiculites.

3.1.5. X-ray diffraction (XRD)

We performed the XRD spectra of the raw vermiculite
and sonicated samples at 7% of concentration either in
presence and absence of hydrogen peroxide (Figure 0.).
This was in order to determine the sonication effect on the
grains structure. The basal spacing 1s modified by the
presence of hydration water molecules. This results in the
change of the peaks position in the XRD spectra. Studied
Vermiculite contains two cations in its interlayer space:

potassium  K' and calcium Ca”. Potassium being
dehydrated while calcium is intercaled with a monolayer
water [2, 3]. The narrow and more intense peak in spectra
(identified as (002a)) located at 20=6.04°
corresponds to a basal spacing d=14.60 A (interfoliare
space) [12, 18, 50]. Another narrow and intense peak
(identified as (002¢)) located at 20=8.84° corresponds to a
basal spacing d=10.0 A, this spacing contains the
dehydrated K ions. This peak is the only one which stayed
on the XRD spectra when vermiculite was exchanged by
K* ions (Figure 6.). The peak identified as (002b) located
at 20=7.02° corresponds to a basal spacing d=12.57 A,
where is containing the monohydrated Ca” ions. The other
peaks (identified as (002¢) and (002d)) located at 20=7.40°
and 20=8° correspond respectively to basal spacing
d=11.93 A and d=11.04 A were the result of interbedded
layers containing K and Ca” ions. The sonication of the
vermiculite in water leaded to decrease in the intensity and
broadening of the peak (002a). This effect was more
pronounced with time. After sonication of the vermiculite
in water during 2 hours, the peak intensity related to (002a)
reflecion was greatly decreased which results 1n
enlargement of the FWHM of the peak that was ®=0.0021
rad and becomes 0.0031 rad. After 5 hours of sonication,
the peak intensity was more decreased and FWHM was
more increased and becomes 0.0054 rad. The other peaks
assoclated to (002b), (002¢) and (002d) reflections were
also decreased after two hours of sonication. After 5 hours
of sonication, the intensity of these peaks was more
reduced. The intensity of the peak related (002¢) reflexion
was also more reduced with time. Generally no destruction
of the crystal structure has been noted. But the average of
crystallites size was decreased after the sonication. We can
calculate the average crystallites size according to -c- axis
using the Debye-Scherrer’s equation:
0.9A
" ©.cos0
((002a) reflexion at 20=6.04"). Where: a is the average
crystallites size (nm), A 1s the X-ray wavelength (0.15406
nm for Cu Ka), o is the FWHM of the peak (radians) and
0 1s the angle diffraction (deg.). Therefore, the size of the
raw vermiculite was about of 67 nm; it became 45 nm after
2 hours and reached to 31 nm after 5 hours of sonication.
This reduction can be explained by the fragmentation of
grams and desorption of iterfoliares cations in the
solution. Concerning the sonicated samples in the
presence of hydrogen peroxide, the same remarks were
observed, but the crystallites size were more reduced;
therefore, after 2 hours of sonication became 36 nm and
reached to 27 nm after 5 hours of sonication (7able 3.).
So, the ultrasound at 20 KHz has a breaking effect of
vermiculite particles in water suspension either in presence
absence of hydrogen peroxide due to
cavitation. We can say that the ultrasound at this frequency
has only a mechanical effect.
Table 3. The values of the crystallites sizes of the raw and sonicated

which 1s

or acoustic

vermiculite.
Solvent H.O H.O.
Time of sonication (h) 0 2 5 0 2 5
Average crystallites size 67.5 45 31.5 67.5 36 | 27
according to -c- axis (nm)

7l
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Figure 6. XRD spectra of the raw vermiculite and sonicated samples in

aqueous solution in absence and presence of hydrogen peroxide.
3.2. The grafting modification

The sonication of vermiculite allowed us to reduce its
grains size and thus increase the number of -OH sites
which will be grafted. The mixture of the vermiculite with
3-CPTMS under iert atmosphere has allowed to grafting
-OH groups with later. The obtained sample (V-CPTMS)
was washed to eliminate the rest of the 3-CPTMS which
can be intercaled or adsorbed. After that, the obtained
sample was reacted with an excess of methyl-imidazole to
have a substitution of the latter instead of chlorine. Then,
we washed the grafted sample (V-CPTMS-Me.Im) to get
rid of any intercaled or adsorbed methyl-imidazole. The
infrared spectra of the initial and grafted samples were
shown in Figure 7.
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Figure 7: FTIR spectra of the sonicated vermiculite in H:O for 5 h and
grafted vermiculite: V: H.O., 5 h (a), V-CPTMS (b) ,V-CPTMS-Me.Im
(c), 3-CPTMS (d) and methyl imidazole (e).
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Figure 8: XRD spectra of the grafted and sonicated vermiculite in H.O for
5h.

The similar bands on the spectra of the samples a,b and
¢ were: The broad band between 3200 cm” and 3600 cm’
was assigned to the asymmetric and symmetric stretching
vibrations of the group -OH of water (o). The band
around of 1600 ¢cm” was a binding of the physosorbed
water on clay (8os). The broad band at 1000 cm® was
assigned to the Si-O group (vs.0). The two broad bands at
450 cm” and 686 cm” were attributed to Al-O group (Vawo).
The narrow band around 1380 c¢m® was attributed to a
quantity of carbonate ions formed by dissolving carbon
dioxide gas during sonication. New peaks were appeared
on the spectra (b). The first three were about 2860 c¢m”,
2930 cm’, 2960 cm'. These peaks were assigned to
stretching vibration symmetric and asymmetric of (C-H)
group due to the presence of propyl group of CPTMS [Cl-
CH-CH-CH-S1(O-CH:);] and at 1410 c¢m” for -CH.--
bending [51] . Another peak due to stretching vibration of
Si-O-Si group was appeared at around 1260 cm®. This
proved that CPTMS was grafted onto vermiculite. On the
spectra (c), low peak at 3250 cm” was observed, it was
assigned to the stretching vibration of N-H group of
mmidazole (vsx). Other bands of imidazole were very weak.
We performed a zoom on the part of spectra ranging
between 1200 and 1600 cm” to be able to see the Figure 7.
Two peaks were appeared at around 1510 cm” and 1440
cm’. They were assigned to the stretching vibrations of
C=C and C=N groups, respectively. This proved that the
methyl imidazole was grafted onto vermiculite. We
vigorously washed the grafted sample to eliminate
intercalated or adsorbed methyl imidazole
vermiculite, and we proved by XRD spectra that no
intercaled molecule during grafting was observed. The
XRD spectra of the vermiculite before and after grafting
were represented in the Figure 8. There was an attenuation
of the peak intensity and no shift of its position was
observed. This removed any risk of new intercalation
during grafting. The decrease of the peak intensity after
grafting 1s a frequently observed phenomenon [31, 52]. We
also plotted the Gran curve of the V-CPTMS sample

onto
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(Figure 3.(d)). After linearization, we found that Va.=2.1 ml
and V.:=5.8 ml, so NSA =~ 0 mmol. g_1 (7able 2), we
proved that all -OH sites of initial vermiculite were
replaced by CPTMS.

4. Conclusion

In this work, we have studied the effect of ultrasound on
the thermally exfoliated vermiculite in order to grafting
with butyl imidazolium. The raw and modified vermiculites
were characterized by laser granulometry, X-ray diffraction,
infrared spectrophotometry, measurements of pH of
suspensions and acid-base titration. The sonication was
performed in aqueous solution with a clay concentration of
196 and 7%. Then, we have studied the effect of the
presence of hydrogen peroxide in aqueous solution on the
ultrasound efficiency. The clay concentration has been
icreased from 1 to 7% in order to increase the sonication
efficiency. Our study has shown that the effect of
ultrasound on the size of the vermiculite particles was
important in beginning of sonication, it was decreased with
time. The average grains size of vermiculite was achieved to
10 um after five hours of sonication with appearance a
small  fraction of submicron-sized particles. The
fragmentation of the clay particles leaded to increasing of
clay suspensions pH and the number of -OH groups
located on the edges of the clay sheets. This fragmentation
was accentuated with increasing of the sonication time,
increasing of clay concentration and the presence of
hydrogen peroxide. The infrared and XRD spectra
showed that no structural change of the vermiculite after
sonication. Infrared spectra of the raw and sonicated
vermiculite were very similar, the exception of the
appearance of a peak at around 1380 c¢cm” which showed
the formation of carbonates ions (CO:") during sonication
of vermiculite in the presence of hydrogen peroxide. XRD
spectra showed the decrease of the vermiculite crystallites
size. The grafting of butyl imidazolium was performed on
Vermiculite sample having the smallest grains size; it was
carried out in two steps. Firstly, grafted 3-
chloropropyltrimethoxysilane  (CPTMS-3) on the edge
surface of the vermiculite sheets. Then, we carried out a
nucleophilic substitution with methyl imidazole. We have
proved by infrared spectroscopy and Gran method that the
grafting 1s real and XRD that this 1s not an intercalation.

we
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Abstract

The formation of the emitter is considered as a crucial technological sequence during the manufacture of solar cells the
thermal diffusion from a solid source in acylindrical quartz tube constitutes the most widely know and used technique for
the formation of the emitter. Indeed, doping of n-type silicon with boron diffusion allows the formation of the p+ emitter.
This distribution is often difficult in terms of homogeneity to control and requires adequate detailed understanding of
physical phenomena in order to optimize the best profile of dopant diffusion. However, this work 1s dedicated to the
optimization of boron diffusion profile by mvestigating the eftects of temperature and time diffusion on the planar and
textured. A comparison with the experimental profile measured by SIMS (Spectroscopy Secondary Ion Mass) was
performed. The differences between planar and textured surface are discussed.

Keywords: Crystalline silicon solar cells; Boron emitter; Doping profile; N-tvpe silicon; Texturing.

1. Introduction

In the photovoltaic industry, the most widely used
material 1s crystalline silicon. However, the price
thereof occurs approximately 409 of the cost of
manufacturing modules. The recovery silicon n-type
can reduce the cost and solve the problem of
shortage of silicon in the solar cell industry. The ¢-Si
materials market 1s further diversify, as shown in
Figure 1, according to the study carried out by
International ~ Technology Roadmap  for
Photovoltaic ITRPV) in March 2016][1]. It confirms
also the predicted shift from p-type to n-type mono-
Silicon and this material will dominate the market
share after 2020.

The n-type silicon solar cells are promising
alternatives with respect to their p-type counterparts
because of higher energy potential conversion
efficiencies and a large availability of the raw material

[2]. Furthermore, the n-type silicon is known to have

several advantages over p-type. First, unlike the p-
type substrates, n- type one are less sensitive to most
metal impurities present in the substrates of solar
grade, and that could be introduced in industrial
processes to low-cost mass production [2]. Second
mstead, Czochralski (Cz) n-type substrates do not
suffer degradation of SRH lifetime light-induced
because of B-O type defects that are commonly
found in industrial Cz p-type silicon [3]. As a result,
minority carriers lifetime in n-type substrates are
generally higher compared to their p-type

counterparts [4].

Increasing the efficiency of solar cells requires a
multitude of improvements in the different stage of
manufacturing. The emitter is the most important
element of n-type solar cell. A more promising

technology is the direct thermal diffusion of boron
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from a boron trichloride (BCI3) or boron tribromide

(BBr3) source.
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Figl. Development of different C-Si materials in
solar cell fabrication (ITRPV) [1].

Boron doping is a solution extensively investigated
today by the scientific community [5, 6]. Boron is
also evaluated as a solution to achieve the BSF
(Back Surface Field) on the p-type cells [7, 8], but is
rarely used commercially because of its long and
costly development for this type of application.
diffuses mainly through

In literature, boron

mterstitial  mechanisms  instead of  vacancy

mechanisms [9]. Theoretical and experimental
studies of Bracht [10] and De Salvador [11] proved
that the responsible interstitials are I' and doubly-
positive interstitials (I'). Since the diffusing species is
BT, with

B)

negatively  charged

and become BI' by

they interact

substitutional boron
capturing or losing a hole [12].

Process simulation provides an accurate prediction
of the resulting doping profiles and provides
precious advice in process optimization. In this
work, the main motivation is to optimize the emitter,
according to the various parameters involved in the

diffusion (temperature, time, pressure ...). Using our
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modeling of boron diffusion, we show that profiles
boron can be numerically simulated for planar and
textured silicon substrate. The profile measured by
the mass of secondary ions Spectroscopy (SIMS) is
compared with ones simulated using the Athena
Silvaco® Simulator in which several diffusion
parameters were modified and used to calibrate
boron diffusion simulation. After calibration, the

boron profiles on textured samples were obtained by

process simulation.

2. EXPERIMENT

The Boron diffusion is briefly discussed here.
The process of diffusion of boron was performed
in an industrial furnace quartz tube and subjected
to low pressure about 200-600 mbar. The gases
are introduced by means of two different injectors
positioned at the rear of the tube. N, 18
considered the carrier gas from the dopant source
through a bubbler.Oxygen gas O, is introduced
mto the diffusion tube to ensure the oxidation of
silicon at high temperatures. The diffusion process
is achieved in two steps: a pre-deposition step which
forms a borosilicate glass (BSG) and a layer in situ
drive-in in which boron atoms diffuse deeper in the
silicon substrate at highest temperature. In the pre-
deposition step, Boron reacts with oxygen and
forms a layer of B.O: which 1s located inside the
borosilicate Glass (BSG for Boron Silicate Glass).
Subsequently B.O; reacts with Si and forms S10.

and boron. The reaction can be written as

2B.0; + 3S5i—» 4B + 3S10. (1)
This reaction can be limited by Si oxidation:
Si+ Qo SiO: )]
The deposition of BSG has similar temperature

dependence as the growth of phosphosilicate glass

(PSG) [13]. At the involved temperatures, boron
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diffuses mto silicon matrix forming the p-n junction
with the n-type base initially doped at 5e"” cm”with a
bulk resistivity of 1Q.cm. All the wafers have a

thickness of 200um.

3. SIMULATION APPROACH

Process simulations were carried out to reproduce
the 1D boron depth profiles measured on planar
sample using TCAD simulator software (SILVACO,
the Athena module) [14]. As boron diffuses entirely
via the interstitial mechanisms, the vacancy diffusion
mechanisms were turned off in the simulations. Both
neutral state interstiial I' and doubly positively
charged interstitial 1" were considered to contribute
as the

The

to the boron diffusion process similar
approach taken by De Salvador and al [11].
boron diffusion profile has a strong impact on the
recombination activity in the emitter region via
Auger and  surface recombination. It 1s
recommended to optimize the boron diffusion
profile in order to minimize Auger and surface
recombination while maintaining a reasonably low
contact resistance. Boron profile optimization 1is
typically achieved by tuning diffusion process. The
Figure2 shows the experimental profile of boron
doping (BCIg) during the emitter formation in n-type
mc-Si obtained by Secondary Ion  Mass
Spectroscopy SIMS analysis. By considering a
tolerable error range, good agreement with the
experimental doping profile confirms the validity of
the simulation model and the parameters that have
been adopted. As expected, the profile presents a
relatively high surface concentration for a depth of

0.3um.
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Fig.2. Modelling of the SIMS experimental boron

diffusion profile.

4. RESULTS

4.1.  Process simulation on planar samples

4.1.1 Elffect  of  diffusion

temperature
The temperature variation is the simplest way to
obtain different sheet resistance emitters. In figure
2, the varation of boron profile versus
temperature 1s showed for a diffusion constant
time. The sheet resistance has been measured by
using a four probe method. As the temperature
increases, the formed junctions are deeper and the
sheet resistance decrease. These results were then
compared with experimental data in order to be
validated [15]. An increase of deposition
temperature shows a strong influence on the boron
dopant profile. This behaviour is explained by
coefficient  with

variation of the diffusion

temperature. For this reason, the process

temperature to achieve the required junction depth
has proven to be rather delicate. The advantage of
this model is to determine the amount of boron be
process  for  emitter

injected  during  the

concentration and desired depth.
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Fig.3. Boron diffusion profiles in silicon obtained with

various diffusion temperatures for lhour diffusion time

4.1.2  Effect
diffusion time

of

Time 1s a very important parameter in the boron
diffusion. Penetration of the boron atoms in the silicon
controls also the desired junction depth. The time of
the drive-in step, permit to give the monitoring of the
junction depth. Indeed, BSG introduced in the pre-
deposition step, acts as a constant dopant source in a
time period at constant temperature. All these results
confirm that the diffusion of boron 1n silicon is strongly

affected by tube furnace conditions.

" . 1 " ‘. . ar " 0é

[

gy ps $40°C

Fig.4. Boron diffusion profiles in silicon obtained with
various diffusion times at 940°C.

4.2. Process simulation for pyramidal textured samples

1D boron profile has been successfully reproduced in the
numerical simulation of the process. After optimizing the
diffusion parameters on a planar surface, we proceeded to
simulate 2D boron profiles. Characterization of boron
distribution under textured surfaces is a challenging task.
For textured surfaces we use the same thermal parameters

profiles B and C (Figure.3), both the pre-deposition and
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drive-in steps contribute to these profiles. The width of the
simulated nverted micro-pyramids is 3.5(um). Figure 5

shows the effect of the temperature diffusion on emitter

junction depth. For profile C the junction depth is deeper

compared to the one of profile B, the junction depth is
0.4um and 0.3um, respectively. The results of simulated
2D boron profile also show that the emitter junction

depths differ considerably for the temperature diffusion.

@
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Fig.5. Simulated 2D boron profiles for two profiles: profile
B (a) and profile C (b) on pyramidal textured surface.

Boron diffusivity is dependent on temperature, but also
on the concentration of silicon self-interstitials [16].
Figure 6 shows the junction depth formed in top and
bottom region to pyramid. For both profiles B and C, the
Junction depth is deeper at the top region of the pyramid
than in the bottom region and sidewalls. Because of the
pyramids geometry, concentration of silicon self-
interstitials is dense in the top regions and is less dense in
the bottom. This is a result of the geometry of the
pyramids on the textured surface, which causes the

unevenness of the emitter region.
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Fig.6. Cross-sectional image of emitter junction from SILVACO, Athena module. Profile B in (a) top pyramid, (c) bottom
pyramid. Profile C in (b) top pyramid, (d) bottom pyramid.

5. CONCLUSION

For the N-type solar cell with the potential to improve its
efficiency and reliability, the boron diffusion mechanism
underlying the formation of p’ layers has been studied for
planar and textured surfaces. A suitable 2D numerical
simulation of the boron diffusion profile for pyramidal
textured samples 1s presented in this work. Simulated 1D
depth profiles agree very well with measured profile. We
have seen that the temperature and time of diffusion can
control the junction depth and quality emitter formed to
planar and textured. Our simulation results showed that
deeper and shallower junctions were formed near the top
and bottom regions in the textured Si surface, respectively.
We propose that the nonuniform distribution of Si self-
interstitials caused by the geometry of the pyramid texture
leads to the enhancement or retardation of B diffusion,
which 1s responsible for the formation of uneveness
Junction profiles in the p+ emitter of textured Si solar cells
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Abstract

Urban Planning has a great impact on local microclimate which in turn affects the comfort and the space quality within a
city. This directly influences the absorption and emission of mncoming solar and outgoing long wave radiation, which has a
significant impact on temperature variations within the street as well as the surrounding environment (Urban Heat Island).
Green areas play the most significant role in the city; they provide shade that helps to lower surface temperatures. They also
help to reduce air temperatures through the process of evapotranspiration, dissipating ambient heat.

The method is experimental, in which empirical measurements are carried out in different stations in a street of the city
center of Constantine (Algeria) during overheated period. Morecover series of field simulation are done using a software
tool: "TownScope3.2".

The results confirm the importance of shade by the vegetation on microclimate and human comfort, and show a positive
correlation between the air temperature, Tmrt, and PET in hot seasons. Vegetated urban space influences the quality of
perception, the creation of urban ambience and improves pedestrian’s thermal comfort. That icreases the frequency of use

of outdoor spaces for such climate.

Keywords: Vegetation, Vegetation; Microchimate; Thermal Comfort; Hot and Dry Climate; Urban street

1. Introduction

The urban fabric changes the energy balance through
its different reflections and heat absorptions due to
roughness and absence of green areas, giving rise to the
Urban Heat Island phenomena.

The shade 1s in general the principal outside
requirement during overheated period for areas with hot
and dry climate. In urban environments, green spaces have
proven to act as ameliorating factors of some climatic
features related to heat stress, reducing their effects and
providing comfortable outdoor settings for people [1].
This shade reduces solar flows considerably, by limiting
the heating of surfaces which normally should be sunny,
also reduces thermal radiative flows.

It is well known that the presence of vegetation
modifies the microclimate (light, heat, wind, and humidity)
through shade and evapotranspiration, and also influences
the perception of urban spaces by the users [1,2].

On the one hand, the use of plants to improve urban
heating is one strategy that has generated significant
mterest [3,4]. Trees and buildings existing singly or in
clusters create strong spatial variability in local heat transfer
fluxes that define urban microclimates within the urban
canopy layer [5].

Trees planted along the streets and in the parks, around
the houses or shops or in the green areas throughout the
city improve citizens’ quality of life and also the quality of
the air and water. On the other hand, the urban green
areas offer the possibility of recreation, and make districts
more pleasant [6].

The use of vegetation as a strategy to moderate the
urban heat island (UHI) and improve the microclimate
has been discussed in many researches [7,8]. For the hot
and arid climates, the best use of the vegetation should
take advantage from its shading aspect to reduce the
intense solar radiation in summer as the overheating is
mainly due to the heat storage by the sunlit surfaces.
Vegetation should be integrated within the built up areas to
improve the immediate environment of each construction.,
because the two main effects of vegetation are the shading
impact on solar radiation and the conservation of canopy
temperatures close to that of air, between 20°C-35°C, wich
remain below the temperatures of the surfaces of common
urban materials such as asphalt, concrete blocks, etc[9,10].

Researchers like:  Grimon, Oke and Cleugh (1993),
found that in a hot-dry climate the temperature in a tree-
vegetated suburban area in Sacramento, was 5°C to 7°C
cooler than in a mineral one. One study indicates that a
significant temperature difference of up to 6°C on air
temperature 2m above the ground was found in the
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summer season between artificial urban materials and
vegetated areas in Beirut [11].

Even more [12,13], confirm the importance of tree
shading effect on thermal comfort and the influence of
reflected and transmitted solar infrared radiation on the
energy budget i their
surroundings.

of humans and buildings

Shading a surface from receiving direct solar radiation 1s
the most important, the first strategy for reducing heat load
i a hot and dry climate. Field studies to evaluate the
thermal environment have been performed in cities with
hot and dry climate; the geometry and orientation has a
wide relation to solar exposure of the urban canyon during
the day. This one has a considerable effect on solar
shading and urban microclimate [14]. Bourbia and Awbi
(2004) found that the higher H/W ratio and smaller SVF
has a cooler environment and floor-shading fraction in
summer increase with increasing (H/W ratio).

Under hot and dry climate at Constantine city by
Bourbia and Boucheriba (2010), one study discuss the
relationship between canyon geometry (size, orlentation)
and SVF , how it’s

temperatures within the urban street, was done in order to

mmpacts on air and ground surface

evaluate the impact of geometry on the urban climate.
They found that the open stations are exposed to the sun
all the day and height albedo of the sol participate in
reflecting the solar energy to the outdoor space and
participate in increasing the UHI [15].

Further to that a study by Louafi and Abdou (2013) in
same city whith an open urban space with row trees an
presence of masse vegetal and a mineral one for improving
the effect of vegetation on using outdoor space.

Where,measurement and observation method was
done. Results show that controlling the sky view factor and
mclusion of vegetation can reduce temperatures in
outdoor spaces [16].

In this present paper a canyon street with different SVF
and with the presence or absence of row trees are
mvestigated, microclimate and thermal comfort based on
the
summer,and series of simulation has done, the aim 1s to

field measurements and questionnaires during
assess whether people located under tree shade experience
comfort or stress in open spaces during hot-dry season. the

study tries to:

o Investigate vegetation’ effects in five different spaces
on thermal conditions in outdoor spaces with different
ratio and SVF.

o Compare the performance of an area shaded by trees
to msolated one;

e  Discuss whether trees shade affect people’s thermal
comfort in hot-dry climate, and
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e  Evaluate outdoor thermal comfort based on comfort
indexes “predict equivalent temperature” (PET) and
mean radiant temperature (T'mrt); and

e Try to highlight the role of shade on soil temperature
and cooling effects of urban planning.

2. Site Investigation

The mvestigation was conducted in Constantine City
(Algeria), which 1is located at 36.17_ North and
06.37_Fast. The altitude is approximately 687m above sea
level. This city is characterized by a semi-arid climate that
1s hot and dry in the summer, with an average maximum
temperature of 36°C occurring at 15h00 and an average
humidity of 25%. In the winter, the area 1s cold and
humid. In addition, the intensity of solar radiation over
this region 1s high, with clear skies and sunny periods
existing during a large portion of the day.

The wind direction comes relatively from the North,
speed the
meteorological station. All these factors contribute to the

with an average reaching 2.1 m/s at
climatic harshness of the city. The investigated site 1s

located in the city center.

The city center has a dense traditional urban fabric (up
to 80%) deprived from vegetation; and a colonial fabric
which was grafted on part of traditional fabric and around
this initial core. The presence of the vegetation is not
regular there (fig.1).

Fig.1. Stations of site measurements. Source: Google Earth 2014
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3. Methodology

In order to evaluate the effect of vegetation cover on air
and ground surface temperatures within the urban street, a
series of measurements were collected from five stations
that were selected based on variation of the SVF, H/'W
ratio and presence of trees (fig.1 and Tablel).

The measurements were performed in summer during
the month of July 2013, representing the hottest period.
These were carried out simultaneously over a two weeks
period, and one typical daily cycle has been selected to
represent each of the detalled monitoring periods. Air
temperature data were collected using digital instruments
(Multifunction instrument (LM800), Pho-radiometer
HD2302.0 with several probes) with an accuracy of +0.2.
The measurements located in the buillt-up environment at
a height of approximately 1.5 m and were recorded every
2 hours at each station from 6:00 to 20:00 each day. Fish-
eye photographs were taken at each station at both sensor
heights (approximately 1.5 m above ground) with a Nikon
8 mm fish-eye lens (Picture angle of 180°). Consequently,
thermal comfort was included in the study, with interviews
and questionnaires to assess people’s thermal sensation in
different situation coverage street with trees and without
trees in the day.

Series of field simulation are used by software tool,
TownScope3.2. The the
performance of an area shaded by trees to a full insolated

objective 18 to compare
area for two kinds of street located in this climate (dry and
hot) P1 (SVF=75%, Albedo= 0.28, H/W= 1.35) and P5

(SVI=59%75%, Albedo=0.200, H/W= 1. 13)

Table 1.Characteristics of Measurement station & Fish-eye photographs.

Verncal fish-eye Horootal fish-eye

Pomt of meanirement

PI

SVF« T5%
Albedo= 028
HWe= 135

n

SVF= 1%
Albedo= 0.16
HW= 04§
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4. Result and Discussion

The geometry of urban street plays a decisive role in
urban heat island mitigation [15,17]. Moreover, Inclusion
of vegetation can reduced and controlling the sky view
factor. Shade trees reduce heat gain by directly shading
buildings and by Adding
vegetation into the environment, planting trees can mitigate
UHI, reduce energy use and improve air quality. This
study aims to verifie and discuss how vegetation can play

also evapotranspiration.

an important role on urban microclimate for different
types of urban design.

4.1. Impact of the Vegetation on Air Temperature

Alr te mperature [°C)

Fig.2 . Variation of air temperature in various stations period July.

Figure 2 shows the air temperature evolution during a
typical summer day at the five stations of measurement. It
shows that open space without trees 1s warmer from 10h00
to 16h00 than the vegetal areas under trees coverage,
which is consistent with previous studies of the literature
on this subject [1,2,12,16,18 and 19]). The air
temperatures in all stations are higher than 32°C during the
day, but the temperatures recorded in Stationland
Station3 remain higher than that in the stations Station 2
and station 5 with a variation between -3.6°C and -6.4°C
at 14:00 and variation of -3.9°C after mid-day 16:00 this
result agrees with the results of many studies[11,20-22].

4.2, Impact of the Vegetation on Air Humidity

The relative humidity depends on the temperature and
the quantity on water contained in the air. The values of
air humidity at the beginning of the day are very high; on
the other hand those of after midday are most significant
[23]. The evapotranspiration of a tree can reach up to 400
liters per day, which represents a cooling effect equivalent
to 5 units for 20 hours means hot and dry climate [24]
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According to the graph in Figure 3, there 1s a negative
correlation between relative humidity and air temperature.
It is noted that vegetated or green stations ( P2 and P5)
registered higher values of air humidity than station PI1.
The highest value of relative humidity is recorded at 18:00
(hours) in the station P4 in the street with trees alignment
and near a square, note a variation of 23%, compared to
station P1 (with no trees and same space configuration).

At the time of the maximum of energy of 12:00 (hours),
we observe variation between 3.5% and 10.5% in stations
P1, P3 and P4. while the one cumulates solar energy, the
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Fig.3.Variation of air humidity in various stations period July.

4.8. Impact of the Vegetation on Ground Surface
Temperature

According to F Bourbia and F Boucheriba (2010)[15],
an open and exposed nature of an urban street can result
in an increase in the daytime air temperature within the
canyon. He showed that This effect can be reduced by
controlling the sky view factor and inclusion of vegetation.
For that another purpose of this study was to examine the
correlation between shade by trees and ground surface
temperature of the streets. The same kind of analysis used
for air temperature, was performed for the soil surface
temperature inside the designated urban spaces. The
foliage of a tree can filter 60 to 90% of solar radiation and
crouching vegetation also reduces the solar radiation
reflected by the ground [12,26,27]

The soil temperatures of stations P1 and P3 ( highest
raio H/W, lowest SVF and mineral soil surfaces)
compared to those of station P4 (tree shaded area with
dense foliage coverage about 80%) mentions a difference
up to 10°C, and this result 1s n accordance with those of
[14,15], floor-shading fraction in summer increases with
presence of trees.

4.4. Cooling effect of Vegetation

A comparison between the weather station (open site)
and the average temperature measured at the selected site,
confirm that the open site field temperatures are lower
than the urban areas, with a difference ranging between 3
and 6 °C (Fig. 5).
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other one records an increase in the water content, this rise
is explained by the effect of the latent heat of the
vaporization of the vegetation [25,26].
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This difference in temperature is mainly caused by the
nature of percentage of reflective surfaces and presence of
vegetation. These tend to have high heat
capacities, and are thus efficient at absorbing and
reradiating the sun’s energy later on [29].

The difference appears especially during midday
session of measurements Those of the afternoon show
well the moderating effect of heat i spaces covered with
vegetation. The effect of permanent shade of the vegetable
is translated by the absorption of the sun rays and the
contribution in air humidification.

In contrary area without vegetation presents a heat
amplification that 1s due to mineralization of surfaces,
important sky view factor and long day exposure to sun

surfaces

rays.

Furthermore, the relationship between building height
and street width is also considered to be the main
contributor to the heat island effect in cities. Also, the
maximum heat island itensity has been proven to
correlate well with the mean sky view factor of the city
center for a number of cities around the world [29].
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For that vegetation in urban planning create permanent
shadows on the ground and the walls, so allowing the
habitability of outdoor spaces.

4.5. Thermal Comfort Analysis

The comfort parameters and indices adopted for this
study are: air temperature (Ta), mean radiant temperature
(Tmrt), and physiologically equivalent temperature (PET).

The mean radiant temperature is an important
parameter affecting the human well-being. It expresses the
radiative effect of the whole of the environment. Tmrt
varies according to the importance of the solar radiations
received and reflected by surfaces. Its maximum value
reached 63.7°C for station P1.
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Fig.5. Relation between air temperature, PET and Tmrt in different
stations.

Thermal comfort on the level of the two calculated
stations 1s evaluated according to the index of comfort
“physiologically equivalent temperature” PET. This index
1s between 28.5 °C and 385.3°C in the stations were there
are shade of the trees (P2, P4 &PJ5) and about 54.6°C and
53.7°C in the mineral stations (P1 & P3). The value of
PET in stations with important shade is lightly hot during
all the day. Nevertheless, thermal environment in Station
P1 is extremely hot and makes uncomfortable felt in the
space (Fig. 6).
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Fig.6. Perception of the urban street in different moment of the day
(covre trees and no covre trees)

By questionnaire the number of people and activities
outdoors are influenced by the solar radiation (Fig.7). And
people from different social backgrounds in hot and dry
climates have different approaches to the use of outdoor
spaces. The study indicate an appreciation of neutral
predominate under spaces with trees coverage witch has a
positive condition in comparison to that in streets with no
coverage.

The result reveals that there is a great influence of
vegetation on human sensation and on PET since when
rows of trees are added on the pavement, PET values are
lowered due to the shading of the pedestrian pavement.
Presence of vegetation optimizes the microclimatic
environment for pedestrian’s thermal comfort in urban
spaces, under hot and dry climate.

Consequently, in urban environments that have low
aspect ratios, the influence of vegetation on outdoor
thermal comfort 1s significant. Similar results found that
the direct solar radiation under a tree canopy strongly
decreases [30,31].

4.6. Results of Simulation

The investigation 1s based on a three-dimensional
model TownScope 3.2 which simulates the microclimate
conditions in an urban environment. It is a 3D simulation
model developed for numerical modeling of urban
microclimate and again the majority of atmospheric
processes that affect the microclimate.

The impact of vegetation can be quantified at different
levels. Indeed, the consequences of plant presence reflect
the microclimatic scale in terms of: quantity of transmitting
radiation, air temperature, leaf temperature and comfort.

Table 2.Result of comfort according to the average of the air
temperature at 12:00

Da (Da/W|Air |Air Rad | Tmrt | PET
(m) temp | hum | (wm)| (°C) | (O)
Q|

CaseA 10 | 133 | 484 50 | 130,14 162 | 204
(with trees
alignement)

CaseB 0 | 3816 20 | 91157 | 691 | 369
(without trees)
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Table 3. Air temperature of simulated zone [P5] (effect of presence of
trees) Statson P1 (actual sstuatson)
N "
Station PS (urban fabric whitout trees) Station PS (actaal sitwation) P A ™
J - ————t L]
.:-.mv-vooooo,‘.‘.
Casz A
- 4 ; R p———
B = Station P! (Modified sitation)
: ]
: : N
. e | .Y

In the following tables (table 2 and table 3) the results
of the simulation of station P5 show that the presence of
trees n actual situation provides shade and minimize
global radiation compared to simulated situation without
trees with an mean difference of 890w. m-2. This result
can improve comfort in these areas. For the P1 were in
actual situation trees have an effect on the air temperature,
can reduce air and soil temperature about 13.7°C.

Similarly, the global radiation in the situation (case B) 1s
much higher than that of the actual situation (case A) at
12h: 00 (911.57 W/m2 against 130 W/m2). The
vegetation keeps soil cooler and avoids direct, diffuse and
reflected sunlight that may affect the cool buildings [33].
The presence of the vegetation modifies the solar
radiations in outside space. According to [34] the
mmprovements due to the effect of the vegetation in the
urban outdoor space are sensitive to create sources of
freshness. Also, a row of trees decreases the temperature
of the surrounding air by 2°C. The simulation shows that a
variation in the air temperature of 2.5°C to 3°C i open
spaces according to the quantity of the shadow and the
sunshine duration.

In the station P1 with no vegetation and open space
(actual situation) the areas is exposed in all the day to solar
mtensity (fig.8). Introducing row of trees global radiation
reduce sun duration about half to one hour and procure
shade witch make comfort; We can note a variation in the
quantity of global radiation under tree canopy in open
spaces according to the quantity of the shadow. The Tmrt
mdex 1s about 70.6 °C in the station P1 where there 1s no
shade and it 1s about 28.8°C under crown trees, In
modified landscapes of the space.
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Fig.7 simulation results a) global radiation and sunshine duration in
Plsimulated (with and without trees) b) Tmrt values in P1 of the two
situations

5. Conclusion

In urban environment vegetated spaces, acting as
temperature buffer, have important climatic function such
as providing shadow, windbreaks and reducing the heat
island effect.

The vegetation makes esthetic improvements to an
environment differently dominated by asphalt and
concrete. The presence of vegetation modifies the solar
radiations in outside space, the temperature and the
relative humidity. It has its own cooling system imparted
by the process of evapotranspiration; which transforms
part of the radiation in latent heat flux. Moreover
vegetation can affect the microclimate in many ways, in
particular reducing air temperature, soil temperature
compared to stations without trees, while getting shades.

In the present consideration, in external environment,
the presence of trees has positive effects on space shading,
ar and soil temperatures and on the microclimatic
conditions. The improvement concerns air temperatures
and relative humidity as a difference of about 3 degrees
and 4,4% are retained respectively.

According to the results of measurements and
simulation, we can retain the following projecting points:

1) The presence of the vegetation modifies solar
radiations effects in external space, air temperature, soil
temperature and the air relative humidity;

2) Vegetalized space develops lower air temperatures
and higher air humidity, thus offers more pleasant comfort
and sensation.

3) There is a correlation between the air temperature,
mean radiant temperature (Tmrt), and physiologically
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equivalent temperature (PET) in hot seasons, which
mfluences the comfort.
4) Improvement of the urban environment quality by
mitigation of the urban heat island.
Very

component of the opened external space, which strongly

often Trees constitute an important
contributes to the environmental quality. For that the
valuation of the essential axes 1s recommended by the
deciduous tree mmplantation for more refined
environment.

In addition, the trees increase comfort sensation in
external space on period of heat stress in hot and dry
Mediterranean climate. where urban planning has a
significant impact on the UHI in hot and dry climate and
for that we recommend mitigating actions from an urban
planning with vegetation cover i open spaces especially

and design perspective accordingly.
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Abstract

Polyester resin was replete with a high percentage of surface-modified fly ash ceramic particles using a combination of
sol-gel and handlay-up techniques. The characterizations of the fly ash powder showed that the ceramic particles were
the spherical solid type and composed of both the glass and crystal phases. The composites were subjected to the
mechanical and Charpy impact tests as well as the fracture studies. Consequently, the hardness was found to increase
linearly. The required results derived from both the mechanical and impact tests indicated that a positive correlation
was obtained. The tensile strength of the higher percentage was lowered due to the existence of large size particles and
the elongation at break was decreased due to the restriction of the polyester molecular chain flexibility. Finally, the
fracture surfaces of the excellent compositions indicated that the particles had strongly bonded with the polyester
matrix. This 1s mostly due to the existence of reasonable ((<OH) groups on the particle surfaces.

Keywords:Filler; Polymer; Fracture; Tensile strength; Impact strength

1. Introduction

Nowadays filled polymer composites are finding a
growing demand in various engineering applications.
The 1mprovement of the mechanical, electrical,
thermal and optical properties of the polymers, while
reducing their costs through the addition of the filler
materials and utilizing advanced processing routes, has
become an extremely popular research interest [1].
Among the commonly used polymers, include
thermoplastic polyesters; usually, they are organic
compounds that are chemically based on carbon,
hydrogen, and other nonmetallic elements such as O,
N, and Si. The polyesters are used in applications
such as appliance parts, electric and electrical
components, HVAC components, industrial light
housings, and automotive. However, because of their
excessive brittleness, these thermoset polyesters are
being nearly useless if not combined with fillers. On
the other hand, fly ash utilization has become a
nuisance to governments as much more 1s produced
each day. Fly ash inorganic components are finely
divided residues, which are becoming one of the

principal raw materials. A fly ash has several
advantages; it contains ceramic materials such as silica
and alumina. Silica provides the highest hardness,
while alumina is an electrical insulator with a relatively
high thermal conductivity.

At present, works are being done to investigate the
properties of the fly ash-reinforced polymers.
Challenging efforts are being focused on treating the
surface of the fly ash with chemical solutions to build a
strong interface adhesion between the fly ash
particulates and the selected matrix. There are reports
made with the addition of unsilanized mica mto
unsilanized fly ash reinforced polyester, of which an
increase of the tensile strength and elongation was
reported [1]. The surface-coated fly ash used as filler
in biodegradable polyvinyl alcohol (PVA) composite
films showed 33% higher strength than those of
unmodified fly ash [2]. A surface modified fly ash
improved an interface adhesion between fly ash and
polyether  ether ketone (PEEK) with some
improvements in the mechanical and Charpy impact
strengths [3]. The study of the surface modification of
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the purified fly ash and application in the polymer also
showed that a rough surface of the composite fly ash in
the Ca(OH).-H.:O-CO: system improved the interface
when blended with polypropylene (PP) [4]. However,
there are limited studies done on the fly ash-reinforced
polyester resin matrix. There are efforts reported in
the study of the polyester modified
withmaleatedcastor oil while filled with fly ash particles
[5]. The polyester resin as an organic binder contained
fly ash as a fine aggregate material replaced the normal
river sand in polymer concrete systems [6].

resin

In thepresent paper, the study of the polyester
reinforced with different sizes of the fly ash particles of
the previous work [7] was extended. The chemical and
physical characterizations of the selected fly ash were
carried out and applications i the unsaturated
polyester were reported. Accordingly, the required
properties derived from both the mechanical and
Charpy mmpact tests of different compositions, using
the surface-modified precipitated fly ash, were
primarily chosen. From thefracture studies, a very
distinguished interface for every particle was achieved.
This advantage indicates that the methods of the
tabrication are effective.

2. Materials and Methods
2.1 Materials and Sample Preparations

Thepolymal  8225PT  orthophthalic  unsaturated
polyester (UP) resin was purchased from a company
and the fly ash (FA) powder was collected from a Coal
Power Plant located in Malaysia. The surface-modified
fly ash was used to study various properties. The
preparation of the fly ash by the sol-gel technique was
as follows: 30 g of FA particles were mixed with 30 ml
of ethanol solution (CH:CH.OH) and 20 ml of
distilled (H:0). The stirred
uniformly by using a hot plate stirrer at 70 °C for
almost 30 min. The surface- modified FA was then
dried in an oven at 110 °C for 1 h. Next, neat polyester
and FA-reinforced polyester samples corresponding to
the equation UP-aFA (a = 0-50 wt.%) were prepared
by the handlay-up technique as follows: the awt.% of
the FA was mixed homogeneously together with the
matrix system consists of polyester and 1% hardener.
The mixture was poured into a mold fabricated for
three specimens (tensile, Charpy impact and hardness
tests). The mold was fabricated on a 20x12.7x1.6 cm
aluminum block. The specimens were allowed to cure
for about 1 hour at room temperature before
removing them from the mold. They were then cured
at room temperature for 24 h before post-curing them
in an oven at 90 °C for 1 h.

water mixture was
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2.2 Characterizations and Testings

Particle size distributions of the surface-modifiedFA
particles were analyzed using Mastersizer 2000 particle
size analyzer, Malvern Instruments Ltd. Consequently,
the powder was pulled from the machine vacuuming
system of the analyzer at a pressure of 1 bar and then a
computer software was used to calculate the particle
sizes. The as-received FA was used to determine the
density using the Archimedes’s method. The phase
identification was performed by XRD analysis using
the X'Pert PRO Diffractometer from Panalytical B.V
Company. Thus, diffracted X-ray beams
collected and compared to the standard patterns
available with expert high score computer software
library. The hardness test was done with the Mitutoyo
Vickers hardness tester. Accordingly, for each
specimen, an average of 20 hardness values was taken
at 9.81 N load applied for 12 seconds. The tensile
specimens were prepared according to ASTMD-638-1
standard, having a gauge length of 50 mm, a gauge
width of 13 mm and a thickness of 3.2 mm. The
tensile test was done on AG-1 100KN SHIMADZU
tensile testing machine, applying an axial tension force
gradually to produce an axial elongation rate of 0.2
mm/min. The Charpy impact test was done by using
HT-8041A test model having the 7.5-Joule and the
pendulum weighs 2.6 Kg. Consequently, each
specimen wascast according to ASTMD-6110-10
standard. The samples are 80 mm in length, 10 mm
width and 4 mm thickness. The fracture surfacesof the
samples subjected to both tensile and impact tests
were examined in the ZEISS EVO 50 SEM from
Oxford Instruments. The samples were gold coated
with an ion sputtering unit beforehand because FA
particlescontained in the fabricated composite are
non-conductive materials. This gold layer serves as a
conductor for the electron beam in order to be
scanned.

were

3. Results and Discussion

Particle size distribution of the surface-modifiedFA
particles (Fig. 1) lies in the range from 0.02 to about
600 pm. The figure indicates that both narrow size
ranges (maximum 15 pm) and large size ranges
(maximum 120 pm) are used. The mean value of the
non-symmetric distribution wasalmost 60 pm.The
density was measured at 1.12 g/cm’, which means that
the fly ash wasthe solid type.
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Figure 1. Particle size distribution of the modified fly ash particles

The crystal structure was analyzed by XRD. The XRD
pattern of the as-received FA particles(Fig. 2)shows a
mild hump ranging from 15to 25" 20indicating the
presence of the amorphous phase. From the percent
mass composition of a FAtaken from a nearby power
plant station, the glass phase consists of S10., ALQO:,
Fe.Os, CaO, TiO., P.O;, MgO, K.O and MnO [8].The
percentage of the glass in a bulk FA ranges from 45%
to 80%,while the remaining percentage 1is the
crystallinity of the FA [9]. As for a chosen FAparticle,it
had a wide distribution of different carbonaceous
materials richer in Si and Al and with minor
concentrations of Fe, Ca, Ti, Mg, K, Mn, Na and
carbon traces (Table 1). The composition of a
particlesuch as ALO; means the major element is
aluminum,but has a minority in any other elements. It
is assumed in the hydration reactions that SiO., Al.Os
and TiO: consume hydroxides; while Fe.Os, the earth
alkalis (CaO/MgO) and alkalis (Na.O/K.O) give them.
Thus, the reactions of the glassFAare as given in the
equations (1-6). Accordingly, a number of reactions
can be produced in different existing conditions,
depending on alkali content and temperature of the
ambient solution. On account of the chemically
activated FA, both the active silica and alumina react
with hydrated lime and produce varieties of silicate
and aluminate products, which deposit, nucleate and
grow on the particle surfaces [04]. Therefore, the
equation (7) 1s the major possible product that occurs
thermodynamically.

Si0.+ 20H < Si10:" + H.O (1)
ALQO:; + 20H+2A10: + H.O 2
TiO.+ OH«+~HTIO* 3)
Fe.O. + 3H.O «2Fe” + 60H 4)
CaO + HO «Ca” + 20H )
Na.O + H.O < 2Na' + 20H 6)
Si0:" + 2xAlO; + yCa” + (1+ Y H:O + 2YOH «
S10:-¥Al:O:-yCaO-yH.O-(2+2x) OH (7)
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Where xand yare the mole fraction ratio of the glass
phases.

In addition, the XRD pattern of the FA particles
shows the existence of the peaks of mullite (Al:S1:Ou),
quartz  (S10.), aluminum oxide (ALO:),calcium
aluminum oxide (CaAl:O:) and small amounts of
hematite (Fe.O:). Hence, a part of the FA was
crystalline (richer in quartz and mullite). This part 1s
nonreactive and contains the crystalline S10» (in quartz
and in mullite) and crystalline Al:O; (in mullite and
other forms only). Mullite was formed by SiO: reacting
with ALO: at the high temperature of 1200-1650°C in
the boiler of the power plant, which had a very stable
crystalline form. In the modification, the conditions
used were FA/(CH-CH-OH)/H.O weight ratio of
1/1/0.5, 70-90°C slurry temperature, 30 minute heating
with constant rpm stirring speed and 1-hour
1sothermal heating at 110 "C. Thus, the coating of the
particles was partial to fully achieve. This was proven
by XRD of which the intensity of many crystalline
products was increased and the significant increase was
seen 1n the peaks of ALO;, which means that
crystalline spherical particles richer in Al reacted with
the minor elements Ca/Si were formed through the
chemical reaction (eq. 7). This is mostly due to the
presence of (<OH) groups on the particle surface (eq.
4-7). This thin layer plays a significant role in the
reduction of the attractive forces of particle-particle
and helps to disperse in the matrix media. The orderly
distributed filler i polymer composite attributes
higher mechanical strength compared to neat polymer
matrix [2].

1= Mulite
ARP 2= Quartz
—swp 3=CaAlL0,
4=AL0,
5=Fe,0,

Intensity (a.u.))

4
352(-3 DegreéJ

Figure 2. XRD pattern of the as-received (ARP) and surface-
modified (SMP) fly ash particles
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The microhardness of the samples prepared from the
surface-modifiedFA particles and compared to the
surface-original FA particles 1s given in (Fig.3). For the
surface-modified FA, the hardness was increased with
the increasing FA particles, which was similar to the
hardness obtained in the FA particles-
reinforced polyester matrix.

The almost constant increase of the hardness implied
that the particles of the FA were incorporated within
the polyester constituents (C-O-H) with a uniform
distribution of the particles. The higher hardness of
the asreceived FA may be due to the
numerousexisting functional hydroxide (-OH) ions.In
general, the hardness depends on the modulus of
elasticity.

The higher hardnessis, the higher elastic moduluswill
be. Both hardness andmodulus of elasticity (£) are
related to porosity,and the total porosity is directly
related to density(p). The density of UP (1.40 g/em’) is
higher than the solid FA(1.12 g/cm’)used in this
research, which means a lightweight composite was
obtained. It has been mentioned[08.]that at higher
volume fractions of spherical particles moving relative
to a continuous fluid, the particles interact with each
other reduce the velocity. The model used to describe
the velocity 1is

original

Vacd (p.-p)  (®)

Where dis the FA particle diameter (60um), p. 1s the
density of the FA spherical particles and p 1s the
density of the polyester. In other words, due to the
agglomeration which Iimited the reaction of the FA
particles with the matrix when the amount of FA
exceeded a lmit, the velocity decreased due to the
smallerdensity of the particles.It was also reported [2]
that the decrease i the ultimate mechanical strengths
was due to the formation of a cluster or agglomerate
among the FA particles themselves, resulting in a filler-
filler interaction and a poor interface bonding, due to
thestrong polarity of hydroxide groups on the FA
surfaces. Hence, the reduction in the properties may
occur at the higher volume of the FA particles.
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Figure 3. Micro-hardness of the as-received (ARP) and surface-
modified (SMP) fly ash particles

The tensile details of the neat and FA-reinforced
cured samples are shown in Fig. 4. The tensile
strength increased by 89 when there was 209%FA while
the lowest ebb of 38% was found when the amounts of
FA are 50%. The emodulus was increased up to 40%
FA with development by 1129%. The elongation-at-
break was found to decrease as compared to the
average value of the neat polyester of 8 %. The higher
strength was due to the creation of stronger interface
mteractions between the polyester and FA particles.
This leads to greater load transfer between the
polyester and the filler and enables greater stress
generated in the material before the failure [10]. The
decrease of the tensile strength at higher filler
contentsis observed. The reason was largelybecauseof
the interactions between the filler and polyester matrix
was Impeded resulting in reduced strength of the
composites [11].

The presence of the minor traces of the carbon
impurities might be a cause of the reduction.The
strain at faillure decreased with increasing the filler
addition of the FA due to the interface interaction,
which restricted the flexibility of molecular chain of
polyester.
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Figure 4. The mechanical properties of FA-UP composite
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Figure 5. The e-modulus property of the FA-UP composite

The modulus data of the compositesare given in Fig.
5. The modulus was increased with FA addition.
Moreover,the extent of the increase was greater than
the neat polyester. This was because the interaction
hardly influences the strength of the modulus [12]. In
other words, the modulus 1s a phenomenon involving
the initial strain values that require the lower stress.
The higher filler reduced the modulus due to super-
saturation of the FA concentrations. Thus, the
reduction in the intimate contact area between
polyester and FA occurred [10].

Figure 6 depicts the Charpy impact strength ofthe
polyester-FA  composites. The figure shows the
composites prepared from the surface-modifiedFA
particles and compared to the surface-original FA
particles. There was a considerable increase as the FA
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content increased. The reduction was seen at 509% FA,
which 1s in accordance with the emodulus.Both the
tensile and impact properties indicated that there was
an optimum interaction between thematrix and FA
components. At 10% FA, the intercomponent
bonding wasslightly strong. At 209 FA, the increase
was observed in all the properties, i.ehardness, tensile
strength, 1impact strength, modulus and tensile strain.
At 309% FA, it 1s evident from some properties that the
itercomponent bonding was lowered. At the points
where there were higher amountsof FA particles, the
increase 1n hardness was maintained while a good
proportional trend can be still seen in hardness,
modulus and impact strength. Theimpact resistance is
the ability of a material to resist breaking under a
shock loading. Since it is also defined as the ability to
resist the fracture under stress applied at a high speed,
it should be noted that the applied stress in the Charpy
impact is limited under the yield point.

4000
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2000
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Figure 6. The impact strength of the as-received (ARP) and surface-
modified (SMP) fly ash particles

The fracture morphology of the tensile tested
specimens of UP-20% FA composite is shown in Fig.
7. It was observed that the fracture surface was not
smooth, but slightly rough. The fracture morphology
also shows small size voids seen well around the large
particles. The void concentration can be increased
with FA concentration, thus leads to reducing the
strength and elongation at break. The SEM 1mage of
the impact-fractured surface of 40% FA(Fig. 7) also
revealed that large sized FA particles played a
significant role in bringing about the fracture. More
voids can be expected at higher concentrations of the
FA. Contrary to the impact-fractured sample of 40%
FA filled HDPE [12], the evidenced crack formation
at the fracture surface cannot be observed. The
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decrease in the mmpact of 509% FA implied that
possible cracks were rapidly propagated due to the
large voids. Thus, contributing to the overall impact
strength of the composites. Hence, the 40% FA
represent the optimum composite for both impact and
e-modulus applications. It 1s mainly due to the lower
pore content or higher hardness.

The further study of the SEM images is shown in Fig.
8. The fracture morphology showed that almost all FA
particles remained intact in their places. This 1s
theevidence for the existence of good interface
bonding between the polyester matrix and FA
particles. The SEM images also revealed that small
sized FA particles did not play a significant role in
bringing about the fracture. It was found that the
composites with smallest size FA particles (less than
about 3 um) proved to be better in enhancing strength
and relative elongation [12].
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Figure 7. From first to last graph: (1) SEM image of 209% FA-UP
tensile test specimen, (2) 409% FA-UP impact specimen, and (3) Fig.
2: SEM-EDX analysis of a chosen particle..
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Figure 8: From first to last photo: (1) SEM images of

40 wt.96 FA-UP tensile fracture morphology showing a

uniform distribution of the particles, (2) spotted large

FA particle, and (3) good attachment of small size FA
particle

4. Conclusions

The reinforcing FAparticles for UP matrix wasproven
m this study. The different phases of the FA
mcorporated into the UP matrix were well evidenced
by XRD. This amount of FAinto UP brought about
the increase in hardness, emodulus, tensile and
mmpact strengths. When 30% FA were added to the
UP matrix, FAagglomerates mightoccur within the
polyester matrix. However, the amounts of the UPstill
brought about the improvement in hardness and e
modulus. Thus, the composite 1s an excellent for both
impact and e-modulus applications because the higher
hardness.
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Abstract

In this work we have studied the growth of titanium doped sapphire using the micro-pulling down technique; we established a
numerical, two-dimensional finite volume model in cylindrical coordinates with an axisymmetric configuration. The flow, the heat
and the mass transfer are modeled by the differential equations of conservation of mass, momentum, energy and species. This
problem, which takes into account the convection-diflission coupling, is discretized using the Finite Volumes Method. Simulation
results show that the longitudinal distribution of titanium remains homogeneous along the axis of the sapphire material. The radial
mass transfer of titanium mcreases in the crystal when the pulling rate icreases. This important result contributes to strengthen the
coupling of the laser beam with the active 1ons and allows a highest laser output power. The mely/crystal interface for the u-PD
technique has a flat shape; this flatmess of the mterface shape agrees with the experiment observation and is very important since it
shows that drawing conditions are very stable. Our model for the y-PD method is in good agreement with experimental results.

Keywords: Crystal growth, Fiber crystals, Sapphire, Titanium, micro-pulling down (u-PD), Shaped crystals.

Nomenclature
Pr  Prandt number v/a,,.

Bi Biothumber, hR;/k,,.
" Ray thermal Rayleigh number

C dimensionless solute concentration.

gOBT(Tmax - Tm)Rg/amv

Cy initial solute concentration 3
d " . . C R
Rag solutal Rayleigh number, goBcCoke

D

Cp. specific heat capacity of the crystal (J/KgK). ) )

R, crucible radius.
Cp., specific heat capacity of the melt (J/KgK). ]

R, crystal radius.
D diffusion coefficient m’ /s). )

Sc¢ Schmidt number, V/D.
9o gravitational acceleration (7’ /' s).

T dimensionless temperature.
h heat transfer coefficient (w/cm” k). '
T, ambient temperature.
a

k. thermal conductivity of crystal (w/m k). )
t tme.

k., thermal conductivity of melt (/i k). ]
u r~component of velocity.

Ma Marangoni number ((8y/0T) RqT.,)/ (4, 0m)-

v zcomponent of velocity.

Pe_ Peclect numbers of the crystal U Rg/@p,. ] ) ) o )
r dimensionless radial cylindrical coordinates.

Pe,, Peclect numbers of the melt U, Rgq/,. ) ) ) o )
z dimensionless axial cylindrical coordinates.
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1. Introduction

Because of its exceptional chemical and physical
properties [1], sapphire is a very important material used
in several military, environmental, medical, and industrial
applications [2,3]: optical systems, watch windows, cellular
phone glasses, optical fibers, wave guides for surgery,
needles for laser therapy and medical power delivery
systems [2].

Titanium doped sapphire has excellent mechanical,
thermal, and optical properties which allow the
development of various systems especially laser devices
[4]. Many growing techniques have been used to grow this
material such as Czochralski (CZ) [5, 6], Heat exchanger
method (HEM) [7] Kyroupolos (KY) [4] and pulsed laser
deposition (PLD) [8, 9].

More recently there has been intense interest in using
the micro-pulling-down method for the growth of shaped
crystals fibers in a wide variety of domains, especially for
laser, medical and optical application [10, 11].

The geometry, the shape and the quality of crystals
play an important role in the choice of the growing
technique [10]. We chose to study the micro pulling down
technique because it allows the growth of stable high
quality shaped crystals than the other comparable
complex techniques [10]. In fact, it allows the control of
the thermal gradient, the use of high pulling rates and high
possibility to get stable shaped crystals [12]. Furthermore,
when the pulling rate 1s sufficiently high the segregation
problem can be avoided [2, 12].

The p-PD technique now has become a major method
for growing crystalline fibers of good quality [15] with
controlled format imposed by the geometry of the
capillary at the bottom of the crucible [10]. Because of the
small amount of raw material, the u-PD technique is used
for research laboratories [2], especially to search for new
materials.

In this work we have performed a numerical
simulation of the growing process with the micro-pulling
down u-PD technique. The theoretical analysis of this
method for the growth of single crystal fibers of Ti doped
ALQO: 1s conducted using the mass, momentum, energy
and solutal concentration conservation laws.

The study of the problem is simplified to an
incompressible flow of a viscous fluid in the molten zone
governed by the Navier-Stokes, heat transfer and
concentration  equations under the  Boussinesq
approximation. We use a two-dimensional axisymmetric
model discretized using a Finite Volumes Method (FVM)
in cylindrical coordinates system(r, z).

The next section summarizes the growth conditions
using the micro-pulling down technique. In Section 3 we
present the mathematical formulation of our model that is
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the governing equations, the boundary conditions and the
numerical scheme used in our simulations. Section 4 1s
devoted to the results and discussion, followed by
conclusions in section 5.

2.Growth conditions

RF
heating

4—
Melt

Crucible

Die
Capilary

O000pPO0O0000O000000000000FO00000
0000000P000000000HPO000000000

Molten zone iH Height of

meniscus
Seed melt
connexion

Fig.1: Schematic diagram of domain of p-PD.

The system to be modeled is sketched in Fig.1; the
raw material (red color) in the crucible was heated until
melting by using RF (Radio frequency) heating furnace
[11]. The micro-pulling-down p-PD uses a capillary die for
the growth of shaped crystals.

Fig.2. Ti doped sapphire fibers.
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The growth is generated by the connection of the seed
(blue color) with the drop at the bottom of the capillary
die in the crucible. In Fig.2, we present titanium-doped
sapphire crystal fibers along [0001] direction, for different
pulling rates [19].

In order to perform the growth in steady conditions,
many growth conditions have to be satisfied: Firstly; In
order to grow the fiber with a constant diameter, the
growth angle constraint needs to be specified [13]:

dR,,

2z - ando

ey

As shown 1n Fig. 3, R, 1s the radial distance of the free
surface, and ¢ 1s the growth angle determined by
crystallographic orientation and specified by the crystal-

liquid-vapor triple junction [10].

Reap

A

Ry

v

Free

Height of
surface

meniscus

Liquid-Solid Crysstal
interface Fiber
v

Fig.3: Zoom in the molten zone.

The crystal shape should be controlled by the shape of the

meniscus (i.e., the ¢ = ¢ requirement) [14].

In our case, for sapphire @ = ¢pg = 17%in the growth

direction [0001] [12, 15].

The pulling i1s conducted down with controlled speed;
equation (2) describes the relationship between the radius
of the capillary, the radius of the crystal and the pulling rate

[101.
()

This equation states out the mass conservation between the

2 2
Pm vcap dcap = Pc dc Ve

inlet in the capillary and the outlet at the bottom of liquid-
solid interface. The fundamental parameters involved in the
micro-pulling down method [10] are:

the growth velocityv, the flow velocity at the capillaryve,p,
the crucible radius at the bottom Ry, and the radius of the
crystal Ry = d./2 ; while d and dgp are the diameters of

the growing crystal and the capillary respectively (fig.4).
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The other parameter 1s the molten zone height; the
relationship between these three parameters is theoretically
given in [10] by:

H = R, cos ¢ [csc (ﬁ) —csc <C051¢0)] 3)

The most important parameter determining the quality and

uniformity of the obtained crystals [11] 1s the shape of the
molten zone; where its meniscus profile, is given in [10, 16]
by:

Rd T
=R —% ) —esc(——)| @
2(r) ¢ €05 Po [CSC (Rccos ¢>0) eS¢ (Rccos ¢>0)] ®
‘Where r is the radial distance from the growth axis:

R.<r <Ry

3. Mathematical formulation

The computational domain is presented n figure 4.

In order to reduce the CPU time we can ignore the melt
height h,,(fromz = 0) in the crucible [17].

The calculation domain starts at the top of the capillary tube
at H¢gp,as shown in the schematic diagram of Fig.4. This is a
good approximation provided that we include the melt

height h,,into account for meniscus calculation [17].

hm Melt level
A < >
Vcap
Rao
.................... :| i A
* Ocap Heas
\/ r Jd
l_> /Rd A
z
Pulling d.
direction L
Ve
............................... " sesseeene

Fig.4: Schematic diagram of the computational domain.
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8.1 Governing equations

The melt is assumed incompressible and Newtonian, while
the flow is laminar. Dimensionless variables are defined by
scaling lengths by Ry , velocity by @,/ Ry, temperature by
the melting point T, , and concentration by Cg, where a,,

is the thermal diffusivity of the melt [17].

Because of the cylindrical symmetry of the problem, we have
used a two dimensional axisymmetric model. The flow, the
heat and the mass transfer are modeled by the dimensionless

differential equations:

Lquation of radial component of the momentum:

6u+ 6u+ Bu_
ac " YarTVaz "
op

-4 Pr9<——(ru)) + Pri<—) (5)

oar r

Equation of axial component of the momentum:

—tUu—tv—=——

v v v 6p+P d (1 a
at or 0z 0z rar ror

P 6(617) PrR T+Pr2R c (6)
"oz \oz rdr sc s
Conservation equation:
dp 19d(rpu) K d(pv)
6t+r ar * 0z =0 ™
Energy equation:
aT
ra+—( ruTl) +—(rvT)
d ( aT) d ( aT) o ®)
ar\"%%5r) Tz "%y t=(m,c)

Dopant concentration equation:

ra—C+—(r C)+—(er)

ot
_Pr[a( ac)+ 6( BC)](g)
~ Sclor rar 0z raz

Fig.5 shows the mesh grid which has been used to solve
numerically the above equations. The physical domain in
axisymmetric cylindrical coordinates (r,z) was subdivided
into a finite number of contiguous volumes (CV) of volume
V ,which are bounded by cell faces located about halfway
between consecutive nodal points. This subdivision has been
used for tow phase of sapphire (s=m for the melt, /=c for the
crystal.)
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Fig. 5: A portion of a sample mesh for calculation.

3.2 Boundary conditions

It is assumed that the solute is uniformly distributed in the
melt reservoir and its concentration is Cg; also the solute
diffusion in the solid phase is neglected[18]. These governing
equations with their associated boundary conditions are
discredited by a finite volume method (FVM). We present
below a detailed description about the boundary conditions
simulations as the reference [17].

3.2.1 Boundary conditions at the symmetric axis

In our two dimensional axisymmetric model the boundary
condition at the symmetric axis for the physical quantities 1s
set as follows:

0

ar
D is

(velocitiesu, v, temperature T, concentrationC).

In the above equations, the physical propriety

At the other boundaries the conditions were set for each

physical quantity as follows:

3.2.2 Temperature boundary conditions

- At the top entrance the temperature was set by the radio
frequency generator. It’s aboutAT = 20t030K above the
melting point of sapphire.

T =T, +AT (10)
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-At the material surface, the heat transfer from the system to
the ambient is controlled by convection according to the

energy balance along the material surface:

n.k;VT = —Bi(T — T,) (12)

Where n is the unit normal vector on the melt or crystal
surface pointing outwards; k; 1s the ratio of thermal
i to the (i=
m(melt),i = c(crystal) and Bi = hR;/k,, is the Biot

number. In this study the ambient temperature T, 1s set to

conductivity of phase melt; where
be a constant.

- At the end of the fiber z = L using the fixed-temperature

boundary condition, .e. T =T, .

3.2.3 Velocity boundary conditions

-The radial and axial velocities at the top entrance are given
as follows:

u=uy;=0

poy [ de \*
v = ‘Ucap = (i) (dC:p> ‘UC(13)

Where v, 1s the growth velocity, and

Veap is the flow

velocity in capillary channel

-At the wall inside the capillary,
u=0
v=20

- In the free surface, the two components of the velocity are
deduced from Marangoni convection; where the tangential
stress balance 1s required:

ns:t = Ma(s.VT) (14)

Where s is the unit tangent vector at the free surface, Ma
is the Marangoni number and t the shear stress tensor.
- In the crystal, velocity boundary condition is:

v =,

3.2.4 Solute concentration boundary conditions

At the top entrance (Z =—-H mp) , the solute boundary
condition is given by the solute flux balance:

8,.VC = (%) Pe,,(C —1) (15)

Where e, 1s the unit vector along the z axis, and VC 1s the
gradient of the concentration.

-The Neumann condition is imposed at the melt/crystal
interfaces:
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7.VC = [(g—m) - K] (%) Pe,C(n.e,) (16)

Where K is the segregation coefficient according to the
phase diagram, and 7 is the unit normal vector at the
growth front pointing to the melt, Pe,, = v,,Rq/®,, and
Pe. =v.R;/a,, are the Peclect numbers of the melt and
crystal respectively.

4. Results and Discussion

In this study, we have fixed the concentration of titanium
in the melt to 0.1 at% [19].

The physical properties of Ti": ALO: [15, 18 and 19] and
some input parameters [17, 19] for calculations are listed
in Table 1:

Table 1
Physical properties

Cp. = 1300 (J/KgK)

Cpm =765(J/KgK).

D =5x10"%(m? /s)

k.=17.5 W/mK

kn,=35 W/mK

9y/dT = (—3.5) x 10" Nm 1K1
U, =0.0475 Kg/ms

T,, = 2323 K

AH = 1.1 x 10%]/Kg
Br=1.8x105K1

p.=3960 Kg/m?
Pm =3500 Kg/m?
K=1

bo =17°

Input parameters

R, =03—-1mm

Reap = 0.27 — 0.5 mm
R; =057 —2mm
Cy=0.1-0.2at%

v, = (0.3, 0.5, 0.8 and 1)mm/min



Numerical simulation of the crystal growth of .........

INTM (2016)

H. Azoui et al.

4.1 Effect of the pulling rate
4.1.1 The axial pulling rate

Our simulation focuses on the effect of the pulling rate on
the homogeneity of titanlum concentration along the
growth fiber axis (radial and axial axis).

First, we present the axial distribution of T1" concentration
in the sapphire crystal fiber for different pulling rates;
these results are illustrated in Fig.6.

1.0 —=— 0.3 mm/min

—e— 0.5 mm/min
0.94 0.8 mm/min
—v—1 mm/min

0.8+ Y Y Y Y Y Y YYYYYYYYYYYYYYYYYYY
o
8 0.74e° o-0-0-0-0-0-0-0
0.6+
0.5 T T .
0.6 0.8 1.0 12

Fiber long Z(10mm)

Fig.6: Titanium distribution along the axis of the sapphire
fiber a function of pulling rate.

According to these results (Fig.6), we noticed that the

longitudinal distribution of the Ti" remains homogeneous
along the axis of the fiber even for relatively high pulling
rates compared to other growth techniques [2].
The high pulling rate is one of the favorable conditions
for axial homogeneous dopants distribution for the micro-
pulling-down growth technique [12]. This result 1s in good
agreement with experimental results of the dopants axial
distribution reported in Fig.7.

2,04

1.81 —=— 0.3mm/min

1,694 | —e— 0.5mm/min
o 1,4- O.8mm/min
= —v— 1mm/min
x 1,24
(U' I
3 1,04 :>'§"v;'><l7l\',_,l\./\l:l\.
2081 . 4 /,,,ﬁ DD 2o '\{
E 0,64
£ 0,4

0,24

0,0 T T T T T T T T T

0 1 2 3 4 5 6 7 8
Fiber long (mm)

Fig.7: Titanium distribution along the axis of the fiber.
Experimental: A. Laidoune.

Experimental results in Fig.7 show the homogeneity of
Ti" along the longitudinal fiber direction for different
pulling rates [19]. This result confirms the validity of our
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two-dimensional axisymmetric finite volume model.
4.1.2 The radial pulling rate

In figure 8, we present the radial distribution of Ti" for
different pulling rates.

1,04
0,94
0,8: —u— 0.3 mm/min
—e— 0.5 mm/min

0.8 mm/min
—v—1 mm/min

0,7-
0,6-
0,5-
0,4-
0,3-
0,2-
0,1-

0,01 : : . . .
000 005 010 015 020 025 0,30

C/Co

r(103um)
Fig.8: Ti radial distribution for different pulling rate.

According to these results (Fig.8), we observed that the
radial distribution of Ti dopants gather around the axis of
the fiber. Thus there i1s no segregation towards the
periphery. This result remains true for relatively high
pulling rates. Therefore these results confirm that the size
and the geometry of the yu-PD growth technique helps to
avoid the segregation of titanium towards the periphery of
the fiber despite the high pulling rates used for this
technique compared with other methods [1, 2].

—=— 0.3mm/min
3,0 | —*— 0.5mm/min
2,81 0.8mm/min
2,69 | —v— 1mm/min

/

]
—

Siel

100 200 300 400 500 600 700
radial distance (um)

Fig.9: Luminescence measurements showing the titanium
radial distribution.

Fig.9 presents the radial micro luminescence results
that show the gathering of Ti" ions in the core of the fiber
than in the periphery; the radial distribution is suitable as
an amplifying medium for the design of fiber lasers [19].
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variation of tanium concentration

4.2.3 The versus
the pulling rate
0,80
0,78+ A A A
R
0,761 —=— Beginning of the fiber
—e— Middle of the fiber
0,74 —4— End of the fiber
S
%) 0,72+ R ° - e
0,704
0684 = " -
0,66

02 03 04 05 06 07 08 09 10 1.1
puling rate(mm/min)

Fig.10: The concentration of titanium in the fiber as a
function of the different pulling rate for three parts of the

fiber.

Fig.10 shows the longitudinal homogeneity of the
concentration of titanlum along the fiber axis in good
agreement with the experiment results obtained from the
luminescence measurements of Fig.11 [19]:

10

T 0,8- -

) os Beginning of fiber

‘2‘ M -

i 0,4~

© 0.2- LSS — —m

£ o00- - e —
400 300 400 500 600 700 800 900 1000 1100

g 08 Pulling rate (um) Medium of fiber

= 06-

£ 04- .

50,27 = - -

£ 0,0- [ e : —

—~ 4200 300 400 500 600 700 800 900 1000 1100

= 1

> 08- Pulling rate (um)

= 06 End of fiber

g 0,4

2 0,

(5] - - - -m- - -

£ 027 o -

= 00 L o o

200 300 400 500 600 700 800 900 1000 1100
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Fig.11: Luminescence measurements showing the

concentration of dopants in three parts of the fiber as
function of the different pulling rate.

4.2 The melycrystal interface shape

The quality of the crystals and single crystal fibersis
governed by many factors, citing the dynamics of
drawing, the thermal transfer, effect of convection, and
the geometry of the melt/crystal interface.
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The melt/crystal interface shape plays an important role
for the quality of the crystal fiber drawn. The shape of this
interface 1s essentially determined by the heat transfer in
the growing system [20].

Melt
Molten
Zone
Mélt /crystall ——»
interface
Fiber

Fig.12: Temperature contour plot showing the melt/crystal
interface.

Fig. 12 shows the temperature contour plot (heat
transfer) in the growth system. The blue color is the solid
and the red color 1s the sapphire melt. According to these
results, the melt/crystal interface for the y-PD technique
has almost a flat shape and this 1s in good agreement with
the experiment observation [19]. This flatness of the
interface shape is very important since it shows that
drawing conditions are very stable.

4.8 Effect of growth angle on the height of the molten
zone

0,0

-0,1-
0,2
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z(mm)

-0,4-
-0,5

0,6
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0,5 0,6 0,7 0,8 0,9 1,0
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Fig 13: The variation of the height of the molten zone as
function of the growth angle.
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The meniscus shape is mainly affected by the
capillary shape and the melt height [17]. In this part we
have studied the effect of the growth angle on the
meniscus shape also on the height of the molten zone on
the meniscus shape and on the height of the molten zone.
Fig.13 shows the calculated meniscus shapes for different
growth angle: (11°, 17°, 30°, 45°, 60° 80°).

We noticed that the height of the molten zone
decreases when the angle of growth increases. As results
the decrease or the increase of the meniscus height causes
an increase or decrease in the diameter of the fiber [19],
and this affects on the quality of the drawn fiber.

4.4 Lftect of the geometry of the y-PD technique on the
segregation problem

Molten .
Zone tERT

s

Fig 14: Presentation of streamline in the y-PD technique.

According to Fig 14, we notice that there is no flow
near the free surface and the wall (blue color). This is one
of the advantages of this method over other growing
methods It is related to the small dimensions (mm, pum)

involved in the micro pulling process.

So the size of the micro-pulling down avoids and
minimizes the segregation problem of the dopants towards
the periphery. Because the laser beam passes in the axis
of the fiber, this result show that the use of this technique
reduces significantly the segregation towards the periphery
of the fiber making the large concentration of Ti" in the
center of the core of the fiber where it is needed.

In fact the experimental and the simulation results
show that the micro pulling down geometry helps to avoid
the dopants’ segregation which 1s great advantages to pull
performed materials single crystals fiber with good optical
and thermal properties.
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5. Conclusion

In this work we have established a two-dimensional
axisymmetric finite volume model (FVM) in cylindrical
coordinates to study the growth of Ti: ALO: material by
the u-PD technique. This study shows:

- With other growing techniques we usually observe the
segregation of the dopants towards the periphery.
Whereas for the micro pulling down technique we
showed that the dopants distribution of Ti" is
homogeneous whatever the pulling rate and there i1s no
segregation towards the periphery.

- The longitudinal mass transfer (longitudinal distribution
of the Ti") remains homogeneous along the axis of the
sapphire fiber even for relatively high pulling rates; this
homogeneity gives a material with a good optical and
thermal quality for several applications [19]. Our results
are in good agreement with experimental results that show
that the obtained fibers have a good morphological and
optical quality [19].

- The radial mass transfer of titanium increase in
the crystal drawn when the pulling rate increases.

- The heat transfer gives information on the shape of the
melt/crystal interface; which plays an important role for
the optical and thermal quality of the material drawn.

- The size and the geometry of the crucible and the
pulling rate minimize the segregation problem of the
dopants to the periphery of the fiber. This is due to the
fact that the dopants do not have enough time to migrate
to the periphery during the growth.

- Our results are in good agreement with the experiment
that show that the obtained fibers have a good
morphological and optical quality and. This agreement
shows the validity of the two-dimensional axisymmetric
finite volume model.

Therefore, for the micro pulling down (u-PD) method,
the results obtained are important for laser applications.
Indeed, for other growth methods such as Czochralski [6],
it is not easy to avoid the problem of segregation to the
periphery, whereas the micro pulling down promotes the
gathering of impurities towards the axis of the fiber
making a good overlap with the laser beam when the
material or the fiber is used as amplifying medium in a
laser.
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