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Abstract

Polyetherimide—Graphene is investigated as corrosion protection coating on a Stainless
Steel 304 substrate. Graphene is incorporated in the polymeric matrix using the in-situ
polymerization approach. The dispersion of the filler is observed using Scanning Electron
Microscopy and Transmission Electron Microscopy. The graphene based composite is cured by
thermal imidization under vacuum to avoid degradation of the hosting polymer. The influences
of incorporating graphene in the corrosion protection property of the hosting polymer in
addition to the long-term performance of the protective coating are investigated. It was
concluded that the addition of graphene may enhance the corrosion inhibition of stainless steel
at a very low loading of the filler. This finding is supported by the observed results after
conducting electrochemical techniques such as Tafel polarization and electrochemical
impedance spectroscopy. Adhesion of the protective coating to the metal substrate is evaluated
before and after 30 days of exposure to a 3.5 wt. % NaCl corrosive medium in order to confirm
the long-time performance of the coating.

1. Introduction

The deterioration of metals due to the electrochemical reactions that take place between
the metals and the surrounding is a phenomenon known as corrosion. This electrochemical
process causes threats to both economy and industry in various fields. Therefore, an increasing
number of studies have focused on approaches to mitigate corrosion in different environments.
One of these approaches is designing a hybrid coating material that can extend the lifetime of
various materials by attenuating the corrosion rates and also add to the valuable mechanical
properties of the coated materials. Various coatings materials such as nanocomposites,
hydrophobic and also organic-inorganic coatings have already excelled in mitigating corrosion
on different metals substrates [1]. The use of protective coating to extend the lifespan of
materials is a widely utilized technique is fields such as pipeline, construction and automobile
industry. Stainless Steel 304 (SS304) is one of those metals that are extensively utilized in
industry and this is attributed to the valuable properties of SS304 such as the significant thermal
and electrical conductivity, corrosion resistance in addition to the fact that SS304 is formable
and wieldable [2]. However, in a chloride rich environment, studies revealed that SS304 may
corrode more intensively [3].
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In polymeric composites, the fillers materials may act as barriers that shield corrosive
agents such as water and oxygen molecules. Furthermore, the incorporation of fillers in a
polymeric matrix may add to the various mechanical properties of the coated materials
especially when organic-inorganic composites are formed. Clays, nanotubes and silicon dioxide
are examples of nanofillers can be found in various forms such as layer, tubular and spherical. A
number of materials have been tested as protective coatings however; the lack of adhesion
between at the interface between the protective material and the metals substrates is what limit
the use of such protective coatings in certain mediums [4]. Polyetherimide (PEI) has already
been utilized to mitigate corrosion and this is attributed the substantial adhesion property of the
material to various metals substrates. In addition to adhesion, PEI is chemically stable, has low
dielectric constant and thermal expansion coefficient [5]. The combination of these valuable
properties made PEI an ideal coating material for corrosion inhibition purposes. However, these
valuable properties might be enhanced by the incorporation of fillers in the polymeric matrix.

Graphene is widely utilized in manufacturing of polymers composites for different
purposes. This can be attributed to advantages properties of graphene such as low density and
high aspect ratio over other fillers such as clay [6]. Studies have revealed that graphene may
enhance mechanical, thermal and dielectric properties of different polymers in addition to gas
permeability and corrosion protection [7]. In this study, PEI-G (PEI/G) composites are
synthesized and tested as corrosion protective coatings on SS304 substrates in a 3.5 wt. %
Sodium Chloride solution. The protection properties of the prepared coatings are evaluated
using electrochemical measurements such as Tafel polarization and electrochemical impedance
spectroscopy (EIS). Furthermore, the interface adhesion between the protective coatings and
metal substrates is examined once the coating is synthesised. Moreover, the long term
performance of the protective coatings is also evaluated by conducting the adhesion test after
exposing the coated substrates to the corrosive medium for 30 days.

2. Experimental
2.1. Materials and instruments

A polished and cleaned SS304 foil with 0.002 inch thickness was used as substrate
(Mc-Master-Carr), 4,4-Bisphenol A Dianhydride (BPADA) (Polysciences Inc.) was heated
under vacuum at 60 °C for 3 h in order to remove moisture residue. N-Methyl-2-pyrrolidione
(NMP) and m-Phenylenediamine (mPDA) (Sigma Aldrich) were used as received. Graphene
nanoplatelets (xGnp-C-750) (XG-Sciences) were used as fillers. According to the supplier, the
graphene platelets have an average particle diameter of less than 2 um and an average surface
area of 750 m?/ g.

2.2. Coating preparation

Polyetherimide-Graphene composite were prepared and coated on a clean SS304
substrates according to the procedures outlined in Figure 1. The protective coatings were
prepared without graphene to produce (PEI) and with 0.1 wt. % graphene to produce (PEI/Go.)
protective coatings.
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The PEI/Go.1 coating was synthesis by first dispersing 6.4 mg graphene in 35 ml NMP and
the suspension was stirred and bath sonicated for 1 h each. 1.1 g of mPDA was dissolved in a
separate 35 ml of NMP and stirred until a clear solution was observed. The graphene suspension
and the mPDA solution were mixed and the mixture was stirred and bath sonicated for an hour
each. The polymerization step was initiated by adding 5.3 g of BPADA to the mixture and the
monomers were allowed to react overnight under nitrogen purge to produce a Polyamic acid-
Graphene (PAA-G) solution. PAA-G solution was applied on a polished and cleaned SS304
substrate using a fine brush and the thickness was controlled (50 + 1 pm) using a film applicator
(Paul N.Gardner Company Inc.). Finally, the PAA-G was heated under vacuum for 10 h at
70 °C to recover most of the NMP solvent and subsequently cured under vacuum at 100 °C,
150 °C and 205 °C for 2 h each to complete the imidization and produce the PEI/Go. coating.
Similar procedures were followed to prepare PEI coating without the addition of the graphene
suspension.

Figure 1. PEI/Go. Coating Synthesis on a SS304 Substrate.

2.3. Morphology characterization

The morphology of the PEI/G composite was examined using Scanning Electron
Microscopy (SEM) (Zeiss LEO 1550) and Transmission Electron Microscopy (TEM) (Philips
CM-10 TEM). For SEM analysis, the coated SS304 substrate was fixed on the SEM holder using
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a carbon tape before coating with gold using the gold sputtering technique with 120 s
deposition time. The TEM sample was prepared by scrapping part of the coating from the
coated substrate by a sharp knife and the collected sample was dispersed in methanol for 5 min,
fished with a TEM copper grid and left to dry under vacuum at ambient temperature.

2.4. Adhesion test

The adhesion test was performed twice, once after the synthesis of the coating and again
after 30 days of exposure to the corrosive medium. The test was conducted according to ASTM-
3359D standard using a tape test kit with an 11 tooth 1 mm spacing blade (Paul N. Gardner
Company Inc.).

2.5. Electrochemical Measurements

All electrochemical measurements were conducted using VSP-300 workstation (Uniscan
Instruments Ltd.) with double-jacketed 1 L corrosion cell using a three electrode configuration.
Here, a coated / uncoated SS304 with exposed area of 1 cm?was used as the working electrode
(WE), two graphite rods were used as the auxiliary electrodes (AE) and a Silver / Silver Chloride
(Ag/ AgCl) electrode as the reference electrode (RE). The corrosion cell was covered with
multi-holes Teflon cap to allow the insertion of the electrodes and a 3.5 wt. % NaCl solution
was used as the electrolyte. The potential of the working electrode was allow stabilizing for 30
min and then recorded as the open circuit potential or the corrosion potential (Ecor) before
conducting any electrochemical measurements. Moreover, impedance spectroscopy was carried
out before Tafel polarization tests. Furthermore, all raw measurements were collected three
times in order to confirm the reproducibility of the data. Bio-Logic EC-Lab software was used
to extract the corrosion potential and the corrosion current (Lcor).

The impedance behaviour of the samples were recorded at a frequency range of 100 kHz
to 100 mHz in order to produce the Nyquist plots, while Tafel plots were obtained by scanning
the potential of the working electrodes from —500 to 500 mV above the corrosion potential at a
rate of 10 mV/min. Icor was extracted by finding the intersection between the linear portion of
the anodic and the cathodic lines in the Tafel plots and this lcor was used to calculate the
corrosion rate (Reor) using equation (1) as per the ASTM G102 standard:

Reorr=[0.13 x Lcorx EW]/ [A x p]. (1)
In the above equation, EW is the equivalent weight of SS304 (25.12 g), p is the density
(8.03 g/ cm?) and A is the sample exposed area (1 cm?).

3. Results and discussion

3.1. Morphology

Both SEM and TEM were used to capture the dispersion of graphene in PEI matrix.
Figure 2, depicts the dispersion in the polymeric matrix at high and low magnifications using

SEM, while Figure 3 depicts the dispersion using TEM. In both figures the graphene platelets
were manifested in stacked graphene sheets.

10
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oy -

Figure 3. TEM images of Graphene dispersion in PEI/Go.: Composite.

3.2. Adhesion

The corrosion process can be excelled by the accumulation of the various corrosive
agents at the interface between the coating and the metal substrate. Therefore, a substantial
adhesion between the coating and the substrate is always a desire. Here, the interface adhesion
is evaluated according to the ASTM D3359 standard using the tape adhesion kit. Figure 4
depicts the post adhesion test results on PEI/Go.1 coating before and after 30 days of exposure to
the corrosive medium. The figure represents the noble interface adhesion between the coating
and the substrate, where no peelings from the protective coatings were observed before and
after the exposure. The coatings received 5B (0 % peeling) rating according to the ASTM
standard. This confirms the robust adhesion as well as the long term durability of the protective
PEI/Go. coating.

(a) (b)
Figure 4. SEM images of post adhesion test of PEI/Go.1 Composite (a)
before and (b) after 30 days exposure to the 3.5 wt. % NaCl solution.

3.3. Cyclic voltammetry and impedance spectroscopy

Tafel polarization and Impedance spectroscopy were utilized to evaluate the
electrochemical behaviour of the bare and coated SS304 substrate. Figure 5, depicts the Tafel
plots for bare, PEI and PEI/Go: coated SS304 substrates. These plots were used to extract

11
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valuable corrosion parameters such as corrosion potential and corrosion current. The corrosion
current was recorded as the intersection between the extrapolation of the linear portions of the
anodic and the cathodic curves. All extracted corrosion parameters are reported in Table 1,
where a positive shift was observed in the corrosion potential after coating the SS304 substrate
with PEI and a further shift was observed as a result of incorporating the graphene in the PEI
matrix. Furthermore, coating the SS304 substrate with PEI and the incorporation of graphene
attenuated both the corrosion currents and the corrosion rates of coated substrates. The
reported results indicate that coating SS304 with PEI may slow the deterioration rate of SS304
and this rate can be further attenuated by the incorporation of graphene. The protection
efficiency (Per) is another parameter that can be calculated using equation (2) to reflect the
degree of corrosion mitigation a protective coating may deliver. The protection efficiencies for
both PEI and PEI/Go: were computed and reported in Table 1, where the Per magnitudes
confirm that an enhancement in corrosion mitigation can be achieved by coating the substrate
with PEI and this enhancement can be further excelled by incorporating graphene in the
polymeric matrix.

-4 -
1 Bare
PEI

— -6 —
< ™~ // PEI/GO_1
o

< ] /

- \ f

— ‘{

(o))

(o] ”

— -8 4

'10 T T U T . T T U T T T

030 025 -020 015 -040 005 000 005
Ewe (V vs Ag/AgCl)
Figure 5: Tafel plots of bare and coated SS304 substrates.

Table 1. Corrosion parameters extracted from potentiodynamic measurements for
bare SS304, PEI and PEI/Go.1 coated SS304 substrates in 3.5 wt. % NaCl solution.

Sample Corrosion parameters extracted from Tafel plots
Ecorr. [mV vs Ag/AgCl] | Leorr. [pA/cm?] | Reorr. [MPY] | Per [%]
SS304 —244 3.29 1.33 -
PEI -161 1.00 0.40 69.6
PEI/Goa -29.6 0.07 0.03 97.8
PEF [%] = [1 — Lcorr./ T'corr.] x 100, (2)

where, ["cor. represents the corrosion current of the bare SS304 substrate.
Impedance is a complex resistance that may results from passing an alternative current
through a circuit. In this study, the impedance behaviours of the bare and coated substrates

12
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were investigated. Moreover, equivalent circuits, which are depicted in Figure 6 were used to
model the impedance behaviour of the bare and coated substrates. In these circuits, CPE is a
constant phase elements and W is the Warburg impedance, while Rs, Rp and Rch represent the
electrolyte, polarization and charge transfer resistances, respectively.

D D %
<]_O >U
CPE1 CPE1 CPE2
O—— VW O
O—1" W
Rs = A AN~ [we]
Rch Rp W Rch
(a) (b)

Figure 6. Equivalent circuits to model the impedance
behaviour of (a) bare and (b) coated SS304 substrate.
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Figure 7. Impedance behaviour of bare and coated SS304 substrates.

Figure 7 depicts the Nyquist plots for bare and coated substrates, where it was observed
that the fitting data obtained from the equivalent circuits fit well to the raw impedance data.
These fittings were used to evaluate the various elements in the equivalent circuits. The
variations in the magnitudes of these elements may be used to evaluate the corrosion mitigation
properties of the PEI and PEI/Go. protective coatings. Indeed, an increase in the charge transfer
resistance reflects an enhancement in corrosion inhibition. The charge transfer resistance
obtained from the fittings are 7.0 - 103, 1.0 - 10* and 8.6 - 10° Q - cm? for bare, PEI and PEI/Go.

coated SS304, respectively.
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Reported results from both Tafel polarization and impedance spectroscopy
measurements revealed that PEI may enhance the corrosion mitigation on SS304 substrate.
Furthermore, a small loading of graphene may further excel this corrosion inhibition property.

4. Conclusion

In this study, Polyetherimide/graphene composite was synthesised using in situ
polymerization and thermal imidization. The dispersion of the filler was captured using SEM
and TEM. The corrosion protection properties of the coatings were evaluated using Tafel
polarization and EIS. Moreover, the interface adhesion between the metal substrate and the
PEI/Go.1 coating was evaluated as per the ASTM standard D3359.

The study revealed that PEI/G coating with a small load of filler 0.1 wt. % may prolong
the lifetime of coated substrate in a 3.5 wt. % NaCl solution. This enhancement in corrosion
protection property of PEI can be attributed to the ability of dispersed graphene nanoplatelets
in prolonging pathway for corrosive agents to reach the coated substrate.
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Abstract

Silver nanoparticles have been synthesized using a rapid 10 minute, one-step microwave
synthesis method by the reduction of Ag* ions in an aqueous solution of mannan, which is the
linear polysaccharide polymer of the reducing sugar mannose and the natural ligand for the
mannose receptor. The mannan functions as the sole reducing, encapsulating, and stabilizing
agent in the microwave synthesis. The nanoparticles were characterized using UV-visible
spectroscopy and nanoparticle size was estimated using dynamic light scattering and scanning
electron microscopy. The average size of the silver nanoparticles was estimated to be
79.00 £3.99 nm with a surface plasmon resonance peak at 433 +0.71 nm. The silver
nanoparticles were observed for 3 months for stability with no noticeable aggregation.

1. Introduction

Noble metal nanoparticles (NPs) are of interest for applications in a number of areas
including chemistry, optics, and biomedical science [1 — 4]. Silver nanoparticles (AgNPs) exhibit
unique optical [5] and chemical properties when compared to those of bulk silver [6]. AgNPs
prepared by specific synthesis methods using monosaccharides or polysaccharides [4, 7] have
been shown to exhibit applications in cell targeting [8, 9].

Despite the beneficial properties of AgNPs, issues of cytotoxicity [10, 11] are of concern
because some stabilizers and reducing agents [12] used in the synthesis of AgNPs pose biological
safety threats [13]. Traditional NP syntheses often reduce the metal salt precursor by a chemical
reducing agent while using an additional encapsulating agent to stabilize the NPs. Microwave
assisted syntheses have advantages over traditional heating due to rapid initial heating resulting
in superior reaction yield while minimizing reaction time [14]. Microwave assisted techniques
have been reported for AgNP synthesis using monosaccharides [7] and soluble starch [2].
Mannan, the linear polysaccharide of the reducing sugar mannose, is the ligand for the
mannose receptor. Mannan-functionalized NPs possess biological applications including cell
targeting [8], binding to E. coli [15], sentinel lymph node detection [16], detection of lectins
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[17] and colorimetric bioassays [18]. The techniques reported for the synthesis of mannan-
functionalized NPs involve a synthesis time of 2.5 to 48 h [17, 18]; the mannan is added as a
capping agent through self-assembly, with additional chemicals used as reducing agents. A
rapid one-step technique for the synthesis of mannan functionalized AgNPs in which the
mannan functions as the sole reducing, encapsulating, and stabilizing agent has not been
reported to our knowledge. We present a 10 min one-step microwave polysaccharide-assisted
technique for the synthesis of stable AgNPs reduced and encapsulated with mannan that does
not use additional reducing agents.

2. Experimental: materials and methods

2.1. Materials

Analytical grade chemicals and solvents were purchased from Sigma Aldrich and used
without further purification. Silver nitrate (AgNOs, CAS: 7761-88-8, ACS Reagent 99+ %) was
used as the metal salt precursor, and mannan from Saccharomyces Cerevisiae (CAS: 9036-88-8)
was used as the reducing, encapsulating, and stabilizing agent. DDI (distilled deionized) H20
was used for all experiments. CEM glass 10 mL microwave reaction vessels with single use lids
were used for the microwave synthesis.

2.2, Instrumentation

All nanoparticle syntheses were performed using a Discover SP (CEM Corporation,
Matthews, NC) laboratory grade microwave synthesizer [19]. Optical characterization was
performed using a PerkinElmer Lambda 1050 UV-Vis spectrometer. Hydrodynamic diameter
data for the nanoparticle size distribution was obtained by using a Brookhaven Instruments
ZetaPALS zeta potential dynamic light scattering (DLS) analyser with ZetaPlus Version 4.20
particle sizing software. Images of the nanoparticles were obtained using a TESCAN Vega 3G
scanning electron microscope (SEM). The measurement tool of the SEM software was
implemented for obtaining the particle size distribution histograms from the SEM image.

2.3. Solution preparation and synthesis procedure

Preparation of mannan solution and silver

nitrate solution of desired weight percentage

The aqueous solutions of mannan (9 % w/w) and AgNOs (19 % w/w) were prepared by
dissolving the appropriate mass of mannan and AgNOs into DDI H2O. The solutions were kept
in a dark refrigerator to preserve the quality of the solution.

Preparation and procedure for microwave synthesis

Previously reported techniques were modified [1, 2, 14] for the developed one step
microwave synthesis of AgNPs reduced solely by mannan.. The reaction mixture was prepared
using 2 mL of DDI H20 and 0.5 mL of mannan solution; the volume of AgNOs solution was
calculated from the desired mass ratio of AgNOs: mannan. The solutions were loaded into
capped glass microwave vessels that are designed to withstand high temperature and pressure
reactions. The parameters of the microwave synthesis (time, temperature, and pressure) were
optimized for reaction yield using the Box-Benhken design [14] by performing trials with
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various combinations of time, temperature, and mass ratio of AgNOs: mannan. For each set of
reaction parameters, identical samples were synthesized in quintuplicate to confirm
repeatability and to establish statistical confidence.

2.4, Characterization

UV-Visible spectroscopy

UV-Vis spectroscopy was used to measure the absorbance spectra of the AgNPs. Optical
quality cuvettes were used and samples were characterized at full strength when performing
UV-Vis spectroscopy. The spectra were collected with the samples at room temperature.
Statistical confidence was obtained through collection of the spectra for all quintuplicate
samples. The sample whose reaction parameters produced the narrowest SPR band and
maximum absorbance, indicative of a narrow distribution of nanoparticles, was selected for
further characterization using DLS and SEM.

Dynamic light scattering

The average hydrodynamic diameter of the AgNPs was found using DLS. For DLS
measurements, the backscatter angle was set to 90 ° and the wavelength of the laser was 657 nm.
To ensure consistency in measurements, optical cuvettes were used for all samples and
appropriate dilutions with DDI H20 were performed immediately before each analysis. The
data collection was completed at a temperature of 25 °C and measurements were taken over
5min. The dust cutoff was modified accordingly such that the baseline index of the
measurements remained at 98 % or greater. The reported diameters for each identical sample
are the mean of the DLS measurements obtained from the quintuplicate samples.

Scanning electron microscopy

A TESCAN Vega 3G scanning electron microscope was used to obtain the SEM image.
Because the nanoparticles are encapsulated by the linear polymer mannan, excess mannan
needed to be removed from the sample via centrifugation [19] in order to obtain a clear SEM
image. Samples were subjected to centrifugation at 16,000 g for 20 min. The supernatant was
then discarded and the resultant pellet containing the NPs was reconstituted in water and
centrifuged at 16,000 g for 10 min. This process was repeated four times. The final pellet
solution was reconstituted in a solution of water, which was evenly dispersed over conductive
ITO-coated glass using a SCS G3-8 spin-coating machine by Cookson Electronics. The machine
was operated at 650 rpm for 30 s, and the spin-coated sample was allowed to dry for 24 hours
on the ITO coated glass prior to the SEM characterization. The centrifugation process allowed
for the nanoparticles to be imaged by SEM with minimal interference from the mannan
encapsulation.

3. Results and discussion

3.1. Optimization of microwave parameters

In order to evaluate the effect of varying the reaction parameters, trials were synthesized
with various combinations of time (5, 10, 15, 20, 30 min), temperature (90, 100, 110, 120, 125,
and 130°C, and mass ratio of AgNOs: mannan (1:30, 1:40). Preliminary experiments
determined that varying the initial weight concentrations of the prepared AgNOs or mannan
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solutions did not have an effect on the NPs synthesized. Upon completion of successful
microwave synthesis, the color of the solution in the vessel gradually changed from light yellow
to yellow to light amber and finally dark amber, indicating the formation of AgNPs [3, 14, 20].

In optimizing the reaction temperature, the decomposition points of the reducing agent
and metal salt precursor were taken into consideration. Mannan and silver nitrate have a
decomposition points of 133 and 444 °C, respectively. Therefore, the microwave synthesis was
performed at temperatures of 90, 100, 110, 120, 125, and 130 °C. However, due to the enhanced
reaction yield and superheating of the microwave [21], the maximum temperature for optimal
synthesis was found to be 120 °C. Above 120 °C, the SPR in UV—Vis absorption spectra began to
widen and the color of the solution changed, indicative of aggregations; while below 120 °C, the
solution possessed a very faint yellow color and minimal SPR, indicative of a solution that was
not fully reduced. While optimizing the reaction time, it was determined that 5 min was not
sufficient enough for the metal precursor to be fully reduced. After increasing the reaction time
beyond 10 min, the SPR peak sufficiently broadened, indicating decreased monodispersity of
the solution. In optimizing the mass ratio of AgNOs: mannan, increasing the mass ratio of
AgNOsz: mannan up to 1:40 AgNOs: mannan resulted in higher reaction yield and a slightly
narrower SPR peak when normalized. Therefore, the optimal synthesis parameters were
determined to be 10 min at 120 °C with a mass ratio of 1 : 40 AgNOs: mannan. Upon completion
of successful microwave synthesis, the solution in the vessel possessed the characteristic amber
color of AgNP solutions [14], as shown in Figure 1.
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Figure 1. (a) Representative UV-Vis absorption spectrum of a sample from

the optimized synthetic parameters: 1 : 40 (mass ratio) AgNOs: Mannan at

10 minute microwave synthesis

120 °C for 10 min. The data presented is averaged over the quintuplicate
samples. Inset photo shows a picture of the nanoparticles from the optimal
synthesis. (b) Illustration of the encapsulation of the AgNPs by the mannan.

3.2. Characterization of AgNPs through UV-Vis absorption spectra

Synthesis of the AgNPs was first confirmed from the resulting SPR in the absorbance
spectra of the nanoparticles obtained from UV-Vis spectroscopy. Evidence of the formation of
mannan-encapsulated AgNPs was apparent from the surface plasmon absorption maximum [22]
at 433 + 0.71 nm [23]. Analysis of the UV-Vis absorption spectra illustrated that the successful
synthesis is sensitive to the reaction time, temperature, and mass ratio of the AgNOs: mannan.
Representative spectra are shown in Figures 2a, b, and c to illustrate the sensitivity of the
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synthesis to the reaction parameters. The UV-Vis spectra presented are averaged over identical
quintuplicate synthesized samples. The optimized reaction parameters were determined to be
10 minutes, 120°C, and 1 : 40 AgNOs: mannan, in which strong and narrow SPR absorption [24]
was observed. The UV-Vis spectrum of this sample is displayed in Figure 1. The surface
plasmon absorption maximum occurs at 433 + 0.71 nm and has a full width at half maximum of
185 + 1.41 nm. This is comparable to the SPR maxima reported for similar sugar-based synthetic
routes using polysaccharides and additional reducing agents, which range between 420 —
445 nm [2 -4, 7, 13, 20, 25, 26].
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Figure 2. Illustration of the effect of (a) mass ratio of AgNOs: Mannan; (b) reaction
time; and (c) temperatures on the absorption spectra of mannan-stabilized AgNPs.
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Figure 3. Illustration of time stability of the AgNPs examined through the
absorption spectra. The SPR for the AgNPs on the day of synthesis was 433 nm;
3 months later, the SPR was 431 nm. The SPR peak did not broaden with
time, indicative of low or minimal aggregation in terms of time stability.

The stability of colloidal AgNPs can indicate successful AgNP synthesis [12]. Time
stability is an important property required for numerous applications including direct coating of
biomaterials, devices, and medical textiles [27]. Additionally, the synthesis of stable AgNPs with
limited agglomeration for long periods of time is important for biological and antibacterial
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applications [27]. The colloidal AgNP solutions were stable for a period of up to 3 months and
no noticeable aggregation occurred. As shown in Figure 3, the UV-Vis absorption spectra did
not exhibit any changes indicative of aggregation. This indicates that the linear polysaccharide
polymer mannan functions as an effective protective and stabilizing agent for the formation of
the AgNPs. The stability of mannan-capped AgNPs is expected due to the attachment of the
linear polysaccharide polymer mannan that encapsulates the surface of the nanoparticles [3].

3.3. Size analysis of AgNPs by dynamic light
scattering and scanning electron microscopy

To confirm the qualitative results obtained from the absorbance spectra and the value of
the surface plasmon absorption peak, direct characterization of the nanoparticle size was
performed using DLS and SEM. The value reported for hydrodynamic diameter was obtained by
averaging the value over the quintuplicate samples. The average hydrodynamic diameter was
91.80 + 3.70 nm. Although hydrodynamic diameter is larger than the actual particle size
[28, 29], it is an important parameter to study in regards to in vivo migration of NPs.
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Figure 4. (a) SEM image of mannan-AgNPs. (b) Histogram of the size distribution
of AgNPs obtained from the SEM image. 183 nanoparticles were counted
and the average nanoparticle size was found to be 79.00 +3.99 nm.

Characterization using SEM imaging confirms that the NPs are smaller than their
hydrodynamic diameter. The SEM image is presented in Figure 4a. The actual size of the
nanoparticles was confirmed using the measurement tool in the SEM software. 183
nanoparticles were counted in this SEM image. The average actual diameter was found to be
79.00 + 3.99 nm, which is less than the hydrodynamic diameter measured by DLS. The actual
particle diameter is expected to be smaller than the hydrodynamic diameter [28,29]. A
histogram of the actual particle size distribution from this SEM image is displayed in Figure 4b.

3.4. Control experiments

To ensure that mannan does play a critical role in the synthesis of AgNPs, control
experiments were performed. No SPR absorption band was observed when the synthesis was
performed without mannan. This verifies that the nanoparticle formation was solely a result of
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the reduction of the AgNOs by the mannan and not from any self-reduction of the AgNOs
when exposed to the thermal heating of the microwave. Additionally, a control experiment
using the identical reagents and reaction parameters through a traditional heating reflux
condenser reaction was performed. No nanoparticles were formed in 10 min, illustrating that
the microwave synthesis has the advantage of the rapid synthesis time (10 min). After the
reaction solution was boiling for 3.5 h, it was found that similar results were obtained; however,
the yield of the reaction was significantly lower, as shown in Figure 5. The comparison between
the syntheses demonstrated that the microwave synthesis resulted in higher absorbance while
reducing the synthesis time from 3.5 h to 10 min.
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Figure 5. Comparison of 1 : 40 AgNOs: Mannan synthesis using the
10 min microwave synthesis versus a 3.5 h traditional heating synthesis.
The absorbance is significantly higher for the microwave synthesis.

4. Conclusion

In conclusion, a rapid one-step microwave synthesis using mannan, the linear
polysaccharide form of the reducing sugar mannose, was developed the preparation of stable
AgNPs that are encapsulated and functionalized with mannan. Mannan functions as the sole
reducing, encapsulating, and stabilizing agent in the reaction. The mannan-functionalized
AgNPs were characterized using UV—Vis spectroscopy to measure the absorbance spectrum,
DLS to measure the hydrodynamic diameter, and SEM to measure the actual diameter of the
AgNPs. The SPR peak of the absorbance spectrum was 433 + 0.71 nm. The hydrodynamic
diameter was found to be 91.80+3.70 nm from the DLS, and the actual diameter was
determined to be 79.00 +3.99 nm using the SEM. Biological applications using mannan-
functionalized AgNPs to bind to the mannose receptor are now possible without concerns of
cytotoxicity due to additional reducing or stabilizing agents required in the synthesis of the
AgNPs.
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Abstract

This study demonstrates the development of polymeric superhydrophobic polymeric
nanocomposite coatings by a solvent-free ultrafine powder coating (UPC) technique. The
developed coatings produce water contact angles (CAs) of over 160 ° and sliding angle (SA) of
less than 5 °. It is evident that the higher CA and lower SA of the low-energy coatings are
attributed to the appropriate surface topography of micro- and / or nano-scales. Pull-off test of
the coatings (i.e., maximum normal force tolerable before being detached from the substrates)
confirmed their excellent adhesion to the underlying substrates. SEM images revealed the
unique double-scale hierarchical (micro- and nano-) structures on the developed
superhydrophobic surfaces. As an additional advantage, these superhydrophobic UPC
technology eliminates the use of toxic solvents that are responsible for the hazardous emissions
of VOGs.

1. Introduction

It is well known from the nature that lotus leaves are the best example of a non-wetting,
super water repellent, and superhydrophobic surfaces. However, the superhydrophobicity of
the lotus leaves does not come only from the epicuticular waxes, but also from their micro-
and / or nano-scale hierarchical structures on top of the micropapillae [1]. Indeed, the
combination of micro- and nano-scale structures (i.e., micron-sized papillae apart from each
other by a micrometer scale distance and nanohair-like matters on each micropapillae) give
lotus leaves the very high water CA but very low-sliding angle (SA). Therefore, mimicking
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lotus leaves does not only require low-energy hydrophobic materials, but also needs to fabricate
both micro- and / or nano-scale roughness on the top surfaces. Hence, surface roughness,
combination of micro and / or nano-structures, plays the vital role to increase the water CA of
the developed surfaces to the superhydrophobic range. Decisively, superhydrophobicity is
attributed from both the surface chemical composition and the surface
microstructure/roughness [2].

An enormous effort has already been made to develop lotus leaf-like micro-
nanostructured superhydrophobic surfaces or coatings [3 — 16]. Among them, many different
techniques were also employed to introduce desired micro and / or nano-roughness on the
substrates of desired chemical and geometrical properties including plasma treatment [5, 11],
chemical etching [8], chemical vapor deposition (CVD) [7], micropatterning [3, 4], lithography
[12], etc. However, almost all of these techniques involved toxic solvent(s) usage that might be
responsible for hazardous volatile organic compounds (VOC) emissions. However, powder
coatings (PC) are considered as environmentally friendly as they eliminate the use of any
solvent. In this paper, we will describe a solvent-free ultrafine powder coating (UPC)
technology for creating polymeric superhydrophobic coatings on metallic substrates. The
developed coatings are characterized by using scanning electron microscope (SEM) and
compared with the microstructures of lotus leaf.

2. Experimental section

2.1. Preparation of superhydrophobic powder coatings

Superhydrophobic PCs were prepared by a solvent-free UPC technique using commonly
available polymeric resins processed with nanosized additives. With this technique, ultrafine
powder from polyester clearcoats with particle size between 15 and 20 mm were first produced.
Since, these ultrafine powders fall in the category of Geldart Group C powders and did not flow
well due to the dominant interparticle forces [17], special measures, by adding flow additives,
were taken to overcome the flowability issue [18].

After resolving powders’ flowability problem, low-energy nanoaddtives were added into
the coating formulation to increase hydrophobicity of the coatings. At this stage 2.5 wt. %
nanosized PTFE and 1.5 wt. % HNS (~ 100 nm average particle size) were dry-blended with the
ultrafine polymeric resin mixtures so that they would provide superhydrophobicity as well as
the desired micro- and nanostructures. The final powder mixture of ultrafine polymeric clear
coat, nanosized flow additives, PTFE, and HNS were passed through a 32 ym sieve to further
homogenize the mixture.

As shown in Figure la, polymeric resins, and curing, degassing, and flow agents were
mixed and extruded to make homogeneous chips. The chips were then ground into ultrafine
powders (15 — 20 pm) and dry blended with nanosized hydrophobic (PTFE and HNS) and flow
additives. These ultrafine mixtures were electrostatically sprayed onto a grounded workpiece,
and cured in a furnace (at 200°C, 10 min). Over-sprayed powders were recycled and reused.

Figure 1b illustrates the powder spraying and curing process. The powder mixture was
sprayed with a corona spray gun (Surecoat, Nordson Corporation) on to an aluminum sample
panel. Subsequently, the powder-coated substrates were cured in an oven at 200 °C for 10 min.
Upon cured, the melted polymeric particles formed a homogeneous surface finish possessing
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micro- and nanostructures as conceptualized in Figure 1c. However, due to the incorporation of
hydrophobic particles into the coating formulation, the final coatings became
superhydrophobic with desired micro- and nano-structures.
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Figure 1. (a) Ultrafine polymeric PC process for superhydrophobic
PC preparation. (b) Illustration of powder spraying and curing
process. (c) Micro- and nano-structures in a micron-sized papilla.

2.2. Characterization of the developed coatings
2.2.1. Adhesion of the superhydrophobic coatings

The adhesion strength between the coating and the substrate was evaluated through an
especially designed and fabricated loading system shown in Figure 2. Two aluminum rods of
10 mm diameter and 60 mm length were machined by turning machine. The polished face of
each rod was brushed with a layer of super glue adhesive. The coated disc was loaded between
the two brushed surfaces of the rods using two V-blocks. The arrangement was left to be cured /
hardened for 5 min. Copper wires were introduced to the holes made at the ends of the two
rods. The wires of the specimen were clamped to the crossheads of the MTS M/C, as shown in
Figure 1. The maximum normal force applied on the coating sample, before being detached
from the substrate, was measured.
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Figure 2. Coating adhesion testing
by MTS machine: coated samples
were loaded as shown in the high-
lighted section of the apparatus.

2.2.2. Scanning electron microscopy (SEM) of the superhydrophobic surfaces

The developed superhydrophobic surfaces were examined by SEM to verify their micro-
and nano-structures. The prepared surfaces were cut into 10 mm x 10 mm square pieces which
were mounted on metal stubs with the aid of adhesive carbon tape and were sputter coated
with gold (15nm thick layer). The gold-sputtered superhydrophobic surfaces were then
carefully examined with a Hitachi S-2600 (Hitachi, Pleasonton, CA) SEM.

2.2.3. Contact angle and sliding angle measurements

Water CAs of the superhydrophobic surfaces were measured with a Rame—Hart 100
Goniometer equipped with a horizontal microscope. A 10ml droplet of deionized water was
gently dispensed on the coated surfaces using a micrometric syringe (Gilmont Instrument). The
static CA was measured by calculating the slope of the tangent to the drop at the liquid—solid—
vapor interface line. The CA was measured in at least five different locations on the
superhydrophobic panels. Statistical averages of the readings were reported. Moreover, SA was
also used to evaluate superhydrophobicity of the developed coatings. SA was measured as the
tilt angle at which the water droplet became unstable and rolled off from the surface.

2.2.4 . Durability test

A 100 % cotton cloth wrapped on a1 x 1 x 1 cm? rubber head with 100 N normal force
was exerted on the cured coating surfaces. The durability of superhydrophobicity was measured
as the number of rubbing cycles performed before a significant change in water CA was
observed.

3. Results and discussion

A solvent-free UPC technique, for the first time, has been utilized to develop
superhydrophobic PC. Indeed, when the polymeric PC film was cured at 200 °C, the powder
mixtures melted, homogenized, and spread onto the underlying substrates. During melting and
spreading, the hydrophobic nanoparticles tended to move up to the top of the coatings and
formed the nanostructures as the top-most layer on the cured polymeric resin. Moreover, due
to the differences in surface energies between the nanosized hydrophobic PTFE and HNS, and
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the other hydrophilic constituents of the mixture, micron-sized porous polymeric surfaces were
developed upon melted and cured. Therefore, the micro porous nanostructured coatings
resembled that of lotus leaf. Cross-sectional view of the finished superhydrophobic coatings was
conceptualized in Figure 1b. Figure 1c further depicted a single micron-sized papilla that was
covered with protruding nanostructures.

Figure 3. Micro- and nano-structures of lotus leaf (Nelumbo nucifera) (a—c) (Reproduced with
permission from Ref.[19]. Copyright Royal Society of Chemistry, 2007) and that of
superhydrophobic PC (d—i) and regular coatings and other hydrophobic coatings (j-1). (a) Top
view of lotus leaf (bar = 50 ym). (b) Magnified view of lotus leaf taken from (a) (bar = 5 pm). (c)
Magnification of a papillae from (b) (bar = 1 um). (d) Top view of our superhydrophobic coating
(bar = 100 pm). (e) Magnified section of (d) (bar = 5 um). (f) Magnification of (e) (bar = 3 pm).
(g) A micropapilla (bar = 7.5 pm). (h) Fabricated nanostructures on the micropapillae
(bar = 600 nm). (i) Cross-sectional view of (d) (bar = 100 pm). (j). Top view of a regular coating
(without any hydrophobic additive) (bar = 200 pm). (k) Top view of a coating containing
2 wt. % PTFE (bar = 200 um). (1) Top view of a coating containing HNS only (bar = 200 pm).

SEM images confirmed the similarity of micro-and nano-structures present in the lotus
leaf and in the developed superhydrophobic coatings. SEM images of Figures 3a — ¢ showed the
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double-scale hierarchical structures of lotus leaf in different magnifications [19] while
Figure 3d-I showed the micro-nano-binary structures of the developed superhydrophobic PC.
It is evident from these SEM images that the double-scale hierarchical structures of lotus leaf
and of our superhydrophobic surfaces were almost interchangeable. Therefore, mimicking of
lotus leaf was successfully achieved by UPC.

In particular, SEM image of Figure 3g depicts a single micropapilla (diameter ~7 mm)
that is roofed with an enormous amount of nanostructures that is further magnified and shown
in Figure 3h. The nano matters were 100 — 200 nm long and 40 — 70 nm in diameter; however,
they formed bundles and developed submicron-sized (400 — 600 nm) valleys. Similar features
(i.e., micron-sized elevations or micropapillae, submicron-sized valleys, and nanosized width of
the nanostructures) of superhydrophobic surfaces were reported by other researchers with
different approaches [20, 21]. In addition to the top views, Figure 3i shows the cross-sectional
view of the superhydrophobic coating (shown in Figure 3d). The cross-sectional SEM image
further confirmed the presence of micro- and nano-structures that made the developed coatings
superhydrophobic in nature.

It is evident that the appropriate amount/ratio of low energy hydrophobic additives (i.e.,
PTFE and HNS) incorporated into the polymeric resin was responsible for those protruding
micro-nano-textures. Our study showed that the ratio of PTFE to HNS of ~ 1.67 by which they
were added to the polymeric resin resulted in the development of durable superhydrophobic
coatings comprising of micro- and nano-structures. This claim is confirmed by the SEM images
of another set of developed coatings (Figures 3j —1) that either did not contain any hydrophobic
additive or did not possess optimum ratio of these additives. Figure 3j shows fairly smooth
finish when neither PTFE nor HNS was used in the coating formulation and evidently did not
exhibit superhydrophobicity. When 2 wt. % PTFE was included into the formula, porous
structure were formed although they did not exhibit the desired combination of micron and
nanosized features (Figure 3k).As a result, they did not achieve superhydrophobicity. Similarly,
when only HNS was incorporated into the PC formulation keeping other ingredients the same,
protruding micro-nanostructures were not formed as obviously (Figur 3l). Therefore, it is
evident that the ratio of PTFE and HNS played a significant role in fabricating micro- and nano-
structures onto the developed coatings, since our other trials involving different ratios of PTFE
and HNS resulted in the existence of microstructures only or exhibited poor durability at the
end.

Figure 4. Water droplet formed sphere on lotus
leaf (a) and on our superhydrophobic PC (b).

Figure 4 shows how easily water droplets formed spheres and rolled off on the lotus leaf
and the comparison with polymeric superhydrophobic coating developed by UPC technology.
On both surfaces water droplets formed very high CAs. The measured CA confirmed that the
developed coating was as hydrophobic as the natural lotus leaf. Our superhydrophobic coatings
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exhibited water CA of more than 160 °. Not only that, the water droplets were so unstable on
the coated surfaces that they rolled off and ran away from the surfaces even when they were
tilted less than 5 °. That gave the water SAs as minimum as possible, which is another important
criteria for a surface to be superhydrophobic [4, 22]). It is interesting to report that while we
tried to dispense them onto the coated surface to measure the water CA, the water droplets
preferred more to be stick to the tip of the needle of the dispensing syringe. In some cases,
water droplets repelled the coated surface so intensively that it was very difficult to place them
on the superhydrophobic coatings. More interestingly, the droplets became unstable and ran
away from the surface with an inclination of less than 5 °.

(b)
Figure 5. Adhesion tests; (a) before and (b) after
being delaminated from the metallic substrate.

Furthermore, a novel coating sample loading system was designed and fabricated to
measure the maximum load the coating can tolerate before being detached from the metallic
substrates. The peak load and adhesion strength were found to be ~500 N and 11.3 MPa,
respectively. Moreover, coating delamination is evident from Figure5 that shows two
representative photographs of the same sample before (a) and after (b) being failed or detached
under applied loads. It is evident from Figure 3b that the amount of the coating delaminated
from the substrate is only about 30 % of the total area of the disc and the middle of the coating
is still intact. This further exemplified the adhesion strength of the developed polymeric
coatings. Indeed, superior coating adhesion could be attributed to the proper dispersion of
nanoparticles, mechanical interlocking and chemical crosslinking of the polymers with other
ingredients during the curing process of the coatings [23].

In addition to the superior coating adhesion, the developed surfaces also showed higher
degree of durability in terms of their hydrophobicity. The wet cloth rubbing test revealed that
the superhydrophobic coatings, which, were made of polyester clearcoat incorporated with
nanosized PTFE, HNS, passed 2500 rubs with a change of water CA less than 10 °. In many cases,
the coatings regained superhydrophobicity when they were dried up at ambient air. The reason
behind the superb durability of the reported superhydrophobic surfaces lies in adhesion of the
nano matters to the cured polyester resin and the rigidity of the micropapillae that indeed
account into the overall length of the elevations/nanostructures.

Essentially, since no solvent was used in this unique polymeric superhydrophobic
coating fabrication process, the reported UPC technique did not contribute into hazardous VOC
emissions to the environment. Furthermore, this method also cut the cost of solvent(s).
Moreover, solvent evaporation step (that consumes a significant amount of energy) was not
needed to be included in our simple PC process. This further reduced the manufacturing costs
of superhydrophobic surfaces.
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4. Conclusion

Biomimetic polymeric superhydrophobic PC were successfully developed by the
environmentally friendly, simple, and inexpensive PC technology. The created coatings
revealed double-scale (both micro- and nano-) hierarchical structures that resembled those of
natural lotus leaf. Subsequently they possessed infamous lotus effect as the finished surfaces
superbly repelled water exhibiting very high water CAs. The developed coatings exhibited
water CA of above 160 ° and SA of less than 5 ° that made them well comparable to the natural
lotus leaf. The higher CA and lower SA were supposedly attributed to their unique dual-size
(micro- and nano-scale) roughness leading to the minimization of surface energy. Furthermore,
the developed superhydrophobic coatings were found to be superbly adherent to the substrates
as well as retained their unique properties against the durability test performed.

Acknowledgements

The authors would like to acknowledge the funding from UAEU start-up research grant
(MSM & AHM) and NSERC I2I grant (JZ) and to carry out this research.

References:
1. J. Zhai, et al. Physics, 2002, 31, 483.
2. S. Herminghaus. Europhys. Lett., 2000, 52, 165.
3. R. Furstner, et al. Langmuir, 2005, 21, 956.
4. M. Jin. Macromol. Rapid. Commun., 2005, 26, 1805.
5. S. H. Kim, et al. Langmuir, 2005, 21, 12213.
6. X. Y. Lu. Macromol. Rapid Commun., 2005, 26, 637.
7. M. Ma, et al. Macromol., 2005, 38, 9742.
8. B. T. Qian, Z. Q. Shen. Langmuir, 2005, 21, 9007.
9. H. Zhang, et al. Sci. Tech. Adv. Mater., 2005, 6, 236.
10. Q. Dou, et al. Macromol. Chem. Phys., 2006, 207, 2170.
11.  S.C. Cho, et al. J. Mater. Chem., 2007, 17, 232.
12. Y. Lee, et al. Adv. Mater., 2007, 19, 2330.
13.  H.-I. Hsiang, et al. Mater. Res. Bull., 2007, 42, 420.
14.  P. V. Wal, U. Steiner. Soft Matter, 2007, 3, 426.
15.  J. Seyfi, et al. Appl. Surf. Sci., 2015, 347, 224.
16. H. Wang, et al. Appl. Surf. Sci., 2015, 349, 724.
17.  D. Geldart. Powd. Technol., 1973, 7, 285.
18.  J. Zhu, H. Zhang. 2004, US Patent # 6,833,185.
19. Y. Liu, et al. J. Mater. Chem., 2007, 17, 1071.
20.  B. He, et al. Langmuir, 2003, 19, 4999.
21.  W. Lee, et al. Langmuir, 2004, 20, 7665.
22.  A. Marmur. Langmuir, 2003, 19, 8343.
23.  A. Lafabrier, et al. Prog. Org. Coat., 2014, 77, 1137.

32



D. D. Malka—Markovitz et al. Nano Studies, 2015, 12, 33-42.

MICROSTRUCTURE AND MECHANICAL PROPERTIES OF HEAT
TREATED SELECTIVE LASER MELTING MANUFACTURED Ti-6Al1-4V

D. D. Malka—Markovitz!, A. Katsman !, A. Shirizly 2, M. Bamberger!

'Technion — Israel Institute of Technology
Haifa, Israel

dennis@tx.technion.ac.il)

2RAFAEL

Haifa, Israel
Accepted October 19, 2015
Abstract

Investigation of microstructural evolution of pre and post heat treatment (HT) Selective
Laser Melting (SLM) Ti-6Al-4V is presented. As received SLM samples composed of fine
acicular o' martensite within prior B grains were solution treated above the P-transus
temperature, followed by a complementary HT within the o+ range. Non-monotonic change
of microhardness as a function of HT temperature was observed. After low HT temperatures,
the microstructure was composed mainly of martensitic o' phase, whereas, after high
temperatures HT, bi-phasic microstructure with needle-like elongated o-phase grains and a
mixture of lamellar o+ in between, was observed as the dominant microstructural component.
The dependence of the properties and microstructure on heat treatment temperature will be
discussed.

1. Introduction

Ti-6Al1-4V is classified as an o+ alloy with 6 wt. % Aluminium stabilizing the hcp
phase and 4 wt. % Vanadium stabilizing the bcc p phase. The microstructures are divided into
several types, namely grain boundary o (ac.s), primary o (called bi-modal microstructure when
the globular « is surrounded by Widmanstitten plates), basketweave and martensite. Upon
cooling from high temperatures (within or above the a+f region), the f phase transforms into
several different types of morphologies, which strongly depend on the applied cooling rate.

Diffusion controlled transformations take place at slow cooling rates (CR <20 C/s) [1],
resulting in bi-modal microstructure when cooled from the a+f region. When cooled from the
B region, initially, acsis formed on the 8 grain boundaries, headed by nucleation and growth of
parallel plates belonging to the same variant of the Burgers relationship inside the P grains,
resulting in a Widmanstdtten microstructure composed of several different orientation groups
of parallel o plates within the retained P phase. This microstructure is often referred to as
lamellar, whereas each group of parallel plates is referred to as a-colony. Slightly higher cooling
rates favour nucleation over growth, resulting in a finer Widmanstitten structure composed of
finer o-colonies. Past research [2] has shown that the colony size has a direct impact on
mechanical properties.
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High cooling rates (CR > 410 C/s) induce diffusionless transformation (f — o' / ")
resulting in the formation of a martensitic phase which exists in two different structures: hcp
distorted o' acicular martensite and soft orthorhombic martensite — . Acicular o' is distorted
due to Vanadium supersaturation, whereas o' is poorer in Vanadium, hence less distorted. The
stability of the P phase depends on the dissolution of Vanadium. At temperatures close to
B-transus (Ts = 980 °C), the P phase composed of 4 wt. % Vanadium and upon quenching,
acicular o is observed. Below the transus temperature, the f phase experiences a wide
temperature-dependent compositional variation, as a lower temperature results in Vanadium
enrichment of the § phase. Therefore, for low quenching temperatures, the §§ phase is stabilized
and retained. This is the reason that, upon quenching from an intermediate temperature range
of 750 — 900 °C, orthorhombic «" is expected to form in addition to some retained . A mixture
of both o' and o' is expected upon quenching from and above the intermediate temperature
range, however for higher quenching temperatures, the § phase is poorer in Vanadium, thus the
formation of distorted o' is favoured. During HT, the martensite phase rejects the
supersaturated Vanadium atoms which remain in excess of the solubility limit, leading to its
decomposition to produce thermodynamically stable a+p phases. For further information on
Titanium alloys, the reader is referred to Refs. [3 —5].

Selective Laser Melting (SLM) is an Additive Manufacturing (AM) technology which
allows the producing components layer by layer out of powdered metal according to a 3D-CAD
volume model. Detailed description of the process is brought in Refs. [6, 7]. SLM offers several
distinctive advantages over the traditional processing, such as its ability to produce complex
geometrical components, high material use efficiency and Near-Net-Shape production.
However, due to the high temperature gradient induced by the laser beam and the subsequent
fast cooling, the resulting component is thermally stressed and composed of non-equilibrium
phases. In order to improve the mechanical properties of SLM fabricated components and
satisfy the industrial needs, post HTs are required.

Very few information is available on SLM post HT Ti-6Al1-4V in the literature. The goal
of this research is to investigate the As-Received (AR) SLM manufactured Ti-6Al-4V
microstructure and its evolution induced by different HTs.

2. Materials and methodes

The samples were manufactured by RAFAEL Israel using EOS M280 machine equipped
with 200 W, Yb-fibre laser. Standard manufacturer conditions, as described in Ref. [8] were
used to build the samples. Ti-6A1-4V 30pm powder with the composition given in Table 1,
which ccorresponds to the ISO 5832-3, ASTM F1472 and ASTM B348 standards, manufactured
by EOS, was used. All samples were stress relieved for 3 h at 650 °C in vacuum and furnace
cooled (FC). These samples will be further addressed as the as-received (AR) samples.

Table 1. Chemical composition of the Ti-6Al-4V
30 pm powder used to produce SLM samples.

Ti Al V O N H Fe C Y
Bal. 6.19 398 0.12 0.018 0.02 0.18 0.004 <0.001

Solution treatment of the AR samples was carried out for 1 hour at 1050°C in an
atmospheric environment, followed by Water Quenching (WQ). These samples will be further
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addressed as Solution Treated and Water Quenched (STQ) samples. The HT was carried for two
hours at the following temperatures: 950, 900, 850, 800, 750, 700 and 650 °C followed by FC
with an approximate cooling rate of 0.02 C/s. These samples will be further addressed as
Solution Treated, Water Quenched, Heat Treated and Furnace Cooled (STQHF) samples. The
morphology was characterized by BSE mode in SEM (FEI Quanta 200 equipped with EDS),
TEM (FEI Tecnai G? T20) and by optical microscopy (Reichert Polyvar). In order to reveal the
microstructural features, the samples were etched with Kroll's reagent. The crystallography was
examined by X-ray diffraction (Rigaku SmartLab) using Cu Ko radiation in a parallel beam
configuration. The microhardness was measured with Shimadzu microhardness tester with an
applied force of 2 kg for 15s. In order to obtain statistical information, each sample was
measured at 7 —15 different locations. Young Modulus was estimated by ultrasonic wave
measurements (Epoch 4) and the Yield Stress was estimated by tensile test of a dog bone sample,
with its axis of symmetry perpendicular to the building direction.

3. Results and discussion
3.1. As received samples

The grain morphology of the Longitudinal Direction (LD) parallel to the SLM building
direction and the Transverse Direction (TD) perpendicular to the building direction are shown
in Figures la and b, respectively. The LD grain morphology was characterized by columnar
grains elongated approximately parallel to the building direction. This grain morphology is
typical of the SLM fabrication method [9, 10]. A high energy focused laser beam scans the
deposited powder at a constant scan velocity. As the laser beam propagates, a steep temperature
gradient is developed between the melted powder and its surroundings, leading to fast
directional solidification as the previously deposited grains act as nucleation sites for epitaxial
growth of the p phase. The rapid cooling from the P phase region induce non-equilibrium
martensitic transformation § — o, resulting in long orthogonally oriented martensitic plates
with acicular morphology located at the elongated prior B grains. The TD grain morphology is
characterized by prior aquiaxed P grains (top view of the LD columnar elongated grains), which
corresponds to the scan velocity of the laser beam composed of o' martensite with similar
morphological features acquired for LD.

Figure 1. Microstructure of AR samples: (a) LD elongated grain morphology and
(b) TD aquiaxed grain morphology, in (c) TEM higher magnification of acicular '.

A higher magnification of the martensite phase (Figure 1c) reveals twins associated with
the B — o' martensitic transformations. Various authors [5, 11, 12] reported the presence of
dislocations and stacking faults within the o' phase.
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Figure 2. XRD patterns of (a) AR and (b) STQ samples.

The XRD pattern demonstrates broad peaks of hcp reflections, whereas reflections from
the B-bcc phase were not detected (Figure 2a). Martensitic o' and a-phase have a hexagonal
lattice with similar cell parameters, therefore it is complicated to distinguish these two phases
from each other [13]. However, due to the fast cooling from the B region and the broadening of
the peaks associated with microstrains developed during the martensitic transformations, it is

reasonable to assume that the hcp phase is martensite.

3.2. Solution treated samples

STQ-TD shows significant grain growth and discernible grain boundaries compared to
the AR-TD microstructure (Figure 3a). Acicular martensite o' was observed within the STQ
grains. This result is in line with past research [1], which has shown that solution treatment of 1
hour at 1050°C leads to complete decomposition of o' within the § grains (o'—f), which can
grow in turn and transform into a new o' martensitic phase upon WQ.
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Figure 3. Microstructure of STQ: (a) aquiaxed morphology of TD and (b) LD.

The grain morphology of STQ-LD no longer contains elongated columnar grains and is
composed mainly of equiaxial grains (Figure 3b). In order to investigate the LD grain
morphology, two additional solution treatments were carried out. Samples held at 1050 °C for
1 h followed by FC or air cooling (AC) showed similar grain morphology with approximately
the same typical dimensions. This leads to the conclusion that the grain morphology is
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independent of the cooling regime, hence the structural changes occur during the solution
treatment above the P-transus temperature. This result contradicts the observations of [14],
claiming that the morphological change is due to a shearing mechanism which is related to
martensitic transformations upon WQ from the p region.

One possible explanation for this observation can be correlated with the
thermodynamically unstable  elongated columnar grains morphology, derived from the non-
equilibrium SLM-fabrication. At 1050 °C, the thermal energy is sufficient to induce recovery
and nucleation processes accounting for the new equiaxial grain morphology.

At higher magnification, STQ samples exhibit a martensitic microstructure characterized
by long orthogonally oriented plates with acicular morphology, as obtained for AR.
Microstructural investigation to evaluate the needle size of STQ and AR is still in progress.

The STQ-XRD pattern (Figure 2b) exhibited broad Ti-hcp reflections. No presence of f3
phase was discernible. As mentioned in the previous section, due to the high cooling rates and
relatively broad peaks, it is reasonable to assume that the hcp phase is martensitic o'
Comparing the XRD pattern of AR to STQ, one can see the change in relative peak intensities,
as can be vividly seen for {002} reflection. This observation is in line with the assumption that
the nucleation process occurred during the isothermal holding at the  region. The newly
formed grains have different crystallographic orientation, which results in different relative
intensities acquired in STQ-XRD. For higher angles, a remarkable shift of STQ reflection
towards lower angles is observed.

Table 2. Microhardness of AR and STQ samples.

AR[HV2Kg] STQ[HV 2Kg]
LD TD LD TD
370+2 376+5 400+5 3869

Microhardness

Microhardness measurements that were carried out for both AR and STQ samples are
presented in Table 2. In their research [14, 15] obtained higher hardness values for AR
compared to STQ, resulting from the finer plate size of o' martensitic microstructure due to a
high cooling rate which is typical of the SLM process. The higher microhardness of the STQ
sample in the current study can be correlated with Oxygen dissolution during solutionizing in
air. Kumar at al. demonstrated [16] a significant increase in microhardness of heat treated
samples carried out in air due to Oxygen dissolution. This also explains the shift of hcp
reflections in the STQ-XRD pattern to lower angles comparing to AR, due to the increase in the
lattice parameters induced by oxygen dissolution within the Ti-hcp phase. Similar results were
obtained in [17].

No significant difference between the TD and LD samples was observed, which implies
that within the statistical error, TD and LD have similar microhardness properties. Past research
showed that SLM-fabricated LD has preferential tensile properties [18, 19], however the
observed variation is rather small.

3.3. Heat treated samples

STQHF LD and TD resolted in similar microstructural features, LD can be seen in
Figure 4.
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Figure 4. Microstructure of STQHF
samples HT at: (a) 650, (b) 700, (c) 750,
(d) 800, (e) 850, (f) 900 and (g) 950 °C.

Regardless of the HT temperature, similar size equiaxial primary p grains were observed.
As expected, the size of STQHF grains corresponds with STQ since the sub-transus HT does not
enable modification of the grain morphology.

Samples that were HT within the range of 650 —800 °C (Figure 4a) exhibit typical
martensitic microstructure comprised of long orthogonally oriented plates with acicular
morphology. The BSE mode image of a sample heat treated at 650 °C (Figure 5a) exhibits a
uniform contrast within the sample, with distinct darker martensitic plates. The dark contrast is
associated with different crystallographic orientations rather than variation in the chemical
composition. Grain boundaries can be seen in samples that were heat treated at 750 °C and
above (Figures 4c —g), which is associated with precipitation of grain boundary-a phase (ac.s)
in prior B grain boundaries.



D. D. Malka—Markovitz et al. Nano Studies, 2015, 12, 33-42.

Figure 5. STQAF SEM-BSE mode of: (a) HT at 650 °C - no compositional contrast can be seen
(b) HT at 900 °C — dark grey and bright grey contrast — o phase, white contrast — 3 phase.

In addition to martensite, elongated needle-like grains with typical « phase compositions
(acquired by EDS) can be seen in a sample heat treated at 800 °C, which indicates partial
decomposition of o' and formation of a thermodynamically stable o phase. A higher
magnification revealed coarser plates with considerably less linear defects compared to AR and
STQ samples (Figure 6). HRSEM-EDS and TEM-EDS composition investigation of samples heat
treated below 800 °C is currently in progress.

Figure 6. TEM images of samples heat treated at (a) 750 and (b) 800 °C.

HT within the range of 800 — 850 °C leads to high fracture martensite decomposition and
subsequent formation of a biphasic microstructure (Figures 4e — g and higher magnification in
Figure 7) composed of o+p lamellar morphology located between long parallel needle-like o
grains, with very few colonies of untransformed martensitic plates. This result is in agreement
with [20] observations. They showed that martensitic decomposition in Ti-6Al-4V is a time and
temperature dependent process, corresponding with the Avrami equation. Full martensitic
decomposition was achieved after HT at 800 °C for 1 h. The higher transformation temperature
observed in the current study is expected due to oxygen dissolution in the samples mentioned
in previous section. Oxygen is o phase stabiliser [4] which raises the a—f transformation
temperature and subsequently the o'—o+p transition. Increased HT temperatures
(900 — 950 °C) resulted in coarser bi-phasic microstructure. Similar microstructures were
described in [21]. BSE mode in a sample heat treated at 900 °C (Figure 5b) demonstrated a vivid
chemical composition difference between the darker, low Vanadium long parallel needle-like o
plates (as well as smaller « plates within), and a Vanadium rich brighter  phase. EDS analysis
at a range of 850 — 950 °C (Table 3) demonstrated typical compositions for the o and P phases.
No statistical difference between the needle-like o and the lamellar « could be revealed.
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Figure 7. Microstructure of STQHF obtained at higher magnifications: images
showing biphasic microstructure of samples heat treated at (a) 850 and (b) 950 °C.

Table 3. compositional EDS analyses of HT above 850 °C.

o [wt. %] B [wt. %]
Ti Al A% Ti Al A%
950°C 920+04 62+01 18+02 803+16 22+03 175+19
900°C 921+05 6.0+02 19+05 79.7+18 21+0.1 182+19
80°C 91.8+04 58+0.1 24+04 786+08 25+03 189+1.8
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Figure 8. Microhardness measurements of STQHF samples, the attached

OM presents a typical microstructure at different HT temperatures.

Microhardness measurements (Figure 8), characterized by a decrease of microhardness
with the increasing HT temperatures (650 — 850 °C) followed by a sudden increase at 850°C and
a secondary decline with increasing temperatures (900 to 950 °C). A similar tendency was
observed for TD microhardness measurements with no apparent statistical differences. The
substantial microhardness drop observed at a HT range of 650 —800 °C is related to the
microstructure coarsening, strain relief of martensite and its partial decomposition (mentioned
in the previous paragraph).

The increase of microhardness obtained at 850 °C resulted in high fracture martensite
decomposition at this temperature, and subsequent formation of a bi-phasic microstructure
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composed of relatively fine lamellar a+p morphology within elongated needle-like grains, as
can be clearly seen in Figures 7a and b. The later decrease in microhardness (900 — 950 °C) is
explained by coarsening of the bi-phasic microstructure (see inserts in Figure 8), and reported
in [22].

Table 4. Tensile properties evaluation of STQHF.

Sample Yield stress [MPa] Young modulus [GPa]
800 °C 850 112
850 °C 980 115

Initial investigation to evaluate the tensile properties of STQHF samples heat treated at
800 and 850 °C was carried out and is presented in Table 4. The significantly higher yield stress
obtained for a sample heat treated at 850 °C is in agreement with microhardness observations,
which indicates variation in the mechanical properties and further confirms the assumed phase
transformation taking place within the range of 800 — 850 °C. The elastic modulus of the two
heat treated samples shows no significant difference.

4. Conclusions

AR SLM manufactured Ti-6Al1-4V samples exhibit distinct grain morphology difference.
LD samples are characterized by fine long orthogonally oriented martensitic plates with
acicular morphology - o' within columnar prior  grains approximately parallel to the building
direction, whereas TD is composed of similar to LD o' microstructure within aquiaxed prior 8
grains. Despite the morphological differences, both building directions suggest statistically
similar microhardness values. Solution treatment above the B-transus modified the typical LD
columnar prior B grain structure and resulted in a newly formed acicular o' within coarser
aquiaxed prior (3 grains for both directions upon WQ.

Complementary sub-transus HT of the STQ samples were carried out, revealing
microstructural changes and a non-monotonic variation of the microhardness values. HT at low
temperatures (650 —800 °C) resulted in coarsening of the martensitic phase, its partial
decomposition and subsequent decline of the microhardness values. HT at 850 °C induced the
transformation of metastable acicular martensite into thermodynamically stable biphasic
microstructure composed of fine lamellar o+ morphology, which is located between long
parallel needle-like o grains. The new fine biphasic microstructure gave rise to a sharp increase
of microhardness. High temperature HT (900 —950°C) led to coarsening of the biphasic
microstructure and a decline of microhardness.
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Abstract

Diopside (CaMgSiOs) belongs to the group of silicate biomaterials which helps
osteoblasts to grow and differentiate. In this research, diopside powder was synthesized by
mechanical activation method as a solid state process. Samples were composed of a blend of
calcite, silica and MgO powder with 26, 55.5 and 18.5 wt. %, respectively. The materials were
milled by high energy ball mill using ball-to- powder ratio 20 : 1 and rotation speed of 600 rpm
for 4, 8 and 10 h. The mixture mechanical activated has been heated at 1100 °C for 2 h. XRD,
SEM and BET performed on the samples to characterize. According to XRD results, the patterns
show that diopside phase, with crystal size of 30 —50 nm, were appeared in the sample
mechanical activated for 8 and 10 h. Energy transferred to starting materials (23.9 MJ / g), leads
to the synthesis temperature reduces to 1100 °C.

1. Introduction

Orthopaedic prosthesis has become an established treatment method since their
introduction over 40 years ago. Diopside and hydroxyapatite have excellent bioactivity and are
osseoconductive, allowing bone cells to grow on its surface. For this reason they have been used
successfully in dentistry for many years [1]. Diopside (CaMgSiOs) belongs to the group of
silicate biomaterials and they have the ability to release silicate ions at a definite concentration
which helps osteoblasts to grow and differentiate [2]. Also CaSiOs and akermanite (Ca2MgSi2O7)
ceramics induce good in-vivo bone formation and better material degradation compared to
B- tricalcium phosphate biomaterial. This suggests silicate ceramics have potential application in
bone tissue regeneration [3]. Diopside is very similar to akermanite and CaSiOs. Only it has
relatively slower degradation rate [4]. Diopside is a mineral belonging to the pyroxene family,
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in particular it is an inosilicate with a single calcium and magnesium chain, whose chemical
formula is CaMg(SiOs)2. Further it has been confirmed that the diopside possess good bioactivity
and excellent bending strength, fracture toughness both in-vitro and in-vivo [5]. In that respect
presently bioactive ceramics like HAP and f-TCP lack adequate mechanical strength, this limits
their application in load bearing area. On the other hand, calcium silicate and bio glass have
relatively quick degradation rate. Considering all these, diopside could therefore be considered,
to be potential biomaterial for artificial bone and orthopaedic prosthesis. The structure of

diopside is mono clinic (Figure 1) and the cell parameters are as follows: a = 9.67, b = 8.899, and
c=5251A; a=90, $=74.17 ,and y=90".
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Figure 1. Structure of diopside [6].

When artificial materials are implanted into bones to improve functional impairment
associated with bone defects, the materials are coated with fibrous membrane and are separated
from the surrounding area. However, over the past few years, inorganic materials that come
into direct contact and strongly bind with bone have seen greater application. Most of these
materials are ceramics, although ceramics have low mechanical strength. diopside, a relatively
strong bioactive ceramic, has recently been developed.

In the present study, the synthesis nano-crystallite structure diopside powder was
prepared by mechanical activation, to use as a new biomaterials for medical purposes. In fact,
energy transferred to the starting materials, causes the materials to be mechanically activated
and leads to synthesis temperature reduces to low temperatures.

2 . Materials and methods

Amount of raw materials required for synthesis of 10 g diopside sample. Diopside was
synthesis with talc (Merck 99 % purity), calcite (Merck 99 % purity) and silica (Merck) 4.74,
3.76, 1.50 wt. %, respectively. This compound was heated for 2 h at 1100 °C. Phase structure
analysis was carried out by X-ray diffraction (XRD) (Philips X’Pert-MPD diffractometer with
Cu Ka radiation (/A = 0.15418 nm) over the 20 range of 10 — 90 °). The obtained experimental
patterns were compared to the standards compiled by the Joint Committee on Powder
Diffraction and Standards (JCDPS) which involved card # 011-0654 for diopside phase. Diopside
crystalline size of was determined using XRD patterns and modified Scherrer equation.
Scanning electron microscopy (SEM) analyses evaluations were performed using a Philips XL30
to investigate the morphology. The powder prepared coated with Au by spraying, low vacuum
and 25 kV accelerating voltage. Mechanical activation has been done for 4, 8 and 10 h. And
BET technique has been done.
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2.1. The modified Scherrer equation

The modified Scherrer equation can provide the advantage of decreasing the sum of
absolute values of errors, 2(+ A In )% and producing a single line through the points to give a
single value of intercept In (KA/ L) [7].

2.2 Energy transfer

Figure 2 shows the schematic diagram of the planetary ball mill and the vial: indicating
by Wrand W, the absolute angular velocity of the plate of the mill and of one vial and by R,
and Rv the vectorial distances from the centre of the mill to the centre of the vial and from
the centre of the vial to its periphery (vial radius), it can be shown the absolute velocity of
one ball leaving the wall is given by:

Vo = [W,R)" + WS (R, - dy/2)" (1-2W, /W, )] ™, 1)
the velocity of the ball with d, diameter, after the hits, equals that of the inner wall and
can be expressed as follow:

Vs = [W,R,)* +W* (R, - d, /2)* + W W,R, (R, -d, /2" . 2)
We have to consider now the mechanism of energy transfer. When the ball is thrown, it
possesses the kinetic energy:

E=1/2mV,’. 3)

After a short succession of hits, during which decreasing fractions of kinetic
energy are released, the balls residual energy becomes:

E =1/2mV’ (4)
and the total energy released by the ball during the series of collision events is given by:
AE, = E - E;= -mW/}(R,-d, /2)/W +WW,R J(Rv- d, /2). 5)

with the assumption that the total energy transferred by the planetary mill per gram of reactant
mixture and required to synthesis of nano-structure powders is a constant value, the Burgio
model defines this amount of energy by the following expression:

_ (Npg, fbKamb)[VVvs(Rv -d,/2) /Wp +W W R:1(R, -d, / 2)t _

E /= o =A(J/g), (6)

where Npis the number of balls; Kz is a constant that accounts for the elasticity of collisions, and
a value of 1 represents perfectly inelastic collisions; mc is the mass of the powder charge; and ¢
is the synthesis time measured. ¢» is a parameter that accounts for the degree of filling of the
vial; £»is the frequency with which the balls are launched against the opposite wall of the vial.

3N, Y
=1 b | 7
(Db [ﬂ'RVZHV] ( )
K(W —w

KW ow) o
27
3

m, = ©

where H, ,p, are respectively the height of the vial and the density of balls? K is a

proportionality constant and is approximately equal to unity and ¢ is a parameter called
ball diameter distribution coefficient depending on the balls diameter [8].
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Figure 2. The schematic diagram of the planetary ball mill and the vial.

3. Results

3.1. SEM observations

Figures 3 —5 show the SEM micrographs of the starting materials milled and heated at
1100 °C for 2 h.

Figure 4. SEM of powder mixture milled for 8 h and heated at 1100 °C for 2 h.
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Figure 5. SEM of powder mixture milled for 10 h and heated at 1100 °C for 2 h.

3.2. XRD results

Figures 6 — 8 show XRD patterns of the samples milled for 4, 8 and 10 h and heated at
1100 °C for 2 h. According to XRD patterns (Figures 7 and 8 — all peaks belong to diopside
phase), pure diopside were synthesized in the sample milled for 8 and 10 h. In fact, diopside
peaks (Standard card no. 00-011-0654) were observed in these patterns indicating the formation
of pure diopside after heating in the samples milled for 8 and 10 h.
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Figure 6. XRD pattern of powder mixture milled for 4 h and heated at 1100 °C for 2 h.
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Figure 7. XRD pattern of powder mixture milled for 8 h and heated at 1100 °C for 2 h.
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Figure 8. XRD pattern of powder mixture
milled for 10 h and heated at 1100 °C for 2 h.

Wﬁ%ﬂw NJL/ J\

|
b

_,“=._=-r
______i

3.3. Estimation of crystal size

At this sample, Figure 9, the linear regression plot is obtained as y=3.6124 x- 5.4836.
This is equivalent to Ln f=1n (1 / Cos 0) + In (K A/ L). From this line, the intercept is -5.4836
and e 5436 = K A/ Land Z =330 A =33 nm. So, diopside crystallinity size average is 33 nm.
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Figure 9. Plot of In B vs. In (1 / Cos 6) of the sample milled
for 8 h (A) and for 10 h and heated at 1100 °C for 2 h (B).

Based on the same calculations for Figure 9 — right, y=1.8575 x—5.8108, Diopside
crystal size is 46 nm. In fact, according to XRD results and modified Schererr equation it can
calculate that the crystals size average of diopside synthesized are between 30 — 50 nm.

3.4 . PSA and BET results

The specific surface area of the prepared powder was calculated from the N2 gas
adsorption isotherms using the single point BET technique. The average particle size of the
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prepared powder, assuming that the synthesized particle was spheroid. The particle size, D, is
given by Eq. (10):
D= 6000/ Sserd, (10)
ddgiopsice = 3 g / cm?®, Seer=4.76 m?/ g, D=428 nm,
where Sser, specific surface area, and d is the true density. PSA graph shows that average
particle size is 589 nm. But, according to BET result, the average particle size is calculated
428 nm by Eq. (10).
The size distribution of particles was determined by PSA (Figure 10).
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Figure 10. PSA of the starting materials milled for 10 h.

Therefore, assuming that the synthesized particles were spheroid, the BET equation
result is acceptable. In fact, some of the particles are not spheroid.

3.5. Energy transfer analysis

Considering the results of optimization, Table 1, is presented for the object of minimum
cost function, W, =1.32W, . It means that the vial spinning rate should be higher than the plate

spinning rate (in the opposite direction). On the other hand, £ = 0.398 which means that the
ball size distribution is close to 40 %. The number of ball categories, s, is thus:

No=4and €=0.4 ==> s=Integer (0.4 x4) =1. (11)
According to balls size and above interpretation one can wright:
dv=15, Nb=4,5 =1 ==> (4 x15x 1) =60). (12)

So we can say that the size of balls used in proposed design should be 10 mm for the
maximum energy transfer to the raw materials.

According to the ball mill parameters given in the Table 1 and Eq. (6), it was concluded
that the energy transfer by the planetary mill per gram of the materials mixture for 8 and 10 h
milling time are:

E =239 M] /g for 8 h (milling time)
and

E =299 M]/gfor 10 h (milling time).
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Table 1. The milling parameters optimized values in planetary ball mill.

Symbol Milling parameters Optimized values

N Number of balls 4

db Balls diameter (m) 0.015

Ry Vial radius (m) 0.035
H, Vial height (m) 0.070

£ Ball size distribution coefficient 0.398

W, | Velocity of the plate (rad / s) 62.80

W, | Velocity of vial (rad / s) 82.89

R Distance between the center of the 20.0

plate and the center of the vial (m)

4. Discussion

According to XRD patterns (Figures 7 and 8), pure diopside were synthesized in the
sample milled for 8 and 10 h. In fact, diopside peaks (Standard card no. 00-011-0654) were
observed in these patterns indicating the formation of pure diopside after heating of the samples
milled for 8 and 10 h. According to XRD results and modified Scherrer equation it can calculate
that the crystals size average of diopside synthesized are between 30 — 50 nm.

Based on BET result and above calculation and their comparison with PSA graph, it can
conclude that particles size average of the starting materials milled for 10 h are in submicron
range.

Figures 4 and 5 show the SEM micrographs of the heated powder and crystals of diopside
were clearly visible. The SEM observations indicate that the samples with 8 and 10h
mechanical activation have glassy surface. These glassy zones can be belong to diopside phase,
CaMgSiOes, which is a kind of silicate phase containing 55.5 wt. % SiO: (silica).

Based on energy transfer analysis, the energy amount transferred to mixture materials
are almost 23.9 and 29.9 MJ / g for 8 h and 10 h milling time, respectively. This energy amounts
cause the materials to be mechanically activated. In fact, the energy transferred to the materials
mixture, causes the synthesis temperature of diopside reduces to 1100 °C, whereas based on the
previous studies, Diopside phase was synthesized above 1100 °C.

Most of energy transferred to particles materials save in the materials as crystal defects
such as grain boundary, dislocations density and vacancy concentration. These crystal defects
lead to high path atom diffusely. These high paths causes increasing and intensity of chemical
reaction and improvement of Diopside phase synthesis. In fact, it causes the synthesis
temperature of Diopside reduces to low temperature, 1100 °C.

According to calculation by PSA graph, BET result and SEM micrographs observation,
most of the powder particles milled for 10 h are spheroid. In fact, the morphology of powder
milled is spheroid and about 400 — 600 nm. In fact, the powder mixture is sub-micron size.
Moreover, raw materials milled sub-micron particles size, high of specific surface area, lead to
increasing of free energy. This high free energy causes driving force to react between raw
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materials particles. Surface to bulk atoms ratio of particles, SBR, increases by increasing specific
surface area of particles size. Regarding to surface diffusion activation energy in comparison
bulk diffusion activation energy is too low amount. So, atom diffusion increases between
particles and it causes to intensive reaction between raw materials and lead to Diopside phase
synthesis at low temperature, low thermal energy, after milling for 10 h by high energy ball
mill.

5. Conclusions

According to above discussion, we can conclude:

1. Diopside nano-crystallite has been synthesized at the samples milled for 8 and 10 h and
heated at 1100 °C.
2. According to XRD results and modified Scherrer equation, Diopside crystals size average

was calculated about 30 — 50 nm.

3. In fact, based on BET result and calculations and their comparison with PSA graph it can
conclude that particles size average of the starting materials are in submicron range.

4. Based on energy transfer analysis, the energy amount transferred to the starting
materials is almost 23.9 M] / g for 8 h milling time. This energy causes the materials to be
mechanically activated. In fact, this energy transfer is at least energy causes the synthesis
temperature of Diopside reduces to 1100 °C, whereas based on the previous studies,
Diopside phase was synthesized above 1100 °C.
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Abstract

Medical engineering is looking for metallic biomaterials with strong mechanical
properties, high biocompatibility, ability for easy surface modification and loading drugs for the
applications as the orthopaedic implants and for hard tissues engineering. Titanium (Ti) based
materials, are the most appropriate choices for this purpose, because of their unique TiO:
passive layers. However, these substrates have weak mechanical strength, osseointegration and
antibacterial properties. For solving these problems one solution is to process their
microstructure from coarse grain to ultrafine grain to increase both their mechanical and
surface energy, and the use of surface modification techniques, in order to generate very
specific surfaces with TiO2 nanotubes. This is due to the fact that TiO2 nanotubes in various
diameters and lengths enhance bone bonding, cellular response and are good reservoirs for
loading drugs and antibacterial agents. This article reports the production and characterization
of nano structured titanium substrates with improved mechanical properties, followed by
anodizing surface modification technique, used to produce TiO:2 nanotubes on the ultrafine
grained titanium. These TiO: nanotubes will be loaded with appropriate drugs for dental
application.

1. Introduction

Titanium and its alloys, e.g. Ti-6Al-4V have been the most selected candidate for
medical implant applications. Commercially pure titanium (CP-Ti) with its original coarse-
grained (CG) state is known to be biologically more compatible than Ti-6Al-4V. However, its
mechanical strength is not high enough for the most orthopaedic applications. In the past
decade, severe plastic deformation (SPD) techniques have been extensively used to produce
metallic materials with ultrafine-grained (UFG) microstructure, exhibiting higher physical and
mechanical properties than coarse-grained (CG) counterparts. Pure titanium can be processed
by SPD in order to refine its grain size and as a result increase the strength. This can be
achieved by the use of a technique called equal channel angular pressing (ECAP) being an
appropriate method for enhancing strength of pure titanium by decreasing its grain size below
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one micrometer [1]. Metals processed by the SPD methods will possess ultrafine grain size
(average grain size less than 500 nm), a large fraction of high angle grain boundaries (higher
than 50 %), high dislocation density, and they may also have very high vacancy concentration
[2]. Therefore, these materials will have high amounts of stored energy, providing a direct
strengthening effect. Moreover, the ultrafine-grained titanium has shown higher surface
hydrophilicity than coarse grain titanium (66 + 2 and 80 + 2.3, respectively) as well as cellular
behavior [3]. Although Ti products considered as a large part of the commercial dental market,
their antibacterial properties are not enough for many applications and lead to infection, in this
case inflammatory is one the most important problems that have to be solved [4]. Also, another
common disadvantage of titanium is to be non-bioactive for strong bone bonding, so this makes
a fibrous tissue around implant and causes loosening and finally a failure in the implantation
process. To solve the above mentioned problems surface treatment has been proposed. The
material surface should be designed to increase bone’s cell responses for formation new bone [5].
There are various kinds of surface modification methods that helps to improve the
osteointegration of the implant’s surface, such as sand blasting, acid and alkali treatment,
bioactive coating of hydroxyapatite (HA) and calcium phosphate, and electrochemical oxidation
(Anodizing). Anodizing can make controllable and uniform nanotubes on the titanium oxide
surface layer. In anodizing TiO2 nanotubes (TiO:-NTs) are open at the top and closed at the
bottom, and they can be at various sizes. The diameters and lengths of TiO2-NTs can be
controlled and TiO2-NTs with certain dimensions not only do not damage but also improve the
biological properties of the Ti substrate [4].

This article reports the production and characterization of nano structure titanium
substrates with improved mechanical properties, followed by anodizing surface modification
technique, used to produce TiO: nanotubes on the ultra fine grain titanium. These TiO:
nanotubes will be loaded with appropriate drugs for dental application in future studies.

2. Experimental procedure

2.1. Material and processing

The chemical composition (wt. %) of the CP-Ti investigated was 0.18 % O, 0.03 % N,
0.16 % Fe, 0.17 % Pd, 0.18 % Cr and balance Ti. At first, the material was annealed at 800 °C for
1h in argon atmosphere and then air cooled. With this procedure, an equiaxed microstructure
having an average grain size of about 20 mm was obtained (Figure 1A). ECAP samples with a
length of 70 mm and diameter of 14.5 mm were machined from the annealed material. A
specially designed ECAP die with the channel angle of 105 ° and the corner angle of 20 was
used which leads to an imposed strain of about 0.8 per pass (Figure 1B). The ECAP die was
placed tightly inside the cylindrical steel block. The heating bars were placed vertically in the
steel block for heating the die. Prior to each pass, the billets were preheated to the respective
temperature of ECAP for 10 min in the die, which was maintained at the ECAP temperature.
The ECAP tests were performed on a servo-hydraulic 2000 kN computerized press. The billets
were successfully pressed for 10 passes at 250 °C under a constant ram speed of 1 mm s!
(Figure 1C). A composite lubricant containing about 50 % graphite powder, 25 % MoS: and
25 % grease was used between the billet and the die walls in order to reduce the frictional
effects.
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Figure 1. Equal channel angular pressing (ECAP).

2.2. Microstructure and mechanical properties characterization

Light (LM) and transmission electron microscopy (TEM) were used to investigate
the microstructural changes in the processed billets. Specimens were prepared for LM in
the standard manner. The studied areas were polished with 0.05 mm colloidal silica and
etched in a solution containing 2 % HF, 6 % HNOs, and 92 % H:02. The TEM specimens
were examined by a Philips CM 200 microscope operating at 200 kV. Specimens for
TEM were cut from the middle sections of the processed billets perpendicular (cross
section) to the pressing direction. Thin foils for TEM were first mechanically polished
and finally electro-polished in a Tenupol 5 double jet-polishing unit in a solution.
Tensile test specimens were cut from the billets according to JIS- Z2201 standard by
using an electric discharge machine (EDM). Tensile tests were performed at room
temperature using a MTS 810 servo-hydraulic testing machine at initial strain rates of
5-103.

2.3. TiO2 nanotube synthesis and characterization

Chemicals used for the synthesis of TiO2 nanotubes include ethylene glycol, ammonium
fluoride, which were purchased from Sigma Aldrich. In order to create TiO2 nanotubes, a
simple and cost effective electrochemical anodization technique was used.

Titanium samples were cut in dimentions of (1 cm x 1 cm x 1 mm thickness) using an
electric discharge machine. Prior to anodization, the substrates were polished with sand
papers (400, 600, 800, and 1000) sequentially sonicated in acetone, then rinsed with
deionized water, and dried (Figure 2A). These samples were used as substrate to synthesize the
nanotubes. The anodizing procedure was performed according to the protocol reported in the
reference [6]. The electrolyte was 0.2 wt. % solution of NH4F in 49 ml ethylene glycol and 1 ml
deionized water prepared with 1 h continuous mixing with magnetic stirring (Figure 2B). The
experimental setup consisted of a two electrode arrangement, with Cu rod as the counter-
electrode. The distance between the substrates and the counter-electrode was approximately
25 mm. The anodization was carried out at room temperature. A constant 60 V DC was used for
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all experiments (Figure 2C). After anodization, the samples were rinsed with deionized water

and dried. The morphological evaluation of non-detached TiO: nanotubes was obtained using
Hitachi S-4700 FE-SEM.

Figure 2. TiO2 nanotube synthesis process.

3. Results and discussion

3.1. Proceeding of ultrafine-grained CP-Ti by ECAP

In order to refine the grain size of commercially pure titanium (CP-Ti) to a
submicrometer range, equal channel angular pressing (ECAP) was performed at a
temperature range of 200 —300 °C. The experiments revealed that, 250 °C was the
minimum temperature at which ten passes of ECAP could be performed in a 105 ° die
without the cracking of billets (Figure 1C).

- +
a)2H*+2¢ ___ H,
b)Ti+2H,0 —— TiO,+ 4H" + 4e
Electrolyte
) ¢) TIO,+4F —>[TiF] * +20,%*
Cu Ti

Figure 3. TiO2 nanotube formation mechanism [7].

Figure 3A shows a typical microstructure of CP-Ti after 10 passes of ECAP taken from
the cross section of a processed billet. As expected, the initial coarse-grained structure
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underwent a significant refinement during ECAP and evolved to a UFG structure. The
microstructure is characterized mainly by equiaxed grains. The grain size is in the range of 30-
450 nm with an average value of 183 nm (Figure 4B). TEM observations also revealed that some
grains are nearly free of lattice dislocations, while others contain a high density of dislocation.
Such inhomogeneous structures are typical of SPD-processed materials.
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Figure 4. Bright field TEM micrographs (A), and grain
size distributions (B) from cross-section of a CP-Ti billet
after processing by 10 passes of ECAP at 250 °C [1].
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Figure 5. Tensile engineering stress-strain

curves of coarse-grained and UFG CP-Ti after
processing by 10 passes ECAP at 250 °C [1].

57



Fabrication of TiO2 nanotubes on the ultrafine-grained titanium substrates ... .

Figure 5 shows the engineering stress-strain curves obtained by tensile tests for the
starting material and the ECAP processed CP-Ti specimens. It can be seen that,
processing 10 passes by ECAP led to a significant increase in the values of yield strength
by 62 % from 463 to 750 MPa, and ultimate tensile strength by 65 % from 540 to 892 MPa.
These improvements in strength values were obtained while maintaining a sufficient
ductility of 20.5 % elongation to failure as compared with 24 % in CG Ti. The
enhancement of strength is explained in terms of grain refinement and dislocation
density increasing. The high ductility of UFG pure Ti with the absence of strain
hardening behavior is attributed to its enhanced strain rate sensitivity.

3.2. Fabrication of TiO2 nanotubes by electrochemical anodization

Figure 6 shows typical SEM micrographs from the surface of CP-Ti samples after
anodization treatment. It is clearly seen that, the anodization resulted in vertically oriented
TiO2 nanotube arrays (Figures 6B and C). The length of nanotubes was measured to be in the
range 7 and 10 pm (Figure 6D), whereas, their inner diameters were from 60 to 100 nm

(Figure 6C).
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Figure 6. Typical SEM micrographs from the surface of CP-Ti samples after anodization
treatment. TiO2 nanotube formation on the ultrafine grain titanium by anodization: A) ultrafine
grain titanium before anodization, B) ultrafine grain titanium after anodization, C) TiO:
nanotube array with higher magnification, d) longitudinal observation of TiO: nanotubes.

According to the reported studies [8], TiO2 nanotubes are grown by electrochemical
anodization in aqueous or organic electrolytes with fluoride ions (e.g. organic electrolyte with
glycerol or ethylene glycol etc). Usually anodization can be performed in a two-electrode
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electrochemical cell with titanium as the anode, cupper or other metal as the cathode. A
constant potential is applied using a DC power supply. In electrochemical anodization
performed in organic electrolytes, the water content in the electrolyte determines the extension
of nanotube array formation. Infact, water makes pore-wall splitting’ in the ordered porous
oxide to form nanotubes. By increasing the anodization time the transition from nanopore to
nanotube occurs. By altering process parameters such as voltage, time, electrolyte type, one can
change the nanotube diameter, wall thickness and length [8].

4. Conclusion

Equal channel angular pressing of CP-Ti at 250 °C results in an ultrafine-grained
structure with mean grain size of 183 nm. Formation of the UFG structure in CP-Ti resulted
in a significant improvement in: Yield strength by 62% from 463 to 750 MPa, Ultimate
tensile strength by 65 % from 540 to 892 MPa. The UFG Ti exhibited an adequate
ductility of 20.5 % elongation to failure and UFG tensile specimens fractured in a ductile
manner. Post surface treatment of ultrafine-grained CP-Ti by electrochemical anodization is
capable to produce arrays of amorphous TiO2 nanotubes with lengths ranging from 7 and
10 ym and inner diameters in the range of from 60 to 100 nm. These TiO2 nanotubes will be
loaded with appropriate drugs for dental application in future studies.
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Abstract

In the present work are shown the results obtained by high energy mechanical milling
for Cu-Al-Ni shape memory alloy. the mechanical alloying powder CussAli2Nis (wt. %) was
fabricated in high energy planetary ball milling at a speed of 250 r/ min for various milling
times (10, 20, 30, 40, 50 and 60 h) the weight ratio of the balls of powder was 15 to 1. this
mechanical alloying process is significantly modifying the characteristic of the powder, the
recovered grains are ultimately compacted, after suitable heat treatment the shape memory is
produced. The means used to study the different evolution are SEM Scaning Electron
Microscopy, Differential thermal analysis DTA, X-ray Diffraction analysis and DRX in situ.

1. Introduction

Mechanical alloying is a technique of powder metallurgy which allows the production of
alloys from mixtures of pure or alloyed powder elements. The milling occurs by impingement
and friction of the balls on the powder; the powder particles are flattened respectively, welded,
and fractured under the effect of repeated collisions between the beads, but also the beads with
the wall of the jar. This study aims to develop a shape memory alloy Cu Al Ni by high energy
mechanical milling from elemental powders Cu, Al and Ni. However, the production of this
alloy which makes a very high thermal stability [1, 2] by the conventional method (fusion)
presents high brittleness [3], which is due to a large grain size and their large elastic
anisotropies [4]. With the technique of mechanical alloying, the parameters of the grain size
and the composition of the alloys can be controlled better [5, 6].

2. Experimental

In order to ensure good quality of the samples, the preparation method requires good
cleaning after the use of each jar. The mill used is of type planetary ball milling, which has a
speed of 250 r / min, with four jars containing 7 balls 20 mm in diameter, and the powders of
Cu, Al and Ni. The weight ratio of the balls of powder was 15 to 1.

The specifics of this elementary powder are shown in Table 1. The weighing and
preparation of the load (powders and beads), as well as the recovery of the powders were
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carried out, under an argon atmosphere to reduce the risk of oxidation of the powder during
milling. Several milling time ranging from 10 to 60 h, with a step of 10 h were tested, study the
influence of milling time on the alloy forming condition. Using a hydraulic press, milled
powders were compacted under a vacuum at a pressure of 2 GPa for 1 h in a cylinder 13 mm of
diameter. After compaction, the obtained pellets are subjected to a homogenization treatment at
950°C for 1 hour followed by water quenching.

Table 1. Specification and mixture of elemental powders.

Powders Powder of Cu Powder of Al Powder of Ni

Size, pm 100 100 100

Purity, % 99.99 99.7 99.7
Composition, wt. % 84 12 4

3. Results and discussions

3.1. X-Ray diffraction analysis

The diffraction profile of milled powders for different milling time is shown in Figure 1.
The structural evolution of the initial powder presents diffraction peak plans {(111), (200), (220),
(311), (222)} for copper (Cu-fcc) and those of aluminum and nickel {(111), (200), (220), (311)}.
The lattice parameters measured, respectively of 0,360 nm for copper, 0.403 nm for aluminum
and 0.353 for nickel. They perfectly match the values of copper, aluminum, and nickel.
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Figure 1. X-ray diffraction patterns of
CussAli2 N4 powder for different milling times.
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Increasing milling time causes reduction in the intensity of the diffraction peaks; the
peaks of Al and Ni are smaller than that of Cu because of their small amount in the overall
composition. However, a shift of the peak position of copper to the small diffraction angles and
their extensions are recorded. 30 h after milling, there is a complete disappearance of the peaks
of aluminum and nickel: only the peaks of Cu phase are observed, this phenomenon has already
been observed in the work of [7, 8].

The progressive shifting of the copper peaks is attributed to a dissolution of the
aluminum atoms and nickel in copper and their enlargement is due to a reduction in the size of
the diffracting areas and many constraints introduced in the lattice during the milling process.

The process of diffracting patterns can be done with xpowder software, which calculates
using the formula of Williamson and Hall coherent domain size Figure 2 and lattice parameter
Figure 3.
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Dissolving nickel atoms and aluminum causes the increase in copper lattice parameter
(Cu-fcc). This increases in the early hours of the milling process and seems to reach a stationary
value.
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3.2. Morphology of powder during mechanical milling

The mechanism of the formation of alloy by high energy mechanical milling basically
consists of reducing the grain size by repeated impact, which leads to the phenomena of
fracture and cold welding of powder particles. Figure 4 shows that the grain formation results

from an agglomeration of smaller particles.
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Figure 4. Scaninig electron microscopy
(SEM) of Cus:Ali2Nis grain.
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Figure 5. Morphology of powders Cus:Al12Ni4 for different
milling time: (a)10; (b) 20; (c) 30; (d) 40; (e) 50 and (f) 60h.
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Figure 6. EDS analysis of CussAli2Nis powder milled for 20 h.

25 o

FHlement Wit  Ai%
AIK 12.67 2537

NiK 0509 0469
2.0 - Cuk 82.24 6954

2,00 3.00 400 5.00 6.00 7.00 .00 9.00 10.00

Figure 7. EDS analysis of CussAl2Nis powder milled for 60 h.

Changes in the morphology of Cu powder, Al and Ni during mechanical milling are
shown in Figure 5. After 10 h of millding, there is a formation of the first powders of grains.
However, the agglomeration of the powder particles becomes more important to 20 h of
millding, ranging in size between 400 and 1000 pm, while the distribution of the grains is not
uniform. The analysis by EDS shows that the Cu content is increased and that of Al was
reduced in Figure 6. After 30 h of milling, the grain size is smaller than the ones done within
20 h. A prolongation of milling to 60 h leads to a better uniformity of grain on Figure 5F, an
analysis by EDS of the powder particles has mounted a concentration close to the initial
concentration Figure 7.

3.3. Differential thermal analysis (DTA)

The transformation characteristics of milled powders were evaluated using a Differential
Thermal Analysis (DTA). Powders weighing between 40 and 50 mg were tested in an argon
atmosphere at a rate of 10 °C heating / cooling. Figure 8 shows the DTA analysis of samples of
initial powders and powders milled at 10, 30 and 60 h.
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Figure 8. DTA thermograms for CussAli2Nis powder: (A) elemental
powder; (B) 10 h of milling; (C) 20 h of milling; (D) 30 h for milling.

The curve of the initial powder DTA Figure 8A, presents an evolution (A) between 100
and 300 °C which corresponds to the transformation of the martensite (f''— f1). A second
exothermic peak recorded about 350 °C corresponds to the formation of precipitation of
equilibrium, whose composition is close to CusAls, This transformation is responsible for the
aging phenomena in this alloy, between 350 and 790 °C we record an evolution (C) very spread
corresponding to the re-dissolution of precipitation coherents with the matrix. With
continuous heating between 790 and 910 °C, the resulting mixture (« + y2) dissolves to give a
stable B phase evolution (D). The heating thermogram exhibits an exothermic peak fine of
fusion between 1150 and 1090 °C. The enthalpy associated is 15.9987 pv - s / mg.

In general, the various transformations are presented in different milling time
Figures 8A — C. However, the position of the peaks relating to the changes (C) and (D)
immensely varies with the milling time.

3.4. In situ high temperature X-ray

The diffractograms of X-ray of Figure9, obtained on the elemental powder
Cu84Al12Ni4 annealed at 250, 340, 780 and 900 °C Highlighting the various developments
encountered during the process performed in DTA. The CuAlINi alloy at room temperature
shows a stoichiometric AlxNiy phase, which usually diffracts the plan (110), evenly presenting
the phases of equilibrium y>—CuAl and o. At 250°C, there is an existence of peak on the 1
phase.

By increasing the annealing temperature, the peak intensity of the 1 phase increases
and its width decreases. The peak of the o phase is refined, then shift to the small diffraction
angles, by which their intensity increases. As we can see, the line on this phase corresponds to
the plan (200). We also notice the disappearance of the peaks relating to the AINi phase.
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Figure 10. X-ray in situ analysis of powder milled for 10, 30 and 60 h.
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The X-ray diffractograms obtained after 10 h of milling Figure 10, are made during a
heating from ambient temperature to 900 °C. Showing the equilibrium and non-equilibrium
phase formed following the annealing. One can see the presence of the AINi phase diffracting
the plan (110) at temperature 180 °C, which disappears by decomposing, the diffraction spectra
also shows the presence of phase '1 Type 18R, which diffracts the plan (128).

By increasing the annealing temperature to 590 °C, the peak intensity 'l increases, and
the presence of phase ' 9R follows the plan (202). At 900 °C temperature, the peaks of the o
phase diffracting along plans (200), (220) and (311) are refined, which then move to the small
diffraction angles. We also notice the disappearance of the peak "1 phase (128).

The presence of "1 stage with the main line corresponding to the plan (0018) and the «
phase shows that the affected area corresponds to a bi-phase structure consisting of « + 3 phases.
At longer milling times of 30 and 60 h Figure 10, the annealed merely grow peak intensity
because the compound is already obtained by milling, so the effect of annealing is only to
eliminate the constraints and defects introduced by milling.
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for (A) elemental powder; (b) 10 h for milling; (C) 20 h for milling; (D) 30 h for milling.
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The X-ray diffraction shows that the structure of CuAINi powders obtained by
mechanical alloying is crystalline. The size of coherent domains such as annealing, increases
quite significantly between gross millding state and annealed state. Moreover, a slight decrease
of the size of the coherent domains is observed after the first annealing temperatures Figure 11.

4 Conclusions

L. Mechanical alloying can be used for the development of CuAlINi alloy, a single phase of
FCC structure is obtained at a speed of 250 r / min after 30 h of mechanical milling and
this is thanks to the miscibility of Al and Ni in Cu.

2. The chemical composition of the sample CussAli2Nis after 60 h of milling is close to the
original composition and it is generally homogenneous in the pm scale.

3. Increasing the milling time causes reduction in the size of coherent domains estimated at
6 + 1 nm after 60 h of milling, and the increase in the lattice parameter.

4. The size of Cu crystallites increases between the gross millding state and annealed state.
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Abstract

Uniaxially aligned poly(vinyl alcohol) fibers were electrospun using a proprietary gap
spinning method. Epoxy based composite films reinforced with low volume percentage
(0.13vol%) of electrospun nanofibers were prepared using two different processing routes; a
conventional wet lay-up and a novel electrospraying technique. The effects of the processing
method on the properties of the fabricated materials were studied using scanning electron
microscopy, tensile tests, dynamic mechanical analysis and thermogravimetric analysis. The
results of the mechanical and thermal studies revealed property enhancement by changing the
processing route to the electrospraying technique. This is ascribed to an increased level of
fiber/matrix interaction and a more efficient interfacial adhesion compared to the materials
prepared through the conventional wet lay-up method. A significant boost of 7 and 2.5 folds in
tensile strength and Young's modulus was observed for the specimen fabricated using
electrospraying technique, compared to the neat matrix.

1. Introduction

One of the routes toward nonofiber production is based on electrospinning.
Electrospinning technology enables production of continuous polymer nanofibers from
polymer solutions or melts in high electric fields [1]. When the electric force on the polymer
liquid overcomes surface tension, a thin polymer jet is ejected. The charged jet is elongated and
accelerated by the electric field, undergoes a variety of instabilities, dries, and is deposited on a
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substrate as a random nanofiber mat [2]. The process has been known since the mid-1800s, but
did not enjoy commercial success until it was adopted for the production of non-woven filter
materials in the late 1930s [3].

In the field of composite materials, very little has been achieved in the use of
electrospun fibers as sole reinforcement. This is probably due to the emphasis of the
development effort in fiber manufacturing being aimed at the production of random oriented
fiber mats for filtration. In the field of nanofiber composites, however, the majority of the
literature is firstly on carbon nanotube / nanofiber [4] and secondly on cellulose nanofiber
reinforced composites [5]. The two well-known and major drawbacks in the production of
these nanocomposites are agglomeration or inefficient dispersion of nanotubes or nanofibers
and lack of control over their orientation. The electrospinning process offers the possibility to
overcome these challenges as the complex process can be orchestrated in a way to provide
control over the porosity and alignment of the spun nanofibrous mat.

The efficacy of randomly oriented electrospun fibers as a reinforcement has been studied
[6]. A review of literature unveil that the non-woven or randomly arranged nanofiber mats, as
collected to date from electrospinning, generally cannot result in a significant improvement in
the mechanical properties of the composites with their reinforcement. It is widely known from
composite theory and practice that to maximize the mechanical performance of a composite
material, arrangement of fibers in pre-determined directions i.e. unidirectional is required [7].
In this light, several research groups have reported fabrication of aligned electrospun nanofibers
by various techniques [8]. For example aligned electrospun fibers have been produced by using
a rotating drum or disk collector [9], gap spinning methods [10], and auxiliary counter
electrodes [11]. However, there is very limited published research on the application of aligned
electrospun nanofibers as the sole reinforcement phase in polymer matrix composites.

In this work we demonstrate potential of using uniaxially aligned PVOH nanofibers in
the epoxy matrix, using two different processing techniques, namely traditional wet lay-up and
electrospraying application of resin. It is worth to note that one of the key issues in
manufacturing of nanocomposite materials is the effective impregnation of the fibrous mat with
polymeric matrix to form a coherent and intimate interface between fiber and matrix. To date
no direct correlation between mechanical performance of electrospun nanocomposites and the
processing technique is developed. To fine-tune the interaction between the nanofibers and the
polymeric matrix, electrospraying technique was devised to optimize thermal and mechanical
properties of the outcome material. The morphology of nanofibers as well as nanocomposites
was characterized by using scanning electron microscopy. Thermal and mechanical properties
were accessed via thermogravimetric analysis (TGA), dynamic mechanical analysis (DMA) and
tensile test, respectively. Overall, this effort is anticipated to inspire new opportunities for
application of aligned electrospun nanofibers in composite materials and to unleash the special
functionalities and properties of the resulting materials through a novel processing technique.

2. Experimentals
2.1. Materials

Poly(vinyl alcohol) (PVOH) was supplied by Chemiplas NZ limited, Wellington, New
Zealand. The PVOH had an average molecular weight of 118000 — 124000 g / mol and degree of
hydrolysis (DH) in the range of 86 — 89 %. A bisphenol-A based epoxy resin (West System 105
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resin, West System 206 hardener, Nuplex Ltd., New Zealand) was used with a resin-to-hardener
ratio of 5:1. Manufacturer’s data for the viscosity of the unreacted resin was given as 1000
centipoise at 22 °C.

2.2. Preparation of nanofibers

An aqueous polymer solution was prepared by dissolving PVOH in distilled water for 2 h
at 60 °C, by the help of a mechanical stirrer. The solution concentration was adjusted to 8 wt. %.

The electrospinning process was a proprietary gap spinning method developed by
Electrospinz Ltd in cooperation with Plant and Food Research Institute scientists. Preliminary
experiments were done with various spinning parameters and gap length to come up with the
optimum condition for the specific requirement of this research. Finally the applied spinning
voltage of 12 kV with tip to collector distance of 160 mm and gap length of 96 mm was used.
During electrospinning, the environmental temperature and humidity was controlled at
20 + 1 °C and 35 + 1 %, respectively. Nanofibrous mat of continuous uniaxially aligned fibers of
PVOH with dimension of 96 x 60 mm (/ x w) was collected after 90 min on pre-designed
square steel plates covered with silicon release paper and were dried in a vacuum oven at 50 °C
overnight.

2.3. Preparation of nanocomposite films

Firstly the nanocomposite films were prepared through wet lay-up method. 0.2 g of
mixed epoxy resin / curing reagent was dripped onto the pre-dried rectangular nanofibrous mat.
This small amount was enough to fully imperegnate the dimension of the nanofibrous mat and
forms a thin film. Then the surface was cautiously covered with a silicone release paper and
placed into an aluminium vacuum bag, evacuated and sealed using an A300/16 Multivac
vacuum sealer (Sepp Haggenmiiller GmbH & Co, Germany) prior to the curing cycle at 45 °C
for 24 h. Then the bags were unwrapped, the nanocomposite film was peeled off from the back
plate, labelled as WLNC and kept in plastic bags for four days before various characterization
tests. The thickness of such prepared nanocomposite films was 0.1 + 0.02 mm.

In the electrospraying technique all of the conditions were the same only instead of
dripping the amount of epoxy / hardener mixture, the Electrospinz Laboratory ES1 machine,
was used to electrospray the resin onto the nanofibrous mat. The applied voltage for
electrospraying was 12 kV. The plate of nanofibrous mat was installed on a moving rail in
desired distance of the spinning tip (15 cm) and was moved in distinct intervals in order to
uniformly cover the mat surface with tiny resin droplets.

2.4, Characterization

Surface morphology, diameter and alignment of the obtained nanofibers as well as the
topography of nanocomposites fracture surfaces were studied by JEOL Neoscope JCM-5000
scanning electron microscopy (SEM). Samples were coated with gold for 240 s by a Quorum
QI50R sputter coating machine to avoid charging. Measurements of fibers dimensions on
obtained micrographs were done using the Electrospinz SEM Analyser software. The results
were reported as the mean values of the data for each set of measurements.

The tensile mechanical properties of fabricated nanocomposites were investigated using
a universal testing machine (Instron 4444). Rectangular shaped specimens of
80 (/) x 6 (w) x 0.1(¢) mm3 were used. The initial gap between jaws was adjusted to 25 mm.
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Tests were run at room temperature according to ASTM D882. A crosshead speed of 50
mm/min and load cell of 500 N was used for this test. The average values of the modulus, tensile
strength and elongation at break over at least four replicates for each sample were taken.

Dynamic mechanical measurements were performed using a DMA Q800 (TA
Instruments) equipment in the rectangular tension mode at 1 Hz, in the temperature range
from room temperature to 150 °C and heating rate of 5 °C / min. The dimensions of the samples
were 15 (/) x5 (w) x 0.1(¢) mm3. The strain values were sufficiently small to assure that the
mechanical response of the specimen was within the linear viscoelastic range. The storage
modulus, the loss modulus, and the ratio of these two parameters, tand were determined.

Thermogravimetric analysis was carried out with a TGA Q600 (TA Instruments)
equipment. Data were obtained under linear temperature conditions. The temperature was
swept from room temperature to 500 °C at a heating rate of 10°C/min under a nitrogen
atmosphere.

3. Results and discussion

3.1. Microstructural analysis

The average diameter of the uniaxially aligned and random PVOH fibers was 267 nm,
(Figure. 1a-b). The micrographs of fracture surfaces of fabricated materials are clearly showing
the degree of morphological variation by addition of fibers and the change in manufacturing
process.

Figure 1. Scanning electron micrographs of (a, b) electrospun PVOH
fibers and tensile fracture surfaces of: (c) NE, (d) WLNC, (e) ESNC.

As illustrated in Figure 1c the neat epoxy film (NE) has a brittle fracture behavior,
characterized by large smooth areas. Figure 1d illustrated the SEM of failure surface of WLNC
film and proved reasonable interfacial adhesion between the two phases, characterized by
epoxy beads on the fiber remnants. This is attributed to the fiber / matrix compatibility and the
possible hydrogen bonding interactions existing at their interface. The anhydride and the epoxy
groups in the epoxy resin can react with the hydroxyl groups in the PVOH [12]. It has been
stated that the PVOH ground surface, which represents the bulk, has reactive functional groups
present at the outermost surfaces. As a result the PVOH polymer has more reactive functional
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groups and a higher surface energy, which produces a surface with increased wettability and
more possibilities for the creation of chemical bonds. ESNC films revealed a considerably
different fractographic features (Figure 1e). The microstructure of the failure surface completely
varied with that of WLNC films implying a shift in the level of the fiber/matrix interaction. The
rough fracture surface and indistinct epoxy / fiber interface is evidence of efficient interfacial
interaction of the two phases.

Apparently a dramatical increment in the fiber / matrix interfacial area by
electrospraying the epoxy resin, rather than simple impregnation, led to such a significant shift.
It is also worth to note that the fracture surface roughness observed in ESNC film helps to
create a more tortuous path which requires more energy to propagate cracks and should lead to
better mechanical performance [13].

3.2. Tensile properties

Recorded data for all three tensile parameters (tensile strength, Young’s modulus and
elongation at break) are presented in Figure 2.
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Figure 2. Tensile strength (MPa), Young’s modulus (GPa)
and elongation at break (%) of fabricated materials.

Significant increases in tensile strength (472 %), Young's modulus (234 %) and
elongation at break (278 %) against neat matrix, were recorded for WLNC. Changing the
processing technique to electrosprayed resin addition lifted these values to 695, 246 and 286 %,
respectively. In the case of WLNC, it can be proposed that nanofibers bridge at the onset of
matrix crack and contribute to redistribution of stresses near damage such as interfacial
debonding so failure is delayed, resulting in the observed increase in mechanical performance.
The significant contrast in results of the ESNC indicate that this novel processing technique
improves the efficiency of fiber / matrix interactions and encourage the formation of a 3D
fiber/matrix network securing the percolating nanofiber network within the matrix. The
concomitant increase of elongation at break supports this proposition. The improved stiffness
and ductility is a departure from the usually observed properties of nanocomposites, in which
increases in modulus occur at the expense of elongation at break [14 — 16].

It is noteworthy to mention, the significant increases in mechanical properties observed
in this study are believed to be mostly due to the alignment of the electrospun fibers as aligned
fibers are classically more efficient reinforcements than randomly orientated fibers. In a study
of epoxy reinforced electrospun cellulose nanofibrous mat, tensile strength of aligned cellulose
nanofibrous mat in the longitudinal direction was increased seven fold compared to random
mat [17].
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3.3. Dynamic mechanical analysis

The effects of fibers addition and the variation in processing technique on the linear
mechanical properties were investigated by DMA and the plots of the storage tensile modulus
(E”) and loss angle tangent (tand ) at 1 Hz as a function of temperature for the studied materials
are given in Figure 3. The neat epoxy resin film showed a typical mechanical behaviour of an
amorphous polymer material and presented the steepest slope of modulus drop with
temperature compared to composite films (Figure 3).The modulus drop happened in the glass-
rubber transition zone which is due to an energy dissipation phenomenon involving
cooperative motions of long amorphous segments likely to rotate and translate [18]. With
increasing temperatures the tensile modulus steadily decreases due to irreversible chain flow
and disentanglement that are typical in amorphous polymers. At even higher temperatures, the
modulus dropped sharply due to unrecoverable deformations of polymer matrix.
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Figure 3. Evolution of logarithm of storage modulus
(£') and tan S as a function of temperature.

However results obtained from the reinforced films showed an improvement in storage
modulus over the range of temperature for both WLNC and ESNC films, with predominance in
the latter. For example the storage modulus of WLNC and ESNC films at 75 °C was increased by
28 and 38 times over that of the neat matrix. Moreover, as displayed in Figure 3, with change in
processing technique, the tand peak shifted towards higher temperatures. Typically the higher
the 7, the higher the cross-linked density and the higher the modulus. As expected, the most
prominent temperature peak shift occurred in the ESNC film which was + 23.73 °C. The height
of tand peaks was also decreased for the fiber / epoxy nanocomposite films, suggesting that the
dampening effect was reduced with the embedding of fibers into the matrix. The significant
reinforcing effect observed in the ESNC film is ascribed to the intimate fiber/epoxy interfaces
which cause the fibers to effectively communicate through the matrix via the percolation
network held by hydrogen bonds. Thus reduce force impact and deformation thereby
enhancing the storage modulus above 7.

3.4. Thermogravimetric analysis

TGA is the most favoured technique for comparing and ranking the thermal stability of
various polymeric samples. In this research in order to obtain deeper insights on the
interactions between the constituent phases and the effect fibers addition and processing
technique on thermal stability of fabricated films, TGA experiments carried out. Obtained
thermogravimetric (TG) and derivative TG) curves are depicted in Figure 4.
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Figure 4. TG and DTG curves of PVOH
nanofibers, NE, WLNC and ESNC films.

The PVOH nanofiber mats had the lowest thermal stability of the studied materials with
a three-stage thermal decomposition process. The first stage presents the loss of weak physically
absorbed water while second stage exhibits the decomposition of the PVOH side chains. The
third stage shows the decomposition of the main chain of the PVOH [19]. The epoxy resin
underwent typical thermal degradation beginning at 326 °C leading to a mass loss of 42 %. The
thermal degradation profile of these materials combined into nanocomposite films showed
similar effects. Overall, TGA findings were coherent with findings discussed in previous
sections and followed the same trend: ESNC > WLNC > NE > PVOH. This again corroborated
the good interaction between fibers and the matrix phase.

4. Conclusions

The findings of this research demonstrated that by using uniaxially aligned nanofibers, it
is possible to make a considerable shift in thermal and mechanical performance of
nanocomposite materials. The significant increase in mechanical properties at low levels of fiber
addition indicates that the presence of aligned nanofibers made by electrospinning, with
evident good interfacial adhesion between matrix and filler, are efficient reinforcements for
composite articles. The novel electrospraying technique further improved the properties of the
nanocomposites, and is a robust manufacturing technique with a ready potential for scale-up. It
is worth noting that conventional composite manufacturing techniques may not be suitable for
use with electrospun fibers due to the risk of fiber wash and poor impregnation. Electrospraying
protects the nanofibers from handling damage, and importantly, does not affect fiber alignment.
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Abstract

The InP based nanowires were produced by direct annealing of crystalline InP sources
in hydrazine (N2Hs) vapor and subsequent condensation of volatile spices onto the substrates.
The morphology and sizes of nanowires showed strong dependence on the growth temperature.
In the temperature range of 440 — 540 °C, the morphology of InP nanostructures were changed
from true nanowires with minimum diameters of ca. 25 nm formed at 440 °C, to faceted, several
um size large crystalline blocks of InP growing at 540 °C simultaneously with the rhombus
decorated zigzag shaped InP nanowires with extended surfaces. The nanowires growth
mechanism also varied with the temperature. In the range of 440 — 500 °C they were growing
through the Vapor-Solid mechanism. At 540 °C the Vapor—Solid and Vapor-Liquid—-Solid
mechanisms coexisted forming large elongated blocks of indium phosphide together with zigzag
shaped InP nanowires.

1. Introduction

The bulk Indium Phosphide (InP) is an important semiconductor due to its unique
electronic and optical properties [1, 2]. These outstanding features are even more pronounced
in one dimensional InP nanowires (NWs) because in such nanomaterials the properties are
strongly influenced by the increased surface-to-volume atomic ratio and different size-
depended quantum effects [1, 3 —7]. III-V semiconductor nanowires have been considered as
the most promising materials for next generation optoelectronic devices including light
emitting diodes, opto-transistors, lasers, photodetectors, and solar cells [8, 9]. Recently the great
interest was attracted to the photovoltaic and photodetectors application of InP nanowires and
InP nanowire areas. The reason for this lies in the very high optical absorption in InP nanowire
areas that may exceed 90 % [4, 9, 10].

The bulk InP has the zinc blend (ZB) structure, while InP nanowires may easily adopt
the unusual wurtzite (WZ) structure together with ZB one. In some cases both structures may
coexist and the interband transitions in the mixed-phase regions of nanowires may increase the
efficiency of photodetectors or solar cells [11]. The morphology can also change the properties
of InP nanowires. For example, the zigzag-shaped InP nanowires exhibit unique novel optical
properties which may find applications in optoelectronic devices [2, 12, 13].
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The purpose of this study was to investigate the temperature dependence of the
morphology of InP nanowires produced by pyrolytic method in the presence of hydrazine
(N2H4) vapor.

2. Experimental

Nanowires were grown in the vertical quartz reactor, which was first evacuated down to
5.3-10%Pa and then filled with N2H4 vapor, which was containing 3 mol. % H20. The reactor
was then isolated from the vacuum system and the saturated pressure of N2Hs4 (~1.3-10-3 Pa) was
established in the chamber at the room temperature. The source material in the form of
unpolished 2 — 3 mm thick single crystalline InP disc was placed at the flat bottom of the
reactor (the hot zone) and the substrates (polished Si and glass) were placed on a tubular quartz
spacer at 0.5 — 2.0 cm above the source (the cold zone). The external furnace was attached to
the bottom of the reactor. The source was annealed in the temperature range of 400 — 580 °C.
The substrate was subsequently heated due to radiate and convective heating from below, and
its temperature was determined by the source temperature and the distance from the source.
The typical growth process lasted for 40 — 60 min.

The morphology and structure of NWs were studied using FEI Quanta FEG 600
Scanning Electron Microscope (SEM) and FEI Tecnai F30 (FEG) equipped with energy
dispersive X-ray (EDX) and a high-angle annular dark-field (HAADF) detector. XRD data were
taken on a Shimadzu XRD-6000 diffractometer.

3. Results and discussion

InP nanowires were grown on the substrates heated at three different temperatures —
440, 500 and 540 °C. The first step in the InP nanowire growth process was the thermal
decomposition of crystalline InP source. As a result, the gaseous phosphorus ambient and In
precursors were formed. Simultaneously, at elevated temperatures due to the pyrolytic
decomposition of hydrazine the active chemical species were produced. They include H> and
atomic hydrogen (as an intermediate product), together with NH, NH2, NHs, molecular and
atomic nitrogen.

As it was found in [14], in the presence of hydrogen the InP dissociation temperature
can be significantly decreased. For example, the energy of activation of dissociation reaction is
reduced from 154.5 down to 38.9 k] mol, and InP dissociates at 297 °C in the presence of
atomic hydrogen. The most important is that the phosphine (PHs) appears in the gaseous phase
together with Ps, and the pressure of diphosphorus (P2) increases up to 10 Torr, providing
phosphors precursors for the growth of InP NWs.

The transportation of In to the Si substrate surface needs the formation of volatile
molecules. The only volatile species that could perform this task are In suboxides (In20). The
water molecules diluted in hydrazine and some residual oxygen in the reactor are considered to
be the only sources for producing indium suboxides. In20 served as a precursor in deferent
technologies that were developed for the growth of InP nanowires. The solid powder of In20s is
usually used for producing indium suboxides. This is accomplished by annealing of a mixture of
In20s3 and pure In, or using carbon powder with In20s In both cases, due to the absence of
oxygen, the heat treatment causes the transformation of stabile In III oxides into the volatile
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indium suboxide or COa. In our technology In:0 was produced after thermal dissociation of InP,
formation of indium droplets onto the surface of source InP and interaction with water vapor.
The water content in hydrazine was quite low (3 mol. %) for producing stabile In:0s, but its
concentration was sufficient to form volatile suboxides which then served as precursors for the
synthesis and growth of nanowires.

Figure 1 represents the XRD pattern of InP nanowires synthesized at 440 °C on Si
substrate. Only the diffraction peaks of zinc bland type InP are observed. All nanowires
synthesized in the temperature range of 440 — 550 °C have the same zinc bland structure. It
should be noted, that in our previous work [15] using the same technology but Ga + InP source,
we have obtained core-shell nanowires with wurtzite InP core and amorphous Ga:0s shell. The
formation of WZ InP can be attributed to the presence of Ga in the source material.

Intensity (a. u.)
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Figure 1. XRD pattern of InP nanowires grown on Si substrate
at 440 °C. Inset shows the SEM image of the same nanowires.

At lower temperatures the nanowires have smaller diameters and circular cross-sections.
The grown nanowire “mat” is shown in the inset of Figure 1. No evidence of tapering was
observed in InP nanowires. The aspect ratios of nanowires were sufficiently high as the lengths
of some NWs in the inset of Figure 1 exceeded 30 pm and the minimum thickness was less than
25 nm. The large deviation in NW diameters is a drawback of the developed technology
together with the deposition of side products at the early stage of the NW growth. Unevenly
distributed side product may change the local temperatures at the NW nucleation sites causing
the large deviation in NW diameters.

The absence of catalyst droplets at the NW tips indicates that the growth was performed
through the oxide-assisted Vapor—Solid (VS) method.

TEM investigation of grown product reveals that two types of NWs were formed on the
Si substrate at 7s = 440 °C. Both of them are presented in Figures 2a and b. The first one has a
uniform diameter and its side-wall appears as a straight line in the TEM image (Figure 2a). Its
body has less dark spots and lines in HAAD STEM (Figure 2b) indicating more or less uniform
distribution of density and strains. The electron diffraction patterns (not shown in Figure 2)
confirmed that both NWs had ZB structure and they were growing along the [111] direction
with d-spacing of 0.34 nm that corresponds to interplane distance in ZB InP.

The (111) surfaces of ZB III/V semiconductors have the lowest surface free energy. Due
to the low stacking fault energy of (111) InP, this crystal easily forms twins which are
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frequently observed in InP NWs [16]. These so-called rotational twins may cause the blue shift
of Photoluminescence and an unexpectedly large photovoltaic effect [17, 18]. This type of
twinning was also observed in our InP nanowires. Figure 2c represents one of the randomly
twinned InP nanowires. The growth direction is again [111] but the electron diffraction pattern
(not shown in Figure 2) presents the striation of spots that are characterizing the intensive
twinning. Insertion of a twin plane into the zinc-blende crystal changes the stacking order
creating a small segment of wurtzite between two zinc-blende domains. Each time the twin is
formed the wall of NW changes the direction by 39 degrees causing the irregular side-wall
profile shown in the TEM image (Figure 2d). The morphology of these NWs exactly coincides
with typical shapes of twinned III / V semiconductors reported by other authors [19].

HAADF STEM

Figure 2. TEM images of zinc blend InP NWs without and with
rotational twins grown at 440 °C (a); HAADF STEM image of same
NWs (b); randomly twinned NW (c) and the image of its sidewall (d).

cu
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Figure 3. HAAD STEM image of InP nanowire (grown at 440 °C) with regular
zinc blend structure and with rotational twins (a) and corresponding EDX
spectra of NWs taken from the rectangular areas marked by 1 and 2 in a (b, ¢).
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The composition of NWs was analyzed using the high-angle annular dark-field
(HAADF) scanning transmission electron microscopy (STEM). This method is based on the
z-contrast effect and the material with high mean atomic number appears in the image as a
bright area. Two neighboring nanowires were chosen for analyzes. The first was containing
large amount of twins and the second was nearly uniform with much less twins. Figure 3a
presents the HAADF STEM image of both NWs with their characteristic features. In the
twinned NW the deviation of NW diameter along the growth direction can be clearly detected.
Note that the color of untwined nanowire is uniform displaying the uniform distribution of
material all over the wire. It means that the dark spots on the ZB nanowire without twins
presented in Figure 2a are caused solely by local strains and charges. The image of a left
nanowire in Fig.ure 3a shows non-uniform distribution of density caused by twinning and
insertion of wurtzite segments.

The composition was determined using EDX method and the analyzed framed square
areas are shown in Figures 3b and c. As can be seen both nanowires have the same composition
close to stoichiometric InP. The carbon and Cu signals are caused by TEM grid and partly by
hydrocarbon contaminants which were adsorbed during the air exposure of NWs. The most
important result is that even in the presence of oxygen and nitrogen precursors in the
hydrazine decomposition products, both nanowires do not contain oxygen or nitrogen. One
possible explanation is that the growth temperature (7: = 440 °C) is insufficient to produce
indium nitride, while oxides are reduced in the presence of hydrogen.

EHT= 180KV  SignalA=SE2  Date 28 Oct 2014
WD = 36mm Photo No_ = 5203 Time :16:35:18

1pm
Mag = 30.00 K X

Figure 4. Zinc-blend InP nanowires produced at 500 °C.

The increase of growth temperature up to 500 °C caused the formation of mostly
untwined InP nanowires. However, the diameters of NWs were also increased reaching the
maximum value of ca. 600 nm (Figure 4). Again, no catalysts were found at NW tips and the
growth was performed by VS method. At this temperature the secondary nucleation and
brunching was taking place as it is indicated by a white arrow in Figure 4.

The dramatic changes in the morphology of NWs were observed when the growth
temperature was raised to 540 °C. Figure 5 illustrates the morphologies of materials produced at
this temperature. Two types of materials can be defined in Figures 5a and b. One represents
large, several micrometers wide and faceted blocks of crystalline InP with catalyst ball tip.
Their widths reach several micrometers and lengths — tens of pm. It should be noted that the
amount of products grown on Si substrate at 540 °C exceeds by 3 —4 times that of NWs
produced at lower temperatures.
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Figure 5. SEM images of two types of InP NWs formed on Si
substrate at 540 °C (a, b); Increased view of zigzag shaped nanowires.

The presence of catalysts is clear evidence that NWs were growing through the VLS
method. This method needs low energy budget and hence may take place at low temperatures.
However, the situation is reverse in our experiments as at low temperatures the NWs are grown
by VS mechanism which is then changed to VLS at elevated temperatures. XRD patterns show
no evidence of the presence of crystalline In or any other crystalline material in catalyst tips.
We suppose, that at high temperatures, close to 540 °C, after intensive adsorption of In20
molecules, a part of them was reduced by hydrogen to metallic In, which then coalesced into
large molten In droplets providing catalysts for VLS growth. The process involved permanent
dissolution of phosphorus and indium precursors in molten catalyst, oversaturation and
segregation of solid InP. After the furnace was switched off and the process was stopped, the
solidification of cooled catalyst proceeded at a high concentration of impurities which
prevented the crystallization of catalyst droplets. The porous appearance of some catalyst
surfaces also confirms this assumption. In contrast to VLS growth at 540 °C, at lower
temperatures (440 — 500 °C) the intensity of In2O sublimation and adsorption was significantly
lower and adsorbed molecules were consumed solely for the VS growth of InP nanowires.

The second type of NWs is also clearly seen in Figures 3a and b. These are straight NWs
wit uniform diameters in the range of 50 — 200 nm. They are scattered all over the surface
covered with large InP blocks. SEM images of these NWs are shown in Figures 5c and d. The
absence of catalyst tips indicates that in contrast to large InP blocks, this type of NWs was
growing through the VS mechanism.

The same types of NWs were obtained in [12, 13]. They were produced in the quartz
tube heated up to 1200 °C. This temperature is by 660 °C exceeding the growth temperature in
our processes. The authors call them the periodic-rhombus-decorated single-crystal InP and
explained their formation by the presence of ZnSe promoter in the reaction chamber. These
twinned NWs were characterized by unique structural and optical properties which were
making them interesting for the device applications. Our experimental setup does not use ZnSe.
It can be suggested that formation of this unusual structure is caused and promoted by the
presence of active hydrazine decomposition products together with a high growth rate at
elevated temperatures which leads to intensive twinning, and results in the formation of NW's
with observed morphology.
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4. Conclusions

InP nanowires were grown by annealing crystalline InP sources in the vapor of
hydrazine diluted with 3 mol. % H20. In20 and phosphorus formed after thermal dissociation
of InP served as precursors for the synthesis of NWs. In the temperature range of 440 — 500 °C
the zinc blend type InP nanowires with regular structure and twinned nanowires were
produced. They were growing through the Vapor—Solid mechanism. NWs produced at 440 °C
had smaller diameters (20 — 100 nm) then those, synthesized at 500 °C. At 540 °C two types of
nanowires were simultaneously observed: elongated large InP crystalline blocks with several
micrometer cross sections grown by In catalyzed Vapor-Liquid—Solid mechanism and zigzag
shaped, twinned, straight InP NWs with diameters in the range of 50 — 200 nm. Formation of
zigzag InP NWs is explained by the high activity of hydrazine decomposition products and
intensive twinning that take place at 540 °C.
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Abstract

This paper considers the use of modified Polysulfone membranes for the treatment of
wastewater produced in the oil and gas industry. The micro-porous anisotropic membranes
were prepared using the Phase Inversion (PI) method and embedded with carbon nanotubes
(CNTs) and / or not supported on a polyester non-woven fabric. The membranes were
characterized using the Scanning Electron Microscopy (SEM), atomic force microscopy (AFM),
Fourier Transform Infrared Spectroscopy (FTIR), and tensile strength analysis. The pore sizes
ranged from 1.598 pm for the membranes with the fabric support to 0.191 mm for the CNT
imbedded membranes without a fabric support. The results showed that the functionalized
CNTs interacted with the hydrophobic membranes to enhance its physical, chemical and
mechanical properties. The addition of a fabric support decreased the pore sizes of the PI
membranes. The membranes were tested for performance and it was shown that increasing
pressure increased permeates flux and CNTs increased permeate flux while controlling fouling
via pore blockage. The fabric influenced the flux decline by providing further resistance to the
flow of permeates through the membrane. Permeates were collected and tested for oil
concentrations. The results showed oil rejections ranging between 78 and 90 % with the mixed
matrix phase inversion membrane supported on a polyester non-woven fabric having the
highest oil rejections.

Introduction

Produced oil wastewater is the largest waste stream from oil and gas exploration and
production processes [1] and as a rule of thumb the quantity of produced oil wastewater from
offshore and onshore activities is approximately three times that of the oil that is refined.

Produced oil wastewater is generated when underground saline water, which is denser
than crude oil settled in reservoir rocks, comes out with some oil and gas during the drilling
process or when formation water, injected into the oil wells during exploration comes to the
surface with the oil and saline water mixture. Produced oil wastewater contains various organic

87



Assessment of polysulfone membranes ... for the treatment of oil and gas produced wastewater.

and inorganic impurities dissolved in the dispersed oil or in water [2] and these impurities
cannot be discharged directly to the environment. Typical concentration of oil in produced
water ranges from 50 to 1000 mg / L or more, depending on the oilfield [3, 4]]. Contaminants in
dispersed oil include carcinogens polycyclic aromatic hydrocarbons (PAHs) and heavy alkyl
phenols, dissolved minerals that contains trace amounts of heavy metals and normally
occurring radioactive materials such as radium 226 and 228 [5].

Different physical and chemical treatment methods have been considered for the
treatment of produced oil wastewater [2, 6]. However; the challenge has been that most of these
technologies are not suitable for produced oil wastewater for offshore processes due mainly to
space limitations and to the cost and additional toxicity of chemicals often required in these
processes [2]. Biological treatments have been also considered and although they are less costly
and better at removing dissolved and suspended compounds from the wastewater, they still face
the challenge of limited space on offshore platforms [2].

To circumvent the above problem of space limitations, membrane treatment processes
have been considered for medium to large offshore platforms as well as the onshore treatment
of produced oil wastewater. Membrane processes have proven to have low capital cost, makes
no use of toxic chemicals and can treat large flows of wastewater to produce high quality
permeates [7]. However; the major challenge with the application of membrane processes has
been the occurrence of fouling [8] which significantly affect the membrane performance and
increases the overall cost of wastewater treatment. There have been suggestions that the
membrane fouling can be controlled through modification with materials such as carbon
nanotubes (CNTs) or polyvinyl alcohol [9, 10). This is the context behind this paper which
seeks to assess the performance of modified membranes with carbon nanotubes and a polyester
non- woven fabric.

Material and methods
Materials

Crude oil from NATREF Laboratory in Sasolburg, South Africa was used in the
production of synthetic oil water. All chemicals were analytical grade chemicals from Sigma-
Aldrich, unless otherwise stated. Polysulfone beads (mol wt. 35 000Da), 1-methyl-2-
pyrrolidinone (NMP, >99 %), calcium carbonate (CaCOs), iron (III) nitrate nonahydrate
(Fe(NOs3)3.9H:20, > 98 %), cobalt (II) nitrate hexahydrate (Co(NOs3)2.6H20, 98 + %) and 55 %
nitric acid (HNOs of 55 % concentration) were all bought from Sigma-Aldrich. Technical grade
nitrogen and acetylene gas were bought from Afrox South Africa. Sojitz Corp., Japan donated
the polyester non-woven fabric.

Equipment and methods

A 1000 mg / L oil water mixture was prepared using millipore water. This was sonicated
for 30 min until the oil was adequately dispersed in the water. This solution was left untouched
in ambient conditions for a month to ensure the dispersed oil did not naturally separate into the
different phases.

The CVD method was used in the production and functionalization of CNTs with
acetylene as the carbon source and the produced metallic alloy as the catalyst as described by
Phao [11]. The setup is illustrated in Figure 1. Nitrogen was used as the inert gas to purge the
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system of any unwanted material and reduce the amount of impurities in the CNTs. One gram
of the catalyst was measured onto a quartz boat and placed at the center of the horizontal
furnace. The furnace was set to 700 °C and inert nitrogen gas passed through the quartz tube at
180 ml / min for 110 min. After the purge time, acetylene gas (along with nitrogen gas) was
allowed through the system at a rate of 90 ml / min for 1 h to initiate the CNT growth.

CVD
Furnace
- Quartz Iron
Condenser Boat Cotal
ICatalyst
‘ Y, '
HNO | [
4_/ 3 CH, N

CNT:! JH, N, .
) Oil Reflux Heat Control er-llla;'eL

Magnetic stirrer and
Temperature Controller

Thermocouple

Figure 1. (a) CVD set up for CNT synthesis (b) Acid treatment of synthesized CNTs.

The as grown CNTs were soaked in 100 ml of HNOs. This was then refluxed at 110 °C for
4 h. The mixture was allowed to cool and poured into a 5000 ml beaker of distilled water to
allow the functionalized CNTs (fCNTs) to settle. The fCNTs were thoroughly washed with
distilled water until a neutral pH was attained and then dried at 120 °C prior characterization.

The phase inversion method was used in the preparation of the polymeric membranes. A
20 % w/w casting solution was prepared using polysulfone (PSF) as the polymer and (NMP) as
the solvent. The PSF beads were dissolved in the solvent by magnetic stirring for 24 hours, until
a homogenous solution was obtained [11]. For the fCNT/PSF blended membranes, a 0.04 wt. %
concentration of CNTs was dispersed in the solvent and mixed vza ultrasonication until a
homogenous solution was obtained before the PSF beads were added. The NMP was used to top
up the solution to its initial level to ensure that a 20 % w/w solution was maintained. The
solution was then cast using a casting blade set to 250 pm. The casting solution was cast on a
glass plate, with the polyester non-woven fabric firmly supported onto the glass. The cast
solution was then immersed into a bath of distilled water for the phase separation step. The
membrane was further washed with distilled water and stored in another water bath for 24 h to
ensure the complete liquid-liquid transfer of the liquid and solvent.

The Sterlitech™ membrane test cell system was used for the membrane filtration tests.
Figure 2 presents the flow diagram of the system. The system allowed for 4 membranes to be
tested simultaneously. This made it easier to repeat the experiment and reduce the standard
deviation. To compact the membranes, distilled water was passed through each membrane at
689.475 kPa for a minimum of 4 h. Pure water fluxes were calculated at four different pressures
for each membrane: 172.37, 241.32, 310.26 and 379.21 kPa. The prepared synthetic produced
oil was then passed through the membranes and the permeate fluxes determined at the same

pressures. The fluxes were calculated using Eq. (1):

Jp == (1)

where, J» is the permeate flux (for both water and oil fluxes) obtained and is measured in
(1/mh), V is the volume of the collected permeate, A is the effective membrane area
(0.0042 m? for this system) and At is running time during which permeate was collected.
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Displayed text Description
P1 Inlet pressure sensor in psi / bar
P2 Outlet pressure sensor in psi / bar
VFD Variable frequency drive
Figure 2. The Sterlitech™ PR1 Pressure relief valve in 150 psi
membrane test cell system. DV Tank drain valve
V1 Bypass needle valve
NV Control valve
FM 1& 2 Flow sensor 1 and 2
C1, C2, C3 & C4 Membrane cells

The same experiment was conducted at a constant pressure of 45 psi for 2 h to determine
the flux variation with time. The volume after every 15min was measured and used to calculate
the relative flux (/;), which is given as

Jr=1 2)
where, J: is the flux after every 15 min and J is the initial flux. The flux decline (FD:) was then
calculated using the following equation

FD, = (1 - j—f) x 100 3)

The efficiencies of the membranes were determined by calculating the percentage oil
rejection (&) by the following equation
R= (1 - C—”) x 100, (4)
Cr

where, (¢ in mg / L is the concentration of the prepared synthetic produced oil (1000 mg / L)
and G, is that of the oil in the permeate. The concentrations were measured using a UV-Vis
photo-spectrometer.

Analysis

Transmission Electron Microscopy (TEM) analysis was used to confirm the existence of
CNTs and Raman spectroscopy combined with Fourier Transform Infrared Spectroscopy (FTIR)
were used to confirm the presence of functional groups in the CNTs walls. An Energy
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Dispersive Spectroscopy (EDS) analysis was used to investigate the purity and composition of
the synthesized nanotube. The synthetic produced oil wastewater was passed through the
prepared membranes and the permeate fluxes were collected and recorded at the same pressures.
These permeates were then characterized for oil rejections using the UV-Vis photo-
spectrometer. The variation of flux with time was also recorded to study the effects of fouling
on the membrane.

Results and discussions

The properties of the Phase Inversion (PI) membranes prepared were analyzed and the
effects of the addition or not of CNTs and the fabric on the physical, chemical and mechanical
properties of the membranes were investigated. Table 1 summarizes the pore and fracture sizes.
It was found that the top surface of the PI CNT membrane is very similar that of the PI bare
membrane except the surface pores are slightly larger with an average diameter of 0.191 mm,
compared with 0.164 mm of the PI bare membranes. The fractures in the cross section are also
slightly larger in the PI CNT membranes with an average size of 1.587 pm, compared to the
0.659 pm of the PI bare membranes The pores size are 1.192 and 1.592 pm for the PI bare on
fabric and PI CNT on fabric respectively. The pore and fracture sizes increases after CNTs are
imbedded into the membrane. The membranes cast on fabric have smaller surface pore and
larger fracture sizes than those without the fabric support. This is due to the interaction
between the casting solution and the fabric, which seems to enhance the rate of the liquid-
liquid exchange between the water and the NMP solvent and in turn increases the pore sizes of
the membrane. These pores and fracture sizes are consistent with micro porous anisotropic
membranes as reported in the literature [12].

Table 1. Pore and fracture sizes synthesized membranes.

Top surface pore size | Cross sectional fracture size
PI bare 0.164 um 0.659 um
PI CNT 0.191 ym 1.587 ym
PI bare on fabric 1.192 ym 1.727 ym
PI CNT on fabric 1.598 ym 3.417 ym

The Veeco Di3100 atomic force microscope was used to evaluate the topographic images
of the membrane surfaces. A contact mode (or tapping mode) AFM was employed. In this mode,
a laser beam is deflected off the back of a cantilever and the deviation signals are read and
illustrated as the topographic images. The pore distribution was qualitatively analyzed and
surface roughness presented. The surface roughness of a membrane is directly related to the gas
permeability of the membrane [13]. In the 3D images, the nodules (or peaks) represent the
bright spots, while the pores (or valleys) represent the dark spots. Figure 3 presents the AFM
images for the PI bare and PI CNT membranes. Figure 3b has a higher distribution of dark and
light spots (nodules and pores) for the same area. This is translated to an increase in the
Roughness R from 62.387 to 328.33 nm. This agrees with what is expected i.e. the modification
of the membrane with CNT should translate to an increase in the permeability of the
membrane.
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() (@)
Figure 3. (a) AFM image of PI bare; (b) AFM image of PI CNT; (c)
AFM image of PI bare on fabric; (d) AFM image of PI CNT on fabric.

A sessile drop experiment was performed to determine the water contact angles of the
membranes and the contact angles measured for the two membranes also agree with the
expected decreasing trends: 79.832 and 72.158° for the PI bare and PI CNT membranes
respectively.

Table 2. Contact angle and roughness results
for fabric-supported membranes.

Contact angles | Roughness (&)
PI Bare 79.83° 62.39 nm
PI CNT 72.16° 328.33 nm
PI bare fabric 80.73° 92.91 nm
PI CNT fabric 77.93° 154.77 nm

These results follow the existing trend where the introduction of CNT increases the pore
and nodule distribution on the membrane surface. The Roughness R for the PI bare and PI
CNT membrane on a fabric support are 92.911 and 154.77 nm, respectively. The contact angles
in turn decrease from 80.730 to 77.929° for the fabric-supported PI bare and PI CNT
membranes respectively. Comparing the membranes without the support with those with a
support reveals that the introduction of the fabric support increases the surface roughness and
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the contact angles of the PI membrane (Table 2). This makes the membranes more permeable to
gases but slightly less hydrophilic. Table 2 summarizes the AFM and contact angle results for all
the synthesized membranes.

The FTIR analyses were performed to assess if the CNT were properly blended and
dispersed onto the membrane structure and Figure 4 shows the spectra for the PI bare, PI CNT
membrane and the PI membranes with and without a fabric supported.

Pl- Bare
PI-CNT

—PI bare on fabric
PI CNT on fabric

1095¢m’!

N

B NN T

Transmittance in %

500.00 1000.00 1500.00 2000.00 2500.00 3000.00 3500.00 4000.00
Wavelength in cm'

Figure 4. FTIR spectra for PI bare, PI CNT membranes,
and PI membranes with and without a fabric supported.

The spectra of PI bare and PI CNT membranes have the characteristic peaks for a
polysulfone (PSF) membrane [14]. The spectra for PI CNT however contain an extra band from
3400 to 3480 cm™!, characteristic for hydrogen bonds [15]. The presence of this band confirms
the presences of the fCNTs interacting with the PSF structure and explains the increased pore
sizes, permeability and hydrophilicity Figure 4 shows that there is no significant change in the
bond structure with the addition of the fabric support. One slight difference however is the
reduction of the peak at 1095 cm™!. This peak reduces and merges with the peak at 1109 cm™ in
the membranes supported on a fabric. This peak may be associated with the stretching and
bending of the sulfonated group. This could indicate some interaction between the polymer
layer and the non-woven fabric support.

Tensile strength

The TA.XT Plus Texture Analyzer was used for the tensile strength analysis to assess the
mechanical properties of each membrane Membranes with higher tensile stress are able to
withstand higher cross flow pressures and thus less susceptible to breaking during the filtration
process. Membranes with higher UTS are regarded as rigid. The Young's modulus or the
modulus of elasticity is also presented to give an indication of the stiffness of the membrane.
Table 3 summarizes the tensile strength and Young’s modulus information for the membranes
imbedded with CNTs.
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Table 3. Effect of CNTs and the fabric on the
mechanical properties of the membrane.

Tensile stress in kPa | Young’s modulus in N / m?
PI bare 13.55 433.78
PICNT 16.24 421.14
PI bare on fabric 64.77 1000.00
PI CNT on fabric 75.92 913.57

The addition of CNT increases the tensile strength of the membrane but also reduces the
rigidity of the PI membrane. This could be due to the interaction between the CNTs and the
polymer structures of both membranes. The FTIR in Figure4 has shown a significant
interaction between the CNTs and the PI membranes with the introduction of the O-H bond.
The reduced rigidity maybe attributed to this interaction. The tensile stresses expressed here are
smaller than what the actual membranes is subjected to during the filtration tests. This is
because the membrane samples used here are significantly smaller (force per 11 cm) than those
used in the filtration tests (force per 35 mm). The results however give an accurate
representation of the stresses the membranes can handle. Table 3 shows a significant increase in
the tensile strength and Young’s moduli for the membrane cast on a fabric support.

Filtration tests

Figure 5 presents the oil fluxes at various pressures for the different prepared PI
membranes.it is seen that the permeate fluxes increase with pressure for all the membranes.
Increasing pressure increases the driving force applied across the membrane which in turn
increases the flux. Figure 5 shows that the PI bare membrane has the highest permeate flux
while the addition of CNTs decreases the fluxes through the membrane. This is probably due to

the interaction between the oil droplets and the CNTs.
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Figure 5. Permeate fluxes at various pressures;
initial oil concentration 1000 mg / L.

The increase in flux with pressure is nonlinear in all the cases presented above. This is
because the membranes present resistances to flow during the filtration process [16]. The effect
of flow resistance is better understood by varying the time.
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Figure 6. Flux variation with time at a constant pressure of 45psi.

The variation of fluxes with time is presented in Figure 6. This experiment was con-
ducted at a constant pressure of 45 psi. The plots show a similar trend of reduction in flux with
time. This can be attributed to two main phenomena; pore blockage and resistance due to
concentration polarization [16]. Some oil particles get locked up in the pores of the membranes

and hinder flow across the membranes. Oil droplets also collide with each other as they are

being forced through the membrane. With time, larger droplets of oil are formed that can no

longer pass through the pore structures of the membrane. This is probably the cause of the
decline in flux over time. From Figure 6 one may see that the addition of CNTs help control
flux decline by controlling fouling of the membrane [17].
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Figure 7. Flux decline of the membranes at a constant pressure of 45psi.
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Figure 7 shows the flux decline for the 4 types of membranes over the 2 h period and
that the PI bare on fabric membrane has the highest flux decline and this flux decline decreases
with the addition of CNTs. The point at which flux decline shoots up the most between the
second half hour for the PI bare and PI CNT on fabric membranes and between the third half
hour for the PI CNT and PI bare on fabric membranes. Flux decline stays the same for the last
half hour in the PI CNT on fabric membrane and this could be due to buildup of the oil layer on
the membrane surface.
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Figure 8. Oil rejections for the various pressures.

The Cary 300 Bio UV—-Vis spectrophotometer was used to analyze the oil permeates in
order to determine the oil rejections. Figure 8 shows that all the rejections range between 78
and 90 %, with the fabric-supported membranes having higher rejections compared to the
membranes without the fabric support. The oil rejections seem to decline with the increase in
pressure. This may be explained by the fact that increasing cross membrane pressure forces the
oil through the membrane pores and in turn reduces its rejection values. The membranes
supported on a fabric require larger cross membrane pressures to overcome the extra resistance
provided by the fabric. It is also seen from Figure 8 that the addition of CNTs to the membranes
increases the oil rejections. The interaction between the CNTs and the membrane makes the
membrane hydrophilic and thus allows for more water and less oil to pass through the
membrane.

Conclusions

This paper has assessed the performance of modified membranes in the treatment of
produced oil wastewater. The phase inversion method was employed in synthesizing the
membranes. The membranes were modified with CNTs and a polyester non-woven fabric. It
was observed that carbon nanotubes improve the porosity, permeability, hydrophilicity, and
tensile strength of the membrane. Polyester non-woven fabric increased the roughness and
permeability of the membrane. The membranes supported on a fabric and imbedded with CNTs
have higher tensile strength.
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Filtration tests have shown that that the increase in the filtration pressure increased the
permeate flux across the membranes. The permeate flux through the membrane also decreased
with time. The addition of CNTs helped reduce this flux decline. The use of the fabric was
found to make the membrane more susceptible to fouling via pore blockage because it
significantly reduced the pore sizes.

The membranes were found to be effective in removing the oil particles from the
produced water with oil rejections ranging between 78 and 90 %. Though these rejections are
high, the oil concentrations are still above the allowable discharge limits of 50 mg /L and thus
would require further treatment before disposal to the environment. The membranes developed
in this work can however be used for recycling water within Enhanced Oil Recovery (EOR)
processes.

Acknowledgements

The authors would like to acknowledge CHIETA and the University of Witwatersrand
for the funding and facilities provided for this research.

References

1. L. Muehlenbachs, M. A. Cohen, T. Gerarden. The impact of water depth on safety and
environmental performance in offshore oil and gas production. Energy Policy, 2013, 55,
699-705.

2. M. Ebrahimi, D. Willershausen, K. S. Ashaghi, L. Engel, L. Placido, P. Mund, P. Bolduan,
P. Czermak. Investigations on the use of different ceramic membranes for efficient oil-
field produced water treatment. Desalination, 2010, 250, 3, 991-996.

3. B. Chakrabarty, A. K. Ghoshal, M. K. Purkait. Effect of molecular weight of PEG on
membrane morphology and transport properties. J. Membrane Sci., 2008, 309, 1-2,
209-221.

4. A. Fakhru’l-Razi, A.Pendashteh, L. C. Abdullah, D.R. A.Biak, S.S. Madaeni,
Z.7. Abidin. Review of technologies for oil and gas produced water treatment. J.
Hazardous Mater., 2009, 170, 2-3, 530-551.

5. T. Bakke, J. Klungseyr, S. Sanni. Environmental impacts of produced water and drilling
waste discharges from the norwegian offshore petroleum industry. Marine Environ.l
Res., 2013, 92, 154-169.

6. K.S. L. de Figueredo, C. A. Martinez—Huitle, A. B. R. Teixeira, A. L. S. de Pinho,
C. A. Vivacqua, D.R.daSilva. Study of produced water using hydrochemistry and
multivariate statistics in different production zones of mature fields in the potiguar basin
— Brazil. ]. Petroleum Sci. & Eng., 2014, 116, 109-114.

7. A. B. Koltuniewicz, R.W.Field. Process factors during removal of oil-in-water
emulsions with cross-flow microfiltration. Desalination, 1996, 105, 1-2, 79-89.

8. C. Wu, A. Li, L. Li, L. Zhang, H. Wang, X. Qi, Q. Zhang,. Treatment of oily water by a
poly(vinyl alcohol) ultrafiltration membrane. Desalination, 2008, 225, 1-3, 312-321.

9. G.-D. Kang, Y.-M. Cao. Development of antifouling reverse osmosis membranes for
water treatment: A review. Water Res., 2012, 46, 3, 584-600.

97



Assessment of polysulfone membranes ... for the treatment of oil and gas produced wastewater.

10.

11.

12.

13.

14.

15.

16.

17.

S. Maphutha, K. Moothi, M. Meyyappan, S.E.Iyuke. A carbon nanotube-infused
polysulfone membrane with polyvinyl alcohol layer for treating oil-containing waste
water. Sci. Rep., 2013, 3, Article number: 1509.

N. Phao, E.N.Nxumalo, B.B.Mamba, S.D.Mhlanga, A nitrogen-doped carbon
nanotube enhanced polyethersulfone membrane system for water treatment, Phys. &
Chem. Earth A/B/C, 2013, 66, 148-156.

J.-H. Choi, J. Jegal, W.-N. Kim. Fabrication and characterization of multi-walled carbon
nanotubes/polymer blend membranes. ]. Membrane Sci., 2006, 284, 1-2, 406-415.

M. Khayet, K. C. Khulbe, T. Matsuura. Characterization of membranes for membrane
distillation by atomic force microscopy and estimation of their water vapor transfer
coefficients in vacuum membrane distillation process. ]. Membrane Sci., 2004, 238, 1-2,
199-211.

N. Ghaemi, S.S.Madaeni, A. Alizadeh, P.Daraei, M. M.S. Badieh, M. Falsafj,
V. Vatanpour. Fabrication and modification of polysulfone nanofiltration membrane
using organic acids: Morphology, characterization and performance in removal of
xenobiotics. Separation & Purification Technol., 2012, 96, 214-228.

K. C. Khulbe, T.Matsuura. Characterization of synthetic membranes by raman
spectroscopy, electron spin resonance, and atomic force microscopy; A review. Polymer,
2000, 41, 5, 1917-1935.

B. Chakrabarty, A. K. Ghoshal, M. K. Purkait. Ultrafiltration of stable oil-in-water
emulsion by polysulfone membrane, ]. Membrane Sci., 2008, 325, 1, 427-437.

Y.S.Li, L. Yan, C.B. Xiang, L.]. Hong. Treatment of oily wastewater by organic—
inorganic composite tubular ultrafiltration (UF) membranes. Desalination, 2006, 196, 1-3,
76-83.

98



A. M. Pashaev et al. Nano Studies, 2015, 12, 99-104.

CONTROL OF THE FORBIDDEN GAP WIDTH BY
VARYING THE COMPOSITION OR THE THICKNESS
OF THE LAYERS OF IV-VI SEMICONDUCTORS

A. M. Pashaev!, O. I. Davarashvili2, M. I. Enukashvili2,
Z. G Akhvlediani >3, L. P. Bychkova?, V. P. Zlomanov *

' National Aviation Academy

Baku, Azerbaijan

2]. Javakhishvili Thbilisi State University
Thilisi, Georgia

omardavar@yahoo.com

2]. Javakhishvili Thilisi State University
E. Andronikashvili Institute of Physics
Thilisi, Georgia

*M. Lomonosov Moscow State University
Moscow, Russia

Accepted May 25, 2015

Abstract

The paper deals with investigation of the lattice constants of solid solutions Pb, ,Sn,Te
and PbS, Se, and strained semiconductors PbTe and PbSe, and of their optical transmission
spectra. The objective of the investigation is to reveal possible spectral overlap of the forbidden
gap width in the layers of solid solutions of different compositions and of strained
semiconductors. By the lattice constants, compositions x of solid solutions and deformation
e =(a—a,)/a, in strained layers were determined. The forbidden gap width of the layers under
study was determined by straightening the squared absorption coefficients obtained by the
analysis of transmission spectra. It is shown, that with compression of the PbTe layers 60 nm in
thickness grown on BaF, substrates, at T =300 K the forbidden gap width coincides with that
for the solid solution Pb, ,Sn,Te of composition x= 0.11. For the PbSe layer 66 nm thick grown
on the KCI substrate, with tension of the layer, the forbidden gap width exceeds, that for the
PbS layer. If we grow the strained PbS layers with tension on substrates BaF, or KCI, and the
PbTe layer on the BaTe substrate, it will be possible to overlap the spectral region from 1 to
3 um in the strained layers. At the same time, if we grow solid solutions Pb, ,Sn Te of different
compositions on the BaF, substrate with compression of the layer, it is possible to progress along

the spectrum to the region 7 —11 um. These spectral regions are important for studying the
absorption of molecular gases such as CO, CO,, SO,, CH,, HNO;, N,O and others.
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Recently we have offered to use thin lead selenide layers grown on KClI substrates with a
greater lattice constant and doped with chromium for formation of the dielectric state [1].
Under these conditions, effective “negative” pressure is realized in the epitaxial layers [2], the
forbidden gap width increases, and the chromium impurity level shifts into the forbidden gap,
the compensation of electrically active defects and impurities takes place, and the dielectric
state forms.

As the thickness of the layers decreases, the forbidden gap width increases, and the
layers can be used for designing the high-sensitive IR photodetectors over a wide spectral range.
For instance, if we grow a layer of variable thickness on the same substrate, it will be possible to
attain the maximum sensitivity over a specified spectral range and in the specified area of the
layer.

At the same time, with the transition to epitaxial technology [3], the heterostructures
with active layers based on solid solutions were fabricated. The complex layers of this kind that
are active layers for lasers and photodetectors in the IR region of the spectrum have the optimal
thickness ~ 1 um, i.e. they are unstrained. At such thickness, the relaxation of strain takes place,
and they have to fabricate separate heterostructures for specified wavelength.

The advantages of the strained layers grown on dielectric substrates are obvious, and it is
of importance to find out in which cases the strained layers can replace the structures with solid
solutions.

We grew the epitaxial layers of solid solutions Pb, ,Sn -Te and PbS, Se, >1um in
thickness, and layers PbTe and PbSe over a wide thickness range, even a nanorange. The layers
were grown by molecular epitaxy with a “hot” wall. The layers Pb, ,Sn,Te, PbS, Se, and PbTe
were grown on the BaF, (111) substrates, whereas the PbSe layers — on the KCI(I00) substrates.
The polycrystalline alloys of appropriate composition with consideration of congruent
evaporation of these semiconductors were used as the sources of epitaxy. The temperature of
the sources of epitaxy varied from 500 to 530 °C, and that of substrates from 240 to 360 °C. For
solid solutions Pb, ,Sn,Te, the composition x was determined by the measurement of the lattice
constant from the relation a =6.126 — 0.133 x, for the system PbS, ,Se, — from the relation a =
5.940 - 0.186 x.

The thickness of the layers and the lattice constants were determined by recording the
X-ray diffraction lines of reflection from crysllographic planes (111), (333), (200), (400) and
(600) [4]. The accuracy of determination of the thickness of layers made up 10 %, and that of
the determination of the lattice constant — 0.005 % (Aa =0.0003 A).

The forbidden gap width was determined by straightening the squared absorption
coefficients the values of which were obtained by processing the transmission spectra recorded
with the help of spectrophotometer SPECORD-75IR [5].

Tables1 and 2 give the data on a few selected layers evidently manifesting the
characteristic feature of both groups of layers. From the Tables 1 and 2, it is obvious that, with
compression of the PbTe layers (a=6.460 A) 60 nm thick on the BaF: substrates (a=6.200 A),
the forbidden gap width made up E; =0.248 eV, which is close to the value of E; for the solid

solution Pb,_,Sn,Te at x=0.11. At the same time, at x= 0.6 and T =300 K, E; in this system

reduces to zero [6], i.e. the forbidden gap width in the limit of these compositions could vary by
~03eV.
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Table 1. Characteristics of the layers of solid solutions
Pb,_,Sn,Te and PbS,_,Se, on the BaF, (111) substrate.

4| Layer Soli'd Thickness Lattice ] Fraction, Forb.idden gap
solution | of layer, um | constant, A b'e width, eV

1| SL-582 | Pb,_,Sn,Te 1.2 0.254 0.113 0.254

2 | SL-584 | Pb,_Sn,Te 1.4 0.268 0.105 0.268

3 | SL-523 | PbS,_Se, 1.6 0.291 0.958 0.291

4 | SL-428 | PbS,_Se, 4.0 0.354 0.481 0.354

Table 2. Characteristics of the layers PbTe and PbSe.
Layer | Substrate | Compound Thickness | Lattice D_eformation Forbidden
of layer, nm | constant, A | € =(a—4a,)/a, | gap width, eV

SL-408 | BaF, (111) PbTe 2500 6.459 0 0.309
SL-410 | BaF, (111) PbTe 60 6.431 0.0043 0.248
SL-69 | KCl (100) PbSe 1810 6.126 0 0.286
SL-578 | KC1(100) PbSe 180 6.149 0.0037 0.334
SL-555 | KC1(100) PbSe 66 6.177 0.0083 0.448
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The forbidden gap width of the PbSe layer (a=6.177 A) 66 nm thick with tension on
the KCl substrate (a=6.290 A) makes up 0.448eV, which exceeds that of the PbS layer (B, =

0.410 eV).

It is obvious that, at the thickness of layers less than 200 nm, residual deformation is
observed in the layers, and the forbidden gap width decreases with compression of the layer,
whereas with tension its value could exceed that in the solid solution as it occurs in the system
PbS,_Se,.

It is possible that, in the case of PbTe, the BaF, substrate plays a part of component SnTe,
while for the PbSe the KClI substrate plays a part of component PbS.

Thickness, nm

200 150 100 50 0
T T T T

Forbidden gap width , eV

| | I I
PbTe 0.04 0.08 0.12 0.16 PbSnTe

Composition X

Figure 1. Composition and thickness dependence of the forbidden gap width of
epitaxial layers: (®) binary compounds PbTe and ( A) solid solution Pb, ,Sn,Te.

By and large, in the considered cases, the layers PbTe and PbSe span the spectral range
from 2.8 to 5.0 ym (0.45 -0.25 eV) (Figures 1 and 2). It is noteworthy that, when the PbTe
layers are grown on the BaTe substrate (a=6.700 A) and the PbS layer- on the BaF, and KCI

substrates, the above mentioned range can be extended to the interval 1 -3 um, while by
growing the layers Pb, Sn Te on the BaF, substrates, we can cover the interval 7 — 11 um. This

will extend the possibilities for designing the optical-excited lasers and photodetectors for
detection of molecular gases: CO, HCl, CH,, HF, H,S, N,0, CO, and SO,, which is of importance

from the standpoint of technology and environment protection.
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Figure 2. Composition and thickness dependence of the forbidden gap width of
epitaxial layers: (®) binary compounds PbSe and (A ) solid solution Pb,_,Sn,Te.

How reliable the devices based on the strained layers will be in operation and how they
will undergo deterioration depends on that whether we would manage to retard the movement
of dislocations in the layers, on which the elastic energy of the layers could relax.

One of the methods is to grow the layers through dielectric coatings — the dislocations
bend on the coating, and their number in the layers decreases. In essence, at low temperature of
epitaxy, such a superlattice will allow to prolong considerably the service life of the device.

Less than a dozen selected layers appeared to be enough for revealing the possibility of
controlling the forbidden gap width of the IV-VI semiconductors, and the investigation of
strained nanolayers holds much promise for designing the IR lasers and photodetectors.
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Abstract

The microstructure, dynamic Vickers microhardness and indentation modulus,
temperature dependences of electrical resistivity, thermal expansion and shear modulus of f3-
rhombohedral boron obtained by melting in boron nitride crucibles have been investigated. In
the boron microstructure, the coarse-crystalline state with a wide range of the grains sizes (0.5 -
500 um) has been revealed. In internal structure of grains the swirl-defects, individual growing
twins and accumulation of thin twins have been found. Tendency to increase dynamic
microhardness and indentation modulus with improve polishing degree of the sample surface
has been revealed as well. It is shown that, dynamic shear modulus measured by torsion
oscillations frequencies registration method practically doesn’t depend on the polishing degree.
The deviation from linear temperature dependence of resistivity, relative elongation, and
dynamical shear modulus in temperature interval of 200 - 600 °C with heating rates 1-
5°C/min have been detected. Contributions of various superficial and volume defects and
local distortions of interatomic bonds in physical-mechanical properties of boron crystals are
discussed.

1. Introduction

High mechanical properties, radiation resistance, specific electrophysical, optical and
thermal properties stipulate real application possibilities of f-rhombohedral boron (-boron) in
composition materials, semiconducting devices and various radiation-resistant structures. For
practical realization of mentioned applications it is very important to reveal correlation
connections between structural states, dynamic and energetic characteristics of structural
defects and structure-sensitive physical-mechanical properties of B-boron and then establish
their predicting and controlling possibilities.

The B-boron bulk crystals are characterized by dislocation origin defects such as twins
and stacking faults in the {100} crystallographic systems [1, 2]. These types of dislocation origin
planar defects together with point defects give possibilities of modification of 3-boron physical
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characteristics in the wide range. Concentration of these defects is higher in the filaments
formed from gas-phase state and in bulk samples received by quenching from the melt [3].

At present, the mechanisms of influence of the determined types of structural defects on
the structure-sensitive physical-mechanical properties of B-boron obtained in different
conditions have not been studied. There is no information about complex researches of
structural states and physical properties of 3-boron profiled samples too.

Present work deals with the investigations of microstructure, electrophysical
characteristics, thermal expansion, microhardness, shear modulus and mechanical oscillations
energy scattering processes of profiled samples of polycrystalline 3-boron.

2. Experimental

The B-boron bulk crystals were obtained by melting in boron nitride crucible in Ar
atmosphere. As raw material for melting microcrystalline boron of 99.8 wt. % purity was used.

The profiled samples were prepared from the bulk crystals by consistent use of cutting,
mechanical grinding and polishing methods. To reveal microstructure 20 % KOH + 40% KsFe
(CN)s + 40 % H20 chemical solution was used. At the last stage of mechanical and chemical
treatment purification of the test samples surfaces was conducted in the ultrasonic cleaner
CD-1800. Microstructure was investigated by the optical microscope NMM—-80RF/TRF.

Electrophysical characteristics were determined with Ecopia HMS-3000 device in the
constant magnetic field with induction of 0.5 T by the Hall-effect measurements. Temperature
dependence of electrical resistivity of B-boron samples prepared by cutting with diamond disk
and polishing with diamond paste (grain size of 0.25 um) was obtained by compensation
method. Measurements were conducted with the heating velocity of 2°C/min in Ar
atmosphere. Temperature dependence of the relative elongation was studied by quartz
dilatometer with capacity sensors. Controlling of the experiment and reading of the information
were conducted by digital ports and results development has been performed by special
computer software.

Study of Vickers dynamic hardness and elastic modulus of B-boron polished with various
grain size diamond pastes were carried out on Shimadzu Ultra Micro Hardness Tester DUH
211S. Testing was performed at load—unload mode according to ISO-14557 standard [4].
Definition of dynamic hardness of the samples during loading was conducted by software of the
tester. Static microhardness was determined by measuring the diagonals of imprints with an
optical microscope. A reduced elastic modulus was obtained by calculation of stiffness on the
upper point of unloading curve with application of well-known relations [5].

Investigations of internal friction and relative shear modulus were carried out on the
laboratory device by registration of torsion oscillations damping logarithmic decrement and
frequency in the temperature interval of 20 — 750 °C in 10~ Torr vacuum. The absolute value of
shear modulus is determined at the room temperatures by comparing the standard
(polycrystalline vanadium) and test specimens:

2

G=G, f—2 ,
fO
where G, and f, are shear modulus and oscillation frequency of the standard specimens, while

G and f that of the test specimens.
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3. Results

The B-boron samples polished with 1 pm and 0.25 pm diamond pastes are polycrystalline
and characterized by variety of defects (Figure 1). Grain sizes changes in wide range of
0.5 -5 pm. Grains inner structure consists of non-homogeneously distributed etch pits of
various sizes (0.5 — 1 um). Most of them are porous with pores of different sizes. Distorted and
linear curves of slipping deformation have been also revealed. Some of them are decorated by
small-sized inclusions. There are numerous single twins and their clusters of different sizes.
There are also etch-pits with lower concentration in samples polished with 0.25 pm diamond
paste. In many cases, twins distributed in parallel orientation have been found.

Figure 1. Metallographic images of B-rhombohedral boron polished
with 0.25 pm diamond paste: a — deformation lines decorated with dispersive
inclusions, b — etch pits and deformation lines with various form and length,

¢ —single and grouped twins, and d — set of intercrossed twins.
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Improving of surface mechanical treatment degree leads to decrease of current carriers’
concentration and increases their mobility. In the samples cut with diamond disk, current
carriers’ concentrations are raised. Annealing at temperature of 300 °C for 1h stipulates

reduction of current carriers’ concentration (Table 1).

Table 1. Influence of surface treatment quality on
electrophysical characteristics of f-rhombohedral boron.

Electrical _ '
characteristics | Resistivit Current carrier | Current carrier
V 4 . . .
Surface Ohm CIifl concentration, mobility,
. -3 2.y1. g1
treatment quality cm cm s
Cutting with diamond disk 0.6 - 10* 5. 1014 20
Polished with 1 ym diamond paste 1.25- 104 2.104 75
Polished with 0.25 um diamond paste 3.10¢ 4.10 45

Mechanical treatment of the surfaces influences on temperature dependence of electrical
resistivity. On the electrical resistivity temperature dependence of the samples cut with
diamond disk, it forms a kink within temperature interval 250 — 300 °C. It is thermally stable,
because it does not weaken during annealing at temperature of 300 °C for 1 h. Anomalous
changes of resistivity practically completely disappear in samples polished with 0.25 pm
diamond paste (Figure 2).
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Figure 2. Electrical resistivity temperature dependence of
-rhombohedral boron: 1 — after cutting with diamond
disk, and 2 — after polishing with 0.25 pm diamond paste.

Temperature dependence of relative elongation is characterized by deviations from
linearity in the temperature interval 200 — 500 °C. It is most clearly revealed in the B-boron
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sample treated by cutting on diamond disk. Figure 3 shows slight difference between relative
elongation curves fixed in heating and cooling processes. Raising mechanical treatment level
leads to the weakening of deviations of relative elongation in the temperature interval
200 -500 °C and suppresses the difference between temperature dependence of relative
elongation in heating and cooling processes. Annealing at 300°C for 1h of samples
mechanically treated at different levels causes weakening of the relative elongation deviations
in the temperature interval 200 — 500 °C.
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Figure 3. Relative elongation vs temperature of B-rhombohedral boron polished
with 0.25 um diamond paste: 1 — heating and 2 — cooling with rates of 2 °C / min.

Figure 4 represents dependence of Vickers dynamic microhardness of B-boron polished
with various diamond pastes vs. penetration depth. Non-monotonic change of dynamic
microhardness during indentation is clearly seen from Figure 1. At 0.30 — 0.36 um depth levels
microhardness reaches the maximum value and then decreases slowly. Such a behavior is
known as reverse indentation size effect [6]. A small plateau is visible on both charts at
0.10 — 0.25 pm depths. The degree of samples surface treatment determines a clear increase of

microhardness.
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Fig.ure 4. The B-rhombohedral boron microhardness vs. penetration depth. Dynamic
microhardness of samples polished with diamond pastes: ® —0.25 and © — 1 pm, and
static microhardness of samples polished with diamond pastes: A —0.25 and A -1 pm.
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Indentation modulus of B-boron polished with various grain size diamond pastes changes
non-monotonically with penetration depth and has two maxima at small depths. Both maxima
are displaced deep into the specimen for surfaces treated with 0.25 pm diamond pastes. Static
hardness values and their changes versus penetration depth for surfaces treated with different
diamond pastes differs insignificantly (Figure 5).
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Figure 5. The f-rhombohedral boron indentation modulus vs. Penetration
depth for samples treated with diamond pastes: ¢ —0.25 and © — 1 ym.

The values of oscillations frequency of B-boron and standard (vanadium) samples of
identical sizes 0.5 x 0.5 x 20 mm?® were determined at the room temperature in vacuum
~ 10 Torr, and based on them, the absolute values of shear modulus were calculated. Slight
increase in shear modulus was revealed by raising treatment level of the samples surfaces.
Samples obtained by cutting on the diamond disk are characterized by comparatively low value
of shear modulus. Samples polished by 0.25 ym diamond paste are characterized by high values
of shear modulus (Table 2).

Table 2. Physical-mechanical characteristics of B-rhombohedral boron specimens.

Relaxation processes
Mechanical treatment Shear modulus, activation parameters
Kg / mm? Temperature, | Activation | Frequency
°C energy, eV | factor, s
235 1.10 8.5 - 101
. . - 1
Cutting on diamond dis 7500 400 170 5. 105
o : 250 1.25 8 .10
Polishing by diamond paste 1 um 18000 410 185 25104
o : 260 1.30 1.108
Polishing by diamond paste 0.25 um 19000 420 190 5. 104

Annealing at 300 °C in vacuum practically does not influence on shear modulus of the
sample after cutting. Slight increase of shear modulus of the sample polished by 1 um paste has
been observed. This trend is more clearly shown in the samples polished by 0.25 ym diamond
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paste. The values of shear modulus are slightly lower than known literature data. Probably
these differences are related with high concentration of point and dislocation origin defects.

Treatment level of samples surfaces does not have substantial effect on temperature
spectra of internal friction and shear modulus. Internal friction spectra of all three kinds of
samples are represented by maxima at temperatures of 230 — 260, 300 — 320, and 400 — 420 °C,
respectively (Figure 6).
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Figure 6. The -rhombohedral boron internal friction temperature dependence:
1 — after cutting with diamond disk, f,=1.5s", 2 — after polishing with 1 pm diamond

paste, f;=1.3 s, and 3 — after polishing with 0.25 ym diamond paste, f,=1.2s

Clear changes are revealed on the curves of shear modulus in the vicinity of internal
friction maxima (Figure 7).
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Fig.ure 7. The B-rhombohedral boron shear modulus temperature dependence: 1 —
after cutting with diamond disk, f,=1.5s?, 2 — after polishing with 1 pm diamond

paste, f,=1.3 s}, and 3 — after polishing with 0.25 um diamond paste, f,=1.2s1.

Internal friction relaxation maxima differ from each other in temperatures, intensities
and activation characteristics. Internal friction maxima in 300 — 320 °C temperature range are
non-relaxation origin: the temperature does not depend on oscillations frequency, whereas
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intensities sharply increase by raising oscillation amplitude. In the vicinity of non-relaxation
maximum, increment of shear modulus is revealed. According to the theory, similar maxima of
internal friction are related to the phase transformation type processes in solids [7]. By raising
polishing level, values of all relaxation processes’ activation energies and frequency-factors
increases.

It has been experimentally established, that by raising mechanical treatment level, the
intensity of internal friction relaxation maxima in the temperature range 230 -260 °C
significantly decreases, whereas at temperatures of 400 — 420 °C intensity of internal friction
maximum sharply increases. Activation characteristics of the relaxation maxima of the samples
treated on the diamond disk are minimal in comparison with analogous maxima of polished
samples.

4. Discussion

Conducted metallographic investigations revealed nonhomogeneous distribution of
planar defects in polished B-boron samples. Planar defects of B-boron bulk crystals in the form
of twins and stacking faults were previously investigated in [1, 2, 8]. It should be noted that,
revealing of complete dislocations in boron crystallographic modifications rarely take place and
at present their crystallographic characteristics practically have not been established.

The investigated experimental samples are high resistive p-type semiconductors.
According to the theory, low concentration of electrons or holes does not influence on
dislocation origin defects mobility and structural-sensitive mechanical properties of
semiconducting materials [9]. In the present work, it is real to assume presence of strong
interaction and inter-blocking of the numerous defects existed in the superficial structure and
defects existed in bulk. They can stipulate changing in physical-mechanical properties in the
wide ranges. The blocking and unblocking processes of defects can stipulate anomalous changes
of structure-sensitive physical-mechanical properties of B-boron in the interval 200 — 500 °C.

Specific changes of electrical resistivity, thermal expansion, internal friction and shear
modulus spectra of samples treated with diamond disk are close to monocrystalline B-boron
characteristics [10 — 14]. Electrophysical, thermal and mechanical properties of mechanically
polished -boron samples are practically identical to the characteristics of vapor-deposited [15]
and quenched from the melted state $-boron samples [16].

In all kind mechanically treated P-boron samples in the temperature range of
200 — 500 °C temperature spectra of resistivity, thermal expansion, shear modulus and internal
friction showed phase transformation-type processes. Possibilities of phase transformation type
processes in f3- boron crystals are confirmed in work [17].

Experiments showed that, saturation of microhardness and indentation modulus begin
from near depth ~ 1 — 2 um. From this it can be conclude that influence of polishing by 0.25 um
and 1 pm diamond pastes of B-boron samples on the investigated structure-sensitive properties
expands to the depth: ~ 2 pm.

In the superficial layers, it is possible significant changes of various defects mobility,
phase transformation conditions and generation of impurity and vacancy atmospheres in
dislocations and planar defects cores. These structural changes may stipulate increase of
mechanical characteristics and activation energy of relaxation processes and also decrease of
anomalous changes of electrical resistivity and thermal expansion.
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5. Conclusions

Improving of the degree of B-boron crystals surfaces treatment leads to increase of
electrical resistivity and decreases current carriers’ concentration. It is shown, that in polished
samples microhardness and indentation modulus increases in a wide range of indenter
penetration depth.

With raising surfaces treatment level, anomalous changes of electrical resistivity and
relative elongation are weakened in 200 — 500 °C temperature interval. Improving the polishing
degree of B-boron crystals surfaces stipulates intensive internal friction relaxation maximum
and shear modulus defect in the region 400 — 420 °C mobility of dislocation origin defects
formed in polishing processes is weakened. For this reason at temperatures of 230 — 260 °C,
intensity of internal friction maxima and shear modulus defect significantly decrease.
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CBA3b [TIOBEPXHOCTHOT'O HATAXKEHWA XXUITKUX
METAJLJIOB C SHEPTUEN UX ATOMU3AITUU

A. A. Kamanagge, I'. I. Tab6atagze, M. C. Takrakumsuin

I'pysuHCKUIt TeXHUYeCKUIT YyHUBEPCUTET
JemapraMeHT HH)XXeHEePHOH PU3NKU
Townucu, I'pysus

ITpunara 24 uiona 2015 roza

Aunoranus

WccnenoBana CBA3b MOBEPXHOCTHOTO HATMXKeHUA XXUAKUX MeTasutoB Bi u Hg c sHeprueit
ux arommsanuu. CrenaHsl HaOMIOZEHUA IO BBEJEHHUIO METAVIOB B OJZHOMEPHBIX KaHalIaxX
neonuta Nal/. IlokasaHO, 4TO TepMHH TIOBEpXHOCTHOE HATsSXKeHHe IPUTOJEH JaXe B TOM
cIydae, KOIZIa aTOMBI BBOZAT 10 omHOMy. CiemoBaTelbHO, B IIEPBOM IIPUOIIDKEHUH
IIOBEPXHOCTHAsA DHEPIHfA eCTh DHeprusd IIOBepPXHOCTH CBoOOmHOTo aroma. OmHAKO 5TO BepHO
JIUIIG /IS QTOMOB CO BHEIIHBIMU DJIEKTPOHHBIMU 000JIOYKAaMHU KOHGUTypauuil chepudecKoi
CHUMMETPpHI. OTHU aTOMBI IIPOABIIAIOT NIPAMYIO CBA3b MEXAY ITOBEPXHOCTHBIM HATAXKEHHEM H

TeIIOTOM MCIIapeHus.

ITpencraBieHns O IOBEPXHOCTHOM HATAKeHUM M CMAaYMBAEMOCTH JJIA KXKUIKUX METaJIOB
COXPAaHAIOT CBOM KOJMYECTBeHHBIe XapPAaKTePHUCTUKH BILUIOTH JO Pa3MepoB MeTaUIMYecKUxX
Kamesib B 3 —4 aTOMHBIX guamerpa [1]. DTo ciemoBaso M3 IPUMEHHMOCTH ITOPOMETPHUYECKOH
Q)OPMYJIBI AJI1 BBIYMCJIIEHUA KPUTHYECKUX ,I[aB]IeHI/IfI, IIp KOTOPBIX P43JIMYHbIE METAJIIbI
BXOJIAT B KAHAJIBI AaTOMHBIX Pa3MePOB Pa3TUIHBIX I[€0TUTOB.

Eme Gosee oOueBUAHBIM CTAaHOBUTCH «MHKPOCKOIMYECKHI» CMBICI BEeIUIHHBI
IIOBEPXHOCTHOTO HATSXKeHUA IIPU PACCMOTPEHHUHU OIBITOB IIO CO3JAHMUIO OZHOATOMHBIX IIeTTOYeK
B neonute NaM. B sToM ciayyae MOXXHO, IO-BHUAMMOMY, YCTAHOBUTH IIPAMYIO 3aBUCHMOCTb
MEXAYy IIOBEPXHOCTHBIM HATAXKEHHNEM METAJIJIOB U BHepI'I/Ief/’I X aTOMHM3aAIlVH. ’ZLEP’ICTBHTCJIBHO,
II0/IB3YyACh OdHHBIMH TaGJIHH;BI 1, Ha OCHOBE€ OIIBITHBIX AdHHBIX, MOXXHO BBIYNCJIINTH SHEPIHUIO,
HeOOXOZUMYIO A pa3bueHus 1 cM3 )KUIKOTO MeTaslla Ha OJJHOATOMHBIE I[eTIOYKH.

ns BucmyTa oHa Oyzer pasHa 200 Kr M, s pryrtu — 290 Kr m. B nepecuere Ha 1 r aTom
B 00omux ciy4asx 3To cocraBisgeT mpuMmepHo 10 kkan/r atom. [lonydeHHOe 3HaYeHME MOXXHO
CPaBHHBATh C TeIUIOTOH aTOMM3Al[UM MeTaula — TelsaoToi wucmapeHus Q. [lng BucmyTa
Q=410xkxan/rarom, ama pryru Q=14.6 kkan/rarom (TemIeparypa KUIIEHHS BHCMYTa
1833 K, ¢ pryru — 630 K).
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Relationship between liquid metals surface tension and their atomization energy.

ITpn mcnapeHuu ImpoMCXOZUT pazbHeHMe MeTaIa Ha OTAeNbHble aToMbl. OTzaesbHbIE
aTOMBI MOXXHO IIOJyYMUTh TakKXe, pa30uBasg OJHOATOMHbIe Ienmouku. IlonHas 3aTpayeHHas
SHEeprus B 3TOM Ciydae OyZeT CKJIAABIBATHCA W3 IPUBEJEHHOI BbILIe DSHEPTMH IJIA CO3JAHUL
TaKOH IeTIOYKHM M DHEepruu II0 pa3sOMeHUIO ee HA OTJeIbHbIe aTOMBL. ECIM CYHTaTh, YTO CBA3H
aTOMOB JIpYyT C ZPyTOM OJMHAKOBBI BO BCeX HAIIPaBIeHUAX, JJI Pa3pbiBa OJHOATOMHOM LeTIOYKHU
Ha OTJieJIbHbIe aTOMBI TpeOyeTcs elle IIOJIOBMHA OT OJHEPrHH, 3aTpPayeHHOH Ha CO3JaHHe
IIeTIOYKH, T.€. 3aTPATHI ellfe 5 KKax / T aTOM.

Tab6auma 1.
OHeprus
pasbreHus
PacuerHoe | DxcmepumeHTanbHOE
3 MeTasia
Tun BBopuMmsIil | KpUTHYECKOe KPUTHYECKOe
Ha
IIEOJIMTA | MeTaJLl IaBJIeHKE IaBJIeHMe
OZHOAaTOMHBIE
Pxp., xOap Pxp., kOap
LEIIOYKHU
E,Krm
NaM Bi 22.8 20 200
NaM Hg 28.2 29 290

[TonHas sHeprus aToMHU3alUH, IOJy4YeHHAs TAKUM 00pa3oM, cocTaBasteT 15 Kkai / T aToMm,
KaK IS PTYyTH, TaK U 11 BUcMyTa. HalimeHHOe 3HaUeHMe OYeHb OJIM3KO K TEIIOTe MCIapeHUsI
PTYTH, HO CHJIBHO OTJIMYAeTCA OT TEIIOTHI MCIapeHus BucMmyta. VI3 sTOoro ciexmyer, 4TOo [js
BHCMYTa IIpeIIoIoKeHre 00 S5KBUBAJIEHTHOCTH BCEX CBA3el He BEPHO.

BriBoz 0 xapakTepe XMMHYECKUX CBf3€H PTYTH M BUCMYTA, IIOJNy4YeHHBIe HaMH IIyTeM
COIIOCTaBJIEHUSA TeIUIOTHl WCIIApeHUs U DHEPruM AaTOMH3AIMU DTUX METAJJIOB IIyTeM HX
IIpeIBAPUTENIBHOTO pa30MeHNs HAa OJHOATOMHBIE YeIIOYKM, SBJIIETCI XOPOIIO H3BeCTHBIM
dakrom. CTpyKTypa PTYTH M BHUCMyTa B TBEpPAOM COCTOSHUH, a TakKXe KOH(UIyparuu
3JIEKTPOHHBIX OPOUT CBUJETENIBCTBYIOT O CHMMETPHUM XUMUYECKUX CBf3eil y PTyTh U 00
aCHMMeTPHH CBsI3eil B CIyYae BUCMYTa.

[Tory4yeHHBIH pe3ysbTaT MOXKHO OBLIO IpeABHAETH, IOCKOJIBKY SHEPrus OOpa3soBaHUA
OJHOATOMHBIX Ilenouek (IIpefiebHAs CTeIleHb APOOJIeHHWs MeTala IPH BIABIUBAHUH) IIyTEM
IIPEOZOJIeHNS CUJI ITOBEPXHOCTHOTO HATSXKEHUS, OIpeZiesiseTcs BeJIMYMHOM ITOBEPXHOCTHOTO
HATsDKEHHUA, KOTOpOe IIOYTH OJHO U TO Xe y BucMyTa u prytH (376 nuu/cm u 465 gun/cm
COOTBETCTBEHHO), a TeIUIOThI MCIIapeHWs, 10 IPaBWIy [pyTOHA, IIPONOPIIMOHATIBHBI
temneparype kunenus (gas Bucmyra Q=41.0 xkkan/raroMm, Twm =1833K; a gna pryru
Q=14.6 xxan/r aroM, Twm =630 K). Pusnuecku, KOHEYHO, IPOIECH] ATOMHU3AIUU B 0OOUX
CJIy4asX AOJDKHBI OBITH IIOXOXKU.

116



A. A. Kapanadze et al. Nano Studies, 2015, 12, 115-118.

ITpu ncnapeHny OTAEIBHBIM aTOM BBIPBIBAETCSA HAPYKY C IIOBEPXHOCTH JKUJKOCTU U PBET
BCce CBfA3M cpasy. llpu BEaBIMBaHMM B KaHAIBl OJHO-HAIpaBJIe€HHE CBI3M OCTAETCA
Hepa3opBaHHBIM (Haubosiee TpOYHas CBA3b). B 000uX ciayyasx coBepiuaeTcs paboTa MPOTHUB CHI
IIOBEPXHOCTHOTO HATSXKEHUs, KOTOPOE eCTh pe3yJIbTaT B3aUMOAENUCTBUS MEXIY OTAeIbHBIMU
aToMaMHu.

C 3TO#l TOYKM 3peHusd, JHEprHs CBSI3M B I[€IIOYKe aTOMOB BHCMYyTa IIPUMEPHO paBHA
31 xxax /T atom, a B IleIIOYKe aTOMOB PTYTH — 5 KKaz / T aToM, T.e. B 000MX CIydasX He MeHBbIIe,
yeM B MAaCCHBHOM MeTajule. OTO IIO3BOJIAET HAZeAThCA, YTO TAaKHe ILENOYKH MOTYT IIPOBOJUTH
TOK ¥ OYZYT MOAXOAAIUMY 00BeKTaMU AJI TIOMCKA KBa3HOJHOMEPHOM CBEPXIIPOBOSUMOCTH [2].

MOXXHO OleHWTh 3HAUY€HHWEe IIOBEPXHOCTHON OHEPrHH, PpacCMaTpuBas IIOBEPXHOCTb
OTZENPHOTO HCIAPEeHHOTO aToMa M Iojarasg, 4YTO paclpefesieHue >Hepruu chepudecKu
cummerpuuto (Hg, Cd, Zn). [loce ucnapenus, HampuMep, OGHOTO TPaMM-aTOMa PTYTH, Ha 4TO
TpebGyercs 14.6 xxan, obpasyercs 6.02 - 102 gactun ¢ obueit moBepxHocTsio 1d? x 6.02 - 10%,
rge d ects oppeKTUBHBII pazMep aToMa. DHEPrusd, IPUXOAAIIAACT HA €JUHUIY IIOBEPXHOCTH
Ka)KIIOTO aToMa, GyzeT Tpu aToM 355 apr / cM?, eciu 3a d mpuHATH aToMHbIH guamerp 3.0 A. Dra
BeJTUYMHA DHEPTUU TOJIBKO Ha 13 % MeHBIIe 0OBIYHOTO «MAaKPOCKOIIMYECKOT0» ITOBEPXHOCTHOTO
HaTKeHUA JJIA PTyTH Ipu TeMiieparype kunenus (400 apr / cm?) [2].

s Apyrux aTOMOB C BHELIHUMH S-3JIEKTPOHAMU IIOJy4aeTCs aHAJIOTHMYHASA KapTHHA.
Tak, mas KagMmus, IOBepXHOCTHAas dHeprus wucmapeHHoro aroma 590 spr/cm?, Torza Kax
IIOBEPXHOCTHOE HATsOKeHHe NpH Twm paBHA 577 3pr/cm’* mjId IWHKA, COOTBETCTBEHHO,
850 apr / ecm?u 750 apr / cm?.

«MHKpOCKOIIMYeCKHi» IOAX0J, K  BBIYHCJIEHUIO IIOBEPXHOCTHOTO  HATSDKEHUS
o6CyXZaeTcs B JUTEpaType y)Xe IaBHO [3], rie BHUMaHHe OBLIO OOpalleHO Ha CBA3b TEIUIOT
HCIIapeHUA C ITIOBEPXHOCTHBIM HATIXKEHUEM. Omnucauusie B HaCTOHIL[efI pa60Te OIIBITHI ABJIAIOTCA,
II0O-BUAVMOMY, IIpAMBIM IIOATBEPXKAEHHEM TaKOH TOYKH 3peHuA. OHI/I, KaK W IIpOBeAEeHHbIE
pacyeTsl, TAK)XKe OTYETIMBO BBIABIIAIOT aHU30TPOIIUIO CHJI CBS3U B aTOMAX C p-000JI0YKAMH, [JIs
KOTOPBIX «MaKpPOCKOIIMYeCKOe» ITIOBEPXHOCTHOE HATHKeHHe IPAMO He OIpefesseTcs TeIUIOTON
UCIIapeHNUs, XOT, 0-BUAUMOMY, U CBA3aHO C Heil. PacIaBel TakMX MeTayIoB CKOpee [OJIKHBI
OBITH IIOXOXXU HA XUAKWE KPUCTAJLIBL.

Taxum 06pasoM, aHAIU3 pe3yIbTATOB P BAABIUBAHUU PTYTH U BUCMYTa B OJHOMEPHBIE
kaHayssl NaM IIOKa3bIBAET, UTO IIOHATHE IIOBEPXHOCTHOTO HATXKEHHUA XOPOIIO IIPUMEHAETCA He
TOJIBKO BILIOTH 70 Auamerpos 1o 10 A, a maxe Tora, Kora peds UeT O BBeJEHUH OT/eTBHBIX
aTOMOB MeTaJlja B KaHaJIbI O HOATOMHOTO pa3Mepa.

Orcioma ciexmyer, 4dYro OOBIYHOe IIOBEPXHOCTHOE HATSXKEHHE MMeeT IIpAMOe
MHUKPOCKOIIMYeCKOe ITPOUCXOXKAEHNe U eCTh B IIEPBOM IPUOIIDKEHUN IIOBEPXHOCTHAS SHEPIUs
CBOOOZHOTO aToMa JJI aTOMOB CO chepHYecKd CHMMETPHUYHON KOHGUrypaluell BHEIIHUX
anekTpoHHbIx obomouek (Hg, Cd, Zn). Tompko pAnd TakuX aToOMOB HMeeT MECTO IaBHO
o6CcyXAaeMas B TUTepaType MpsMasi CBA3b IIOBEPXHOCTHOTO HATSDKEHUA M TEILIOTHI MCIIApeHuU.

[lnsa aromoB, Hampumep, C BHemHMMHU p-obGomoukamu: Bi, Ga, Zn u T.n., uMMeercs
aCUMMeTpHUSA CHJ CBS3H, M IPAMOTO COOTHOIIEHUS MEXJy IIOBEPXHOCTHBIM HAaTSKeHHEM
XKUAKOCTH M TeIUIOTON ee KCIApeHWs HeT. Takue pacIUIaBbl MOTYT IIOXOLUTH Ha JKHAKUE
KPHCTAJLIBI.
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Abstract

The effect of acidic activator solutions on the formation of Fe(II)-Fe(IIl) layered double
hydroxides and their phase transformation on the carbon steel surface was studied applying a
complex physical investigation including an X-ray diffraction method, thermal analytical
measurements and scanning electron microscopy (SEM). According to experimental data the
main product of the phase transformation process in H2SOs system was magnetite with an
insignificant admixture of ferric oxyhydroxides, but the usage of HCl, HNOs, and CHs:COOH
acids led to predominant obtaining of lepidocrocite with relatively small amount of magnetite.
Whereas the hydroxysulfate Green Rust II was determined as a primary mineral phase in the
first case (H2SOs), only hydroxycarbonate Green Rust I structures were present in SEM images
in the second case (HCl, HNOs, and CH3COOH). For the purposeful obtaining of GR(CL),
GR(NOs"), GR(CH3COO") structures on the carbon steel surface the phase formation process
must be carried out in an inert atmosphere.

Introduction

Fe(II)-Fe(III) layered double hydroxides (LDH) or Green Rust (GR) are commonly
present as a metastable nucleus phase on the surface of iron-bearing alloys and carbon steel
under various physical-chemical conditions, thus, they play an important role in wet and dry
corrosion processes [1,2]. Whereas the LDH structures are electrochemically formed on the
surface of iron or steel electrodes under potentiostatic and galvanostatic conditions [3 —5] as
well as on the surface of inert electrodes (gold, silver, platinum) contacting with aerated ferrous
salt solutions or both ferric and ferrous salt solutions in an inert atmosphere [6 - 8]. For example,
thin layers of iron corrosion products were electrochemically deposited via the changing of the
local pH value or the oxidation state of soluble precursor species [9].
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At the same time, LDH structures usually appear as an intermediate phase when
nanosized iron oxides, 3d-metal spinel ferrites and oxyhydroxides are formed on the surface of
iron electrodes via chemical or electrochemical route [6, 10]. The purposeful obtaining of iron—
oxygen mineral nanoparticles under the rotation-corrosion dispergation conditions (the RCD)
shows the presence of Green Rust phases among the spectrum of nanostructures formed on the
steel surface within 1-3 h of the phase formation process [11]. The numerous reviews [12 — 14]
are devoted to investigation of chemical and colloid-chemical mechanisms of the Fe(II)-Fe(III)
LDH formation, their structure, properties and practical usage for technical, medical and
biological purposes. The other aspect of the LDH formation is closely connected with red-ox
processes in the environment where Green Rusts play a role of strong reducing agent in respect
to various oxidized chemical species [15].

It is well known, that the shape of anion determines the type of Green Rust lattice:
whereas spherical and planar anions (Cl-, COs*) coordinate the iron hydroxide layers in the
Green Rust I, the three-dimensional anions (SO+*) cause the formation of Green Rust II
structure [16, 17]. The simultaneous presence of two and more anions in the dispersion medium
leads to their competition in the LDH interlayer galleries [3]. But, depending on the
concentration in the solution two anions can coexist in the structure of the LDH, for example,
incorporation of both COs?~ and Cl- ions into Green Rust [ lattice was considered in work [18].
The carrying out of the phase formation process in the open-air system promotes free entrance
of oxygen as well as carbon dioxide species into the steel surface, and so the access of carbonate
ion from the CO2 of air gives the reason to the priority formation of the (hydroxy)carbonate
Green Rust [19].

The purpose of the present work is to determine the effect of the chemical composition
of activator solutions on thermal behavior, phase composition and morphology of the layered
double hydroxides and their oxidized products formed on the carbon steel surface under the
RCD conditions in the open-air system.

Objects and methods of the research

The rotating disk electrode made of steel 3 was used for the formation of the surface
iron—oxygen mineral phases according to the RCD method described in our previous work [11].
The phase formation process was carried out in the open-air system that provided an
alternating contact of the steel surface with oxygen, carbon dioxide and water dispersion
medium. The steel surface was exposed to mechanical treatment and the following activation
using mineral or organic acids. We chose concentrated sulfuric, nitric, hydrochloric and acetic
acids as activator solutions to determine the principle influence of the anion composition of the
dispersion medium on the formation of Fe(II)-Fe(III) layered double hydroxides on the steel
surface. The activated disk electrode was repeatedly rinsed in distilled water and onwards it was
placed into the water dispersion medium (distilled water). The formation of disperse
nanostructures on the steel surface lasted 24 h at around 7'= 20 °C. The temperature conditions
were set using TS—1/80-SPU thermostat.

A complex physical investigation including an X-ray diffraction (XRD) method, thermal
analytical measurements (TG / DTG, DTA) and scanning electron microscopy (SEM) was
applied to study the phase composition of the surface nanostructures, their phase
transformation and thermal behavior, morphology, and coherent scattering region (CSR).
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The phase composition of the surface structures was conducted using computer-aided X-
ray diffractometer (DRON-UM1) equipped with two Soller’s slits and Ni-filtered radiation of
cobalt anode CoK«. The rate of recording got 1°/ min, and the interfacial Woolf-Bragg’s angle
made up 80 — 90 degrees. The coherent scattering region characterizing the size of the primary
particles or crystallites was calculated according to the standard Debye—Scherrer’s formula.

A simultaneous study of thermogravimetric and differential thermal properties (TG-
DTA) of the LDH structures was performed in the static air atmosphere by derivatigraph Q-
1500D (Hungary). The record was made using computer data registration. The parameters of
the pattern recording were the following: the samples 35.2 — 102.6 mg were heated at the rate
10 °C/ min from 20 to 1000 °C; the sensitivity was 20 mg; TG-500, DTG-500, and DTA-250.
The samples were placed into corundum crucible and covered by quartz beaker to create the
equal temperature field. A scanning electron microscopy was curried out using JOEL-6700
microscope equipped with an energy-dispersive and cathode-luminescence attachment.

Results and discussion

The analysis of the surface mineral phases that had formed within 24 h after finishing
activation procedure was performed using X-ray diffraction method (Figure 1). We can see the
reflexes corresponding to the following mineral phases: lepidocrocite y-FeOOH (JCPDS file
No 08-0098), magnetite FesO4 (JCPDS file No 19-0629), goethite a-FeOOH (JCPDS file No 17—
536) and Green Rust I (JCPDS file No 40-0127). According to the XRD data lepidocrocite as
well as magnetite were formed on the steel surface when it was activated by HCl solution. The
trace peaks of goethite and Green Rust I, probably hydroxycarbonate or mixed
hydroxycarbonate-hydroxychloride, are present in the pattern (Figure la). On the contrary,
only lepidocrocite belongs to the main mineral phase when the steel surface was activated by
HNOs and CH3COOH acids (Figures 1b and c). At that the relative quantity (XRD peak
intensity) of magnetite is insignificant and goethite reflexes are seen only as a trace peaks. But
magnetite is the main mineral phase after 24 h contact of the steel surface with distilled water
when we used sulfuric acid as the activator solutions (Figure 1d). Other mineral phases such as
lepidocrocite and goethite are present only as the admixtures.

Also, magnetite particles (H2S04), equal quantities of magnetite and lepidocrocite phases
(HCl), and mainly lepidocrocite with magnetite as an admixture (HNOs, CH3COOH) can be
formed on its surface depending on the chemical composition of the activator solutions and the
subsequent contact of the steel with distilled water within 24 h.

Table 1. The semiquantitative distribution of the mineral phases (relative units) formed
on the steel surface depending on the chemical composition of the activator solutions.

) Distribution of mineral phases formed
Activator . . )
solutions on steel surface within 24 h, relative units

y-FeOOH o-FeOOH Fe3Oq4

HNO3 0.83 0.58 0.10
HC1 0.94 0.51 0.18
H2SO4 0.14 1.00 1.00
CH3:COOOH 1.00 0.81 0.11
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The semiquantitative distribution of every surface mineral phase calculated in relative
units is present in Table 1. The lepidocrocite maximum (020) is determined for CHsCOOH
system and its minimum is calculated for H2SOs system. Goethite (110) and magnetite (311)
maxima fall on H2SO4 system whereas magnetite minimum corresponds to both HNOs and
CH3COOH systems.
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Figure 1. The mineral phases formed on the steel surface when it was activated
by the following acids: a — HCI, b — HNOs, ¢ — CHs3COOH, d — H2SOs. Numbers
correspond to: 1 — Green Rust I, 2 — y-FeOOH, 3 — Fe3O4, 4 — a-FeOOH, 5 — Fe°.
Table 2. The lattice parameters and crystallite size of the surface mineral
phases depending on chemical composition of the activator solutions.
Activator Lattice parameters and primary particle size (CSR) of the surface mineral phases, nm
. Magnetite Lepidocrocite Goethite
solutions
a \Y d a b c d a b c d

H2SO4 8.3711 | 586.6 | 24.68 - - - - - — - -
HCl 8.3857 | 589.7 | 21.94 | 3.8755 | 12.5982 | 3.0640 | 10.36 | 4.6660 | 9.8765 | 3.0070 | 17.2

HNOs3 8.3722 | 586.8 | 9.87 | 3.8683 | 12.6410 | 3.0602 | 11.65 | 4.6489 | 9.8947 | 3.0096 | 15.8

CH3COOH | 8.3833 | 589.2 | 9.88 | 3.8790 | 12.6338 | 3.0664 | 13.32 | 4.649 | 9,895 | 3.0100 | 12.6

The crystal lattice parameters and the primary particle size (CSR) are present in Table 2.
Whereas the parameter a of magnetite lattice does not depend on the chemical composition of
the activator solution, the crystallite size of FesOs is closely connected with the chemical
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conditions on the steel surface. Also the biggest particles are formed in sulfate-containing
system (~ 24 nm) and we obtain the smaller magnetite particles (~ 10 nm) in nitric and acetic
systems. The lattice parameters of iron oxyhydroxides in all systems are the same but the
crystallite size is insignificantly distinguished depending on the composition of the activator
solution and equals 10 — 13 nm for lepidocrocite and 13 — 17 nm for goethite.
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Figure 2. The TG-DTA curves for mineral phases formed on the steel surface when
it was activated by the following acids: a — HCl, b — HNOs, ¢ — CHsCOOH, d — H2SOs.

The results of the thermal behavior study of the surface structures are present in
Fig.ure 2. The analysis of the obtained data shows the appearance of two endoeffects in all DTG
curves where the first minimum in the range of 90 — 100 °C corresponds to loss of the adsorbed
water, and the second one in the range of 270 — 295 °C is related to the hydroxylation of
oxyhydroxide lattice (Table 3). Whereas only single phase of iron oxyhydroxide (lepidocrocite)
was formed on the steel surface when it was activated using HCl, HNOs and CH3COOH acids,
we suppose that the removal of the structural water from the lepidocrocite structure and its
transformation into maghemite took place within a narrow temperature rang from ~ 270 to
280 °C. But two iron oxyhydroxide phases were present simultaneously (lepidocrocite and
goethite) in the sample obtained on the steel surface when it was activated by H2SO4 acid, and a
broad peak in the range 246 — 321 °C confirmed the distinction in the temperatures of their
transformation into iron oxides. According to literature sources the 7" of the phase
transformation of a-FeOOH mineral is higher than y-FeOOH mineral and it gets ~ 350 °C in
the first case and 350 —390 °C in the second case, respectively [20]. But it is well known that
thermal effects strongly depend on the particle size and nanoparticles of iron oxyhydroxides

123



The effect ... of acidic activators ... on development of layered double hydroxides ... .

can transform within the temperature range 260 — 320 °C [21]. Also our results agree with the
data that are typical for nanostructures. The characteristic temperature of the magnetite phase
conversion into maghemite equals 220 °C but it is insignificantly lower ~ 200 — 208 °C for our
samples excepting H2SOs4 system where such exoeffect is seen at 7'=239 °C. And the last
exoeffect corresponds to transformation of maghemite into hematite. With the exception of the
H2SO4 system (323 °C) it lies in the range from 300 to 315 °C and such result is significantly
lower in comparison with bulk mineral phases where it is higher than 500 °C [20].

Table 3. Characteristic of the thermal effects of the mineral phases
formed on the steel surface that had been activated by acidic activators.

Thermal effects, °C
: Endoeffects Exoeffects
Activator - - - - Mass
. Removing | Dehydroxylation | Transformation | Transformation
solution ; ) i loss, %

adsorbed of ferric of magnetite of maghemite

water oxyhydroxides | into maghemite | into hematite
HCI 98 268 200 307 12.0
HNOs 90 280 200 301 11.1
CH3COOH 97 276 208 316 11.1

H2SO4 87 294 239 323 3.1

Whereas the mass loss of the samples obtained in the HCl, HNOs and CH3COOH
systems, according to the TG data (Table 3), gets 11 — 12 %, the value of such parameter for
H2SOs system is 3 %. That result well correlates with XRD data and can be explained by the
difference in the relative quantities of iron oxyhydroxides in the phase composition of the
surface structures.

The morphology of the iron-oxygen mineral phases formed on the steel surface after
activation procedure is shown in Figure 3. The general view of the steel surface activated by
HCl is present in Figure 3a. Primary Fe(II)-Fe(Ill) layered double hydroxide structures,
probably mixed hydroxycarbonate-hydroxychloride Green Rust I, are seen in Figure 3b and c
and magnetite particles formed on the steel surface in the HCI system are present in Figures 3d.
The LDH structures obtained on the steel when it was activated using hydrochloric acid formed
relatively big (microsized) aggregates (Figure 3b) that consisted of the randomly oriented plate
and rods (Figure 3c). Magnetite particles formed the spherical aggregates that had smaller size
in comparison with the LDH structures.

When we used nitric acid as the activator solution the morphology of the structures
obtained on the steel surface is different from previous samples. The individual hexahedral
plates (Figure 3e) and aggregates of hydroxycarbonate Green Rust (Figure 3f) are randomly
oriented and lepidocrocite as the product of their solid-state transformation holds the shape and
morphology of the initial structures (Figure 3g). Spherical magnetite particles are homogenous
and well crystallized (Figure 3h).

The LGH aggregates formed in the corrosion pitting (defect) on the steel surface when it
was activated by CH3COOH are present in Figure 3i. Their enlarged images are seen in
Figures 3j and k. The primary rod- and needle-like particles as it were shown in the previous
cases formed the randomly oriented aggregates. The rod-like lepidocrocite particles and
spherical magnetite aggregates obtained in the CHs3COOH system are shown in Figure 3l.
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Figure 3. The SEM-images of the mineral phases formed on the steel surface activated by the
following acids. HCL: a — the steel surface, b, c — Green Rust I aggregates, d — magnetite; HNOs:
e, f — Green Rust I aggregates, g — lepidocrocite, h — magnetite; CHsCOOH: i — LGH aggregates
in the corrosion pitting, j, k — Green Rust I aggregates, 1 — lepidocrocite and magnetite particles.

In our previous work [22] we in detail described the morphology of the iron-oxygen
nanoparticles formed on the surface of steel electrode activated using H2SOs and afterwards
placed into distilled water as well as ferric and ferrous sulfate solutions within 24 — 25 h. Also
we do not repeat the SEM images of the surface structures obtained in the sulfate-containing

system.
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Hence, the usage of HCl, HNOs and CHsCOOH acids leads to formation of the
randomly-oriented aggregates of Fe(II)-Fe(III) layered double hydroxides consisting of the rod-
and plate-like particles on the steel surface. Iron-containing LDH structures do not keep
stability in the open-air systems and they quickly transform on the steel surface according to
the solid-state mechanism into ex-Green Rust (Fe(III)-GR) or lepidocrocite [23] or according to
dissolution-re-precipitation mechanism into magnetite [24]. All LDH structures obtained on the
surface of iron-bearing alloy (steel) when there is free air access into the system belong to the
first type of Green Rust and contain COs? in their interlayer space due to the existence of the
competition between carbon dioxide from the air and other anions from the solution.

Discussion

The formation of Fe(II)-Fe(IlI) layered double hydroxides or Green Rust as primary
mineral phases on the surface of iron-bearing alloys has been considered to an important
question of the corrosion study for many years. The various Green Rusts appearing at the
beginning of aqueous corrosion processes relate to the most active iron dissolution stage [25].
Ferric oxyhydroxides resulting from the solid-state oxidation of Green Rust are determined as
promoters of the iron corrosion as an electron acceptor towards metallic iron [9].

In spite of the fact that the enhanced analysis of the surface mineral phases using the
latest physical-chemical methods of investigation is applied in the majority of works, the
electrode surface is usually considered as a homogenous system. At that the phase formation
process is described as a layer-by-layer growth of iron—oxygen structures whose mineralogical
specificity is determined by the row of physical-chemical parameters, including pH value, red-
ox condition, temperature, chemical composition of the solution contacting with electrode
surface, the presence of surfactants and other chemical-active components etc. [26, 27]. But due
to a such simplified approach the information about the metastable products of the phase
formation process, their development in the local anodic and catodic areas of heterogeneous
surface, its structural defects as well as in the corrosion pittings is being lost. At the same time
the heterogeneity of carbon steels, the presence of various structural elements (ferrites, graphite,
cementite) leads to occurrence of a great number of microgalvanic elements (couples)
characterized by the spatially separated anodic and catodic areas. Whereas the flow of
electrochemical reactions in anodal and catodal zones provides the change of the local pH
values and saturate the near-electrode layer by ferric and ferrous aquahydroxoforms, hydroxyl
or protons those interact with each other as well as air oxygen and oxygen-containing carbon
species under open-air conditions. The acceleration of the corrosion process takes place in the
crevices, cavities, pittings, and channels where pH value gradually increases from acid (at the
bottom) to slightly alkali (at the top, on the surface).

Work [25] was aimed the study of a galvanic coupling between metal iron and the
products of its oxidation corresponding to an electron transfer from iron (anodic site) to ferric
products found in corrosion layers (cathodic site) when the various anions (carbonate, sulfate or
chloride) were added into slight alkaline solutions. In particular, the oxidized Green Rust
(Fe(III)-GR) will have a tendency to be consumed, due to its easy galvanic coupling with iron,
whereas lepidocrocite and, especially, goethite will be able to be accumulated. In work [27], the
corrosion process is considered in the view of the reaction of metal anodic dissolution balanced
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by the cathodic reaction of the ferric and ferrous ion reduction and re-oxidation in water
medium.

Whereas galvanostatic test shows that the presence of structural defects on the iron
surface leads to localization of the corrosion process under rusts where the autocatalytic effect
promotes increasing concentration of Fe?, Cl7, and SO+*, and as a result it causes the local
acidification within the crevices, cavities, pittings, and channels [28]. The chemical changes in
the surface holes are closely connected with the anodal process: accumulation and hydrolysis of
Fe% cations result in the local acidification within the occluded zones. The lack of negatively
charged species causes the appearance of a concentration gradient and anion flow into cavities
(pittings). Such dissolved components interact with each other and the nucleation process takes
place in the holes on the iron surface. So the authors [28] make a point of the formation of
Fex(OH)u-»Cl species and akaganeite (f-FeOOH) when chloride anions are added into the
solution contacting with the iron surface.

Recently we have estimated the formation of mineral phases on the steel surface
activated by sulfuric acid and afterwards contacting with distilled water and ferric and ferrous
sulfate water solutions according to two mechanisms carried out in the local catodal and anodal
areas [22]. We supposed the solid-state oxidation of hydroxysulfate Green Rust to Fe(III)-GR
and lepidocrocite in cathodal areas and dissolution—re-precipitation of ferric oxyhydroxides
catalyzed by dissolved Fe? in anodal areas. Development of the iron—-oxygen mineral phases in
pittings includes accumulation of SO+*- anions and depolarization of hydrogen that, in general,
leads to the formation of the primary metastable structure of schwertmannite
FesOs(OH)s-24(SO4)x, where 1 < x < 1.75. The gradual increase in the pH value in the middle of
the pitting promotes schwertmannite dissolution and nanosized goethite precipitation, but the
following increase in pH value to weak alkaline medium causes its re-precipitation into
GR(SO+*) on the steel surface.

In the present work four various acids are chosen as the activator solutions and some
properties of the surface mineral phases obtained when an activated and rinsed steel electrode
was carried into the water medium are underlined. Within the given study context there is an
anion competition in LDH interlayer galleries and the possibility of a simultaneous
coordination of a few anions in the LGH lattice when the steel electrode contacts with anions
present in acids and carbon dioxide entering from air.

Whereas the existence of hydroxychloride [29], hydroxycarbonate [18] and
hydroxysulphate [2] Green Rusts is not questioned, the number of literature sources devoted to
studying other anionic Green Rust forms is significantly less. Despite of the fact that the various
types of Green Rusts as corrosion products of iron are found via electrochemical way
[3,29 - 32] the inclusion of CHsCOO- and NOs~ anions into Fe(II)-Fe(IIl) LGH interlayer
gallery is doubtful. In such a way the existence of Fe(II)-Fe(III) LDH structures coordinating
the iron hydroxide layers via various families of anions including halides (Cl-), non-metal
oxoanions (COs3?, NOs-, SO42), and organic anions (CH3COO-) is considered in [33]. By analogy
with the study [34] where the replacement of carbonate by nitrate anions in similar to GRs
pyroaurite structure, the replacement of some COs3* by NOs™ in the hydroxycarbonate Green
Rust was suggested by the authors [19]. Also, they indirectly evidenced the occurrence of
(hydroxy)nitrate Green Rust. As a matter of fact, the first Mossbauer spectra of GRs ever
published were mineral phases formed on iron in 44 % NHsNOs solutions at 30 °C [35]. But the
preparation of the Green Rust by oxidation of Fe(OH): in the presence of NOs-, according to [4],
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has never given a successful result. Generally, most of the up-to-day articles are devoted to the
interaction of natural Green Rusts with various nitrogen-containing species, which results in
oxidation of Green Rust into ferric oxyhydroxides and reduction of NOs- to less oxidized forms
[36] but not to the formation of GR(NOs") mineral phase.

Due to calculations of equilibrium constants of various exchange reactions in LDH lattice
the comparative list for monovalent and divalent anion selectivity was proposed by [37]. It may
be written as: OH- > F~ > Cl- > Br > NOs~ > I and COs? > Ci10HsN20sS%* > SO4%, respectively.
Because the selectivity of divalent anions was higher than that of the monovalent anions,
nitrate- and chloride-containing LDHs were related to the best precursors for ion-exchange
reactions.

A high chemical activity of carbon dioxide from air or a high affinity of carbonate ions
(COs*) with the hydrotalcite-like compounds or LDHs with respect to other anions entered
from water solutions, e.g. chlorides, was studied in [38]. The difficulty in deintercalation of
carbonate ions from LDH lattice was overcome by protonation of carbonate ions in the
interlayer space and supplying the successive ion exchange with a large access of Cl~ anions.

The following investigation [3] clarified the competition of the anionic species in Green
Rusts in iron-containing aqueous corrosion products and confirmed the affinity of pyroaurite-
type layered hydroxides such as GRs with COs? anions, among any other types. In addition
GRI(CI") is oxidized into GRII(SO4*) or GRI(COs*") when corresponding anions are present in
the water medium. The preference for divalent anions over monovalent anions as well as the
preference of COs3? to other anions for intercalation into Green Rust lattice was postulated by
[39].

Generally the formation of hydroxycarbonate Green Rust via the potential-dependent
dissolution and oxidation of iron in bicarbonate-containing solutions is accompanied by the
appearance of Fe(II)-complexes such as FeHCOs*, Fe(HCOs): or Fe(COs)2?* [40 —42], and
Fe'(OH")x(HCOs7/COs*) is found as a primary ferrous-bearing species generated by corrosion
process [43] The buffering properties of carbonate-containing solutions were mentioned by [6]
when the Green Rust films were synthesized via electrochemical oxidation of soluble Fe(II)
species in the solutions containing the corresponding anions. At that COs?" anions within the
solid Green Rust phase become HCOs™ ions by consuming protons from the solutions that leads
to pH decrease [4].

Because of a great affinity iron hydroxide layers with COs?" anions, the formation of
GR(COs?*) was fixed when a hydrogenocarbonate solutions were added to FeCl. and NaOH
medium [44], and its following oxidation caused the obtaining of goethite [45]. Probably,
goethite is the product of the lepidocrocite phase transformation [46]. At the same time the
work [47] determined the role of carbon dioxide in the formation of goethite versus
lepidocrocite in solutions.

The precipitation of the hydroxysulfate Green Rust is possible even when the
concentration of SO+ anions is relatively small because the process acts as a sulfate pump, but
the oxidation of GR into ferric oxyhydroxide is accompanied by SO+~ removal from interlayer
galleries and the sulfate pump works in a reverse direction [2] Sulfate anions are accumulated
on the GR(SO4*) / y-FeOOH interface under oxidative conditions [48]. The corrosion
investigation [49] shows that the formation of goethite a-FeOOH may be enhanced in the
presence of SO+~ anions, whereas akaganeite f-FeOOH gets stability in the chloride-containing
medium. At that hydroxysulfate Green Rust is formed even when CO3?" anions are produced in
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the system because its layered structure is more stable in comparison with hydroxycarbonate
Green Rust [50].

The possibility of the incorporation of two anions COs* and Cl- in the Green Rust
structure was not viewed as a rule in work [18] The experimental electrochemical study of the
competition between GR(Cl-) and GR(SOs*") shows the occurrence of three consistent reaction
stages: 1. the formation of GR(CI") from the initial precipitate, 2. the oxidation of GR(CI") into
GR(SO4*), and 3. the oxidation of GR(SO+*) into y-FeOOH [50]. And it was proposed that the
exchange reaction where chlorides were changed to sulfate in Green Rust structure took place
in the system resulting in the formation of the more stable mineral phase than the one obtained
in the presence of chloride anions.

Also, on the assumption of our experimental data as well as numerous studies referred
above we may suppose the formation of two types of Green Rust structure on the steel surface
depending on the chemical composition of activator solutions. Hence, the usage of sulfuric acid
for activation led to the formation of hydroxysulfate Green Rust II on the steel surface and it
conversed into magnetite with an insignificant admixture of lepidocrocite and goethite even in
the open-air system. The TG / DTA experiments, with the TG and DTA curves confirmed the
presence of relatively small amount of iron oxyhydroxides in the sample and pointed to the
thermal conversion of magnetite.

However, the phase composition of the surface structures formed on the steel surface
that was activated by nitric, hydrochloric and acetic acids, its crystal lattice parameters,
crystallite size and thermal behavior not significantly differ depending on the chemical
composition of activator solutions. The preference of COs? anions to other anions for
intercalation into Green Rust lattice as well as free access of carbon dioxide from the air creates
favorable conditions for the predominant formation of the hydroxycarbonate Green Rust.
Moreover, the estimation of anion competition between COs?~ and Cl-, COs?* and NOs-, as well
as COs? and CH3COOr, sends us back to the high selectivity of divalent anions with respect to
the monovalent anions. Also, very likely LDHs, obtained when HCI, HNOs and CHs:COOH
acids were used for steel activation, belong to hydroxycarbonate Green Rust I. Our data
coincide with an opinion [19] regarding the phase transformation of hydroxycarbonate Green
Rust into lepidocrocite. The presence of relatively small quantity of goethite may be
corresponded to the following transformation of lepidocrocite. But the possibility to obtain the
pure hydroxychloride, hydroxynitrate, and, probably, hydroxyacetate Green Rusts on the steel
surface in the inert atmosphere will be studied in our next work.

Conclusions

1. Whereas the geometrical shape of anions determine the type of Green Rust lattice, the
usage of various acidic activators gives the reason to obtain a few Fe(II)-Fe(III) layered
double hydroxide structures. So, when the electrode made of carbon steel was activated
by sulfuric acid the hydroxysulfate Green Rust II was formed as a primary mineral phase
on its surface. Due to relatively high stability of GR(SO4*) structure against oxidation
the main product of its transformation via dissolution—re-precipitation mechanism was
magnetite. The presence of ferric oxyhydroxides such as lepidocrocite and goethite may
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be related to solid-state conversion of Green Rust as well as to its dissolution—re-
precipitation.

In theory, the contact of the steel surface with nitric, hydrochloric and acetic acids may
lead to the formation of the corresponding Green Rust I structures, but free access of
oxygen and carbon dioxide from air causes the formation of single layered double
hydroxide phase — hydroxycarbonate Green Rust I. The thermal behavior and phase
composition of the products of GR(COs3?") transformation does not strongly depend on
the anion composition of the acids; as the main products of GR(COs?") transformation is
lepidocrocite 0-FeOOH. Magnetite FesOs belongs to the second mineral phase obtained
under oxidative conditions in the studied systems.

The existence of hydroxychloride, hydroxynitrate, and, hydroxyacetate Green Rusts on
the steel surface is not excluding within short time after finishing of the activation
procedure, but high chemical affinity of iron hydroxide layers with carbonate anions
and free access of CO2 from air into the open-air system causes the formation of other
LDH structure — hydroxycarbonate Green Rust. The possibility of the obtaining of
GR(CI"), GR(NOs), GR(CH3COO") on the carbon steel surface may be proved when the
phase formation process is carried out in an inert (anoxic) atmosphere and that study
will be the aim of our future work.
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Abstract

The study belongs to a new direction in the physics of plasticity, namely, spin
micromechanics that studies microscopic spin-dependent processes which influence the
mechanical properties of solids. There is studied the effect of a weak magnetic field (B=0.9T)
on the processes related to the existence of charges on point and linear defects in alkali halide
crystals, namely, on the polarization and depolarization of a LiF crystal upon local deformation
(indentation). The phenomena observed, namely, the increase in the dislocation mobility and
dislocation charge and high degree of polarization, which are dependent on the state of
magnetically sensitive impurity, show that magnetic field causes the decomposition of
impurity—vacancy complexes slowing-down a dislocation.

1. Introduction

The effect of a weak magnetic field on the real structure and the plasticity of
nonmagnetic crystals (so called magnetoplastic effect (MPE)) is extensively studied beginning
from 1980s [1—4]. The results appeared to be paradox, since additional energy U, = 1,B

transferred by magnetic field (MF) to a paramagnetic defect in a diamagnetic material is
negligible low (10 eV) as compared to the energy of thermal fluctuations U; ~ kT ~107%eV
(4, is the Bohr magneton, B is the magnetic field induction, k is the Boltzmann constant, and

T is the absolute temperature). The studies of independent research groups show that the
physic-mechanical characteristics of diamagnetic materials such as the microhardness, the yield
strength, the internal friction etc., are changed under action of a weak magnetic field. All the
characteristics are determined by the amount and the state of the crystal defect structure and,
first of all, the dislocation mobility.
An analysis of the results on MPE selected two groups of phenomena:
1) The in situ effects which are manifested in the plasticization (or hardening) of a crystal
immediately during its exposure to a magnetic field. This phenomenon is due to a
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change in the interaction between a moving dislocation and stoppers as a result of a
spin-dependent transformation of the structure of impurity centers in the dislocation--
stopper system.

This effect is clearly illustrated in Figure 1 that presents our results on the deformation
(compression) of a LiF single crystal in magnetic field B=0.7T.

2) The “magnetic memory” effects which take place after exposure to a magnetic field and
are due to the spin-dependent evolution of the local structure of impurity defects (their
aggregation or dispersion); in this case, the proportions of individual defects, their pairs,
threes, and clusters are changed. The new state of the impurity system is retained during
some time interval after the magnetic treatment and is observed as a change in the
plastic (and other) properties of the material during subsequent tests (Figure 2).
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Figure 1. Stress—strain dependences of
the LiF crystal measured at deformation
(1) without MF and (2) in MF.

Figure 2. Recovery of yield strength o, asa

function of time t after deformation in MF.

Our results for this group of the effects are given in Table 1.

Table 1.
Di 1 of
Yield stress 1aBONAT O\ ierohardness
U,. > mV | indentation
o,,MPa d.106m H, MPa
Reference sample 3.5 60 80.0 1390
After exposition in
1. 12 11
de MF (B=09T) 6 6 86.5 89

In alkali-halide crystals (AHC), defects, among them are dislocations, carry an electric
charge. The charge influences the character of the motion and interaction of dislocations and
leads, in particular, to polarization of the sample when applying a mechanical load (the
Stepanov effect [5, 6]). The charge in AHC is transferred by edge dislocations and it is, mainly,
due to an excess of vacancies of one sign in dislocation cores. The sign and the magnitude of the
dislocation charge are determined not only by the impurity type and concentration, but also the
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actions which can change its state. For example, it can be a preliminary exposure of a sample to
a magnetic field.

This work is devoted to the study of the second-group effects which are immediately
related to charged dislocations. Since both the process of charging dislocations and the process
of establishing the charge equilibrium, namely, the screening of the dislocation charge by a
shell of point defects of opposite sign (Debye—Huckel shell) are related to the impurity ion state,
it can be suggested that the modification of the magnetically sensitive complexes under action
of a magnetic field can influence these processes and be observed as a magnetic memory.

2. Experimental technique

According to the spectral analysis data, the LiF crystals under study contained an
impurity of bivalent metal Mg (1 - 102 wt. %) and also other impurities (Fe, Ni, Al, Pb) in the
concentration not higher than ~10-*wt.%; the samples have a relatively high ionic
conductivity (4 - 10 Ohm™ cm™ at room temperature) and low concentration of hydroxyl ions
OH- (0.03 mol. %) that was found using the absorption infrared spectra. Both the factors
demonstrate a higher concentration of cation vacancies which, as is known, provide a negative
dislocation charge. Before each series of the measurements, the samples were annealed at 970 K
for 2 h; then, they were quenched from this temperature in air and held at room temperature
for 2 days. This treatment regime is most preferable to generate magnetically sensitive
impurity-vacancy complexes which form during slow diffusion aggregation. All the
measurements were carried out at room temperature.

The dislocation pictures of the initial sample and the sample subjected to various actions
(indentation, exposure to magnetic and electric fields) were revealed by repeated chemical
etching.

To measure the potential difference induced during indentation, the current silver-film
current-removal electrodes were deposited on the opposite wide faces of the 5 x5 x 1 mm
sample. A diamond Vickers pyramid was indented in the upper wide (001) face of the sample.
The block scheme of the unit is shown in Figure 3.

P p—
;4

1

! !

3 I 6
5
Figure 3. Block scheme of the unit for the measurement of the potential
difference U during indentation: 1- sample, 2 — indenter, 3 — electrodes,
4 — switch, 5 — electrometric amplifier, and 6 — nanovoltmeter.

The magnetic treatment was the exposure of the samples to a dc magnetic field
(B=0.9T) induced by a set of SmCos plates for 30 min.

As is shown in [7], the magnetic plasticity of alkali-halide crystals is extremely sensitive
to the parallel action of a weak electric field: the MPE intensity (in particular, the free path of
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edge dislocations) increases exponentially with the electric field strength. Because of this, in a
number of the experiments, an electric field to 1 kV / m was applied parallel to the magnetic
field.

The response of the impurity structure to the magnetic field action was observed by
changes in the indentation diameter d , microhardness H , the dislocation rosette rays length 7
the electric signal U amplitude, and the yield strength o of the sample. All results presented
are average values of no less than 10 measurements of the above-mentioned parameters. The
measurement error of potential difference U was less than 5 % and that of microhardness H
was 3 %.

3. Experimental results and discussion

a) Electric stimulation of the magnetoplastic effect in LiF crystals by the “internal”
electric field induced by one-directional displacement of charged dislocations

Figure 4 depicts the system of easy-glide planes in AHC and the scheme of arrangement
of dislocation half-loops which form during indentation of the LiF crystal [8].

(b) (©)

Figure 4. (a) {110} dislocation easy-glide planes in AHC; (b) and (c) dislocation loops
in the planes oriented at angles of 90 and 45 °, respectively, to the indented upper
(001) face (the arrow is an indenter and double line is the loop edge component).

In the case of simultaneous action of the magnetic B and the electric E, fields, the

fields were applied along a normal to the (001) face and parallel to one another (B 1T E,).

Along with the external electric field, there is an “internal” electric field induced by the
charge transferred by dislocations which move from the indenter deep to the crystal (Figure 5).

Figure 5. Dislocation “whiskers” transferring a
charge in the sample volume in planes {110}ss.
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Figure 6a shows the etching picture of the indented face of the initial sample. Short
dislocation rosette rays |, (along <100>) and diagonal rays |, (along <110>) are the emergences

of dislocation half-loops in slip planes {110} (Figure 4b) and {110}s (Figure 4c), respectively.

The exposure only in MF insignificantly increases the dislocation mobility in planes
{110}s, and short rays length increases (Figure 6b). When the magnetic and electric fields are
applied simultaneously, we can observe both the electric stimulation of the magnetoplastic
effect and almost complete its suppression.

It turned out that the effect is determined by the polarity of “internal” field E .

If E coincides with the polarity of external electric field E, (E, 7T E ), we observe a
sharp elongation of arms |, their broadening and curvature (Figure 6c), which demonstrates
the intensification of the transverse slip in the “softened” crystal; i.e., resulting electric field
E'=E, + E stimulates the magnetoplastic effect. The electric field is assumed to increase the

number of magnetically active pinning centers [7].

(b) (c)
Fig.ure 6. Dislocation rosettes at the (001) face of LiF crystals: (a) reference
ample, (b) after exposure to the magnetic field, (c) after the joint action
of the magnetic and electric fields (B=0.9T and E; =0.5kV / m).

In the case when E, TN E and resulting electric field E'=E,—E in the sample is low

(or approaches zero), the changes in the dislocation rosette are insignificant; i.e., the
magnetoplasticity is suppressed by the external electric field that compensates the “internal”
electric field completely or partially. This picture is observed at E;, from ~0.3 to 0.7 kV / m.
Hence, it can be concluded that, under conditions of this experiment, “internal” electric field E
has a value within this interval (~ 0.5 kV / m).

A set of the experimental data made it possible to relate the linear density of dislocation
charge g to the strength of “internal” electric field E using the method proposed in [5]:
q=Eg,eSb/NL, where ¢, is the electric constant; ¢ is the permittivity; S is the indented face
area; h is the indentation depth, b is the Burgers vector, and L is the length of the edge
portion of the dislocation loop. The obtained value of q (~5 - 103 C/ m) agrees well with the
available data on the real dislocation charge in AHC [5, 6].

b) Effect of magnetic field on the polarization of LiF crystals during microindentation

The crystal polarization during the local deformation proceeds for two stage (Figure 7):
during indentation, the potential difference U increases sharply (stage I); thereafter, the signal
continues slowly increase (stage II). Then, the depolarization takes place (right wings of the
curves).
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The crystal exposed to magnetic field has U ., almost twice as high as that observed in

the initial (reference) sample. In addition, in the exposed sample, the stage II time is
significantly larger and the stage is clearer.

0 200 400 600 800
ts
Figure 7. Dependence of potentials difference U

on the time t after indentation: 1 - initial sample,
2 — exposed in dc MF (B =0.9T for 30 min).

As noted above, during impression of an indenter into face (001) of the sample, an
electric charge (in our case, a negative charge) is transferred deep into the sample by the loop
edge components {110}ss (Figure 5), initiating nonequilibrium distribution of the charge and,
correspondingly, potential difference U between the indented and the opposite faces. As the
loops penetrate deep into the crystal, the signal increases and becomes maximal when the
dislocation reaches the opposite face. The charge transfer is performed by sweeping-up of
vacancies which are in the dislocation way in the slip plane and which migrate to the
dislocation from the volume [5, 6]; in this case, the sweeping-up rate and, therefore, the charge
value are dependent on the dislocation rate V.

During indentation of the LiF crystal, the dislocation rosette forms for two stage [9].
During the first stage (not more than 10 ms), 70 — 80 % of the rosette form, and other 20 — 30 %
form for several units — tens seconds. Assuming that fast stage I and slow stage II of increasing
signal U observed in the experiment correspond to these stages, we can estimate the rate of
dislocations forming the dislocation rosette. In our experiments, at a load of 4.8 N, dislocations
penetrate into the crystal to ~ 0.6 mm, of which ~ 0.45 mm correspond to the fast stage, and the
remainder, to the slow stage.

It follows that, at the beginning of indentation (~ 10 ms) the dislocations move at a rates
of v~5-10"m/s. These high rates correspond to the overbarrier dislocation motion, during
which dislocations do not interact to stoppers, and the dislocation penetration depth must be
the same in both the initial and the exposed samples. Therefore, the higher potential difference
measured in the magnetically-treated sample at stage I (Figure 7) can be only due to a higher
value of the charge transferred by dislocations, which dislocations take trapping isolated cation
vacancies (or vacancies from impurity—vacancy dipoles) meeting in its slip plane.

In the exposed crystal, the slow stage II time is about 100 s (Figure 7), and the signal
continuously increases in this time. This seems to be due to farther displacements of the
dislocations during stage II of forming the rosette (20 — 30 %). In this case, the dislocation rate
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is of ~2-10°m/s, as can be easily estimated using the above-mentioned data. At such low
rates that are close to the migration rate of cation vacancies, the vacancies have time to migrate
to the dislocation from the volume. This process leads to the increase of the charge transferred
by dislocations and corresponding increase in U . In addition, as is shown in Section (a), after
the exposure to MF, the path of loop edge components {110}s deep into the crystal increases; in
this case, dislocations deliver the charge closer to the bottom current-removal face, which also
increases U .

The easy dislocation glide and the increase in the dislocation charge in the exposed
sample show that a magnetic field favors the decomposition of impurity complexes, stopping
dislocations, into weaker (finer) isolated vacancies, impurity--vacancy dipoles, and small-sized
clusters.

The descending wings in both dependences U(t) in Figure7 correspond to the
depolarization that takes place as a result of migration of charged particles in the dislocation
electric field. An analysis of the depolarization curves shows that relaxation time z of this
process is 310 s for the initial sample and 200 s for the sample exposed to MF. According to [10],
7~1/0, where o is the conductivity of the sample. On the other hand, according to the
Nernst-Einstein relation [11], at given temperature and charge carriers of one kind, o ~n,
where n is the charge carrier concentrations (in our samples, cation vacancies). Thus, 7 ~1/n,
and the comparison of the above-mentioned relaxation times shows that the cation vacancy
concentration in the exposed sample is higher by half than that in the initial sample.

4. Conclusions

a) We observed the effect of the “internal” electric field induced by the charge transfer by
dislocations moving during indentation on the magnetoplasticity of the LiF crystal. It is
shown that the electric stimulation and the electric suppression of the magnetoplasticity
take place in magnetic field B=0.9T in the dependence on the magnitude and the
direction of an external electric field with respect to those of the “internal” electric field.
Based on the experimental data, we estimated the “internal” electric field strength and
calculated the linear density of the dislocation charge.

b) The time dependences of the polarization of the deformed LiF crystal made it possible to
reveal the two-stage character of the process, and the stages are characterized by
different rates of dislocation motion (5-102 and 2-10°m/s). The dislocation rates
determine the mechanism of charging dislocations and, as a result, the value of the
transferred charge and the measured potential difference. An analysis of the polarization
and depolarization curves of the LiF crystal made it possible to separate the role of free
cation vacancies in these processes among the multitude of defects, namely,
decomposition products of impurity—vacancy complexes initiated by magnetic field, and
to conclude that their concentration increases by a factor of almost 1.5 under action of a
dc MF (B=0.9T for t =30 min).
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63995935 MO0l LsbOLsMM  3OHMEYJBHJO0 BIOMME  J9dM0Yghgds Y3zgwd
Sb530L IMBobgmdol 3390500, goblozMmMgdom — 853d390d0. s0bodbMwo 3HM©JEHJd0

80sM0s 30€gd0m, bsbTomfiywrgdom, bodgdom, Lobotygdarm gargdgb@gdoom (Ca, Mg,
Se @ 5.9.), 30}v30bgd0m (30353060 Bl2, H0dMBEsg30b0 s 9.9.). 999096 godmdobsty,
doeBg 5dGHYIPW M0 o000 bsMolbOL, 191535 VOOl LobIOLICM 3OMEYJEHIOOL
DotBmgds. ©0d935935 YOOl 359dBHgM0900 HoMmdMoygbl doMomo MMl HJdgdssgs
360Hm©dBHgool  domgdol  3MmEgldo. 33930l Mmd09dAHL  HomBMoygbl g3
36MHMOJBH0Esb  Jodmymazowo  ©d9degs  d5dBHM0gdo.  33emg30L  BoBsbos  MJd98935
©@M0OoL d5d3HgM0gdol 4odmyma3s 85(360sb, 3500 2odmBeMs, 3500 Joge wommbydol
(39000030, ®M05) FMBMJAol MbsGol Fglfogwrs s 98 Wommbdol Bgyo3wgbol
d9LHo3ws ommbgdol 0mbgdol (20 43y / Iew) MOM0xMmJIgEgds bgdms bbgswslibgs
©OMOL  3563sg3emdsdo (12, 20, 36, 44 s 68 bo). @odmymgow 0gbs  od@Hmbob
196396 GHSE00L  MbsMoL BJmbg dodBHgMomo  FEsdgd0. BosGHoMs domo  LobgmdMHoz0
0963053035305 ©5 bHsLOSMYds. 05JGJM09dol FogH 8dodg 9Eogdol SOLBMEODE00L
wBsGob glolifogers dg®Bgme odbs Lactobacillus spp. E11 K3 o Streptococcus thermofiles
2N K2 35939600 8353900, GMA9d3s3 05090000 390930 3330 d5d¢gemom3obgddy.
9b65¢0Bgd0  Wommbgdol 9993390 mdsbg  PoBoM©s  dGHMING  s0LMMBEOIO
1399 MIYBHMOOL Q5dMmYygbgdom.

3dg 9903936 2959653 153390 B03W0gMYOL, MHMBGIOEG 53059MBOGOL MMA6ODBTOL
dmbm3zbsl (3oeEowdo, dsgbowdo, Lgwgbo, HOdMRWs3060, 30Esdobo B12, 30&930b BS).
030 15395000  MmEIbMdOm 6 TFgoo3L ®30b65L @O BMEoMAol  Tgo35L, GMIJro;
9dmbsfocrgmdl 053930l BOHOL 3MmEqldo [1]. dshmbo — ©J9Ts935 3OMOYIEH0s, HMIgEos
393039093905 3933500500. 5dHB5YdI6 dMMbol, Mbob, 3bgMol s 3539hol GAoLYSD s,
51939, B0 bs6gz0Lgeb [2].
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Absorption of zinc and cadmium by lactic acid bacteria.

3995535 05JBgM0gdo (Lactic Acid Bacteria — LAB) {o60mo9bli 2653-00500900m0
0543960930l XMRL, BMIWgdoE 96 FoMdmddbosd L3MmMmgdL, HomBdmoygbgb sbsgOMmdm
56 30360Mm59MHMTBoE 3m390Ls s BHOMIBL, MHMIgergdoi bobdo®Mfywqdols ggMdgb@ssools
9909290 §9603mgdbosb ©dg0:535L, MMyMOE doMOMO© LsdMmEMMm 3OHMEMIAL. 956050
059353 MgMsbG Mo B0M3MmOmYsbobIgd0. MJdgdge35 ©OMIVOOl  d5gEHgM0gdol
dmmbmgbogds 15339006 08  LobgMd-139305803)M0s. b ASBLIWNGMYOOM
50bsb0dbsg0s  ©dgdzegs  BboMgddo.  @odBHMdI30wgdolmzol  LoFomm 153390
6030960909030 9ol 3035806900, sLg3g Lb3sILbZS 9egdgbEgdo, goblszmmegdom,
LB3ogbdo, 3s6g96mB0, bs@GHMomdo, Fmbgmeo, G 306s.

6390955535 8593H9M0900 bsbAoM{iyergdols d90s535®@ FoMogdbols, Bobdotmmessbyols
@5 51939, Lbgs mEmsbmmo 8553900l Fo6dmddbol 3MmEqLL SHMME30ggdl H9badsOL
93069 M50mEYbMBOL M5BsMBOLLL. Y39ws M3d9T:5935 MO0l dodBJMs 9bgeryool Hysmme
Lo FoMHMgdl 6obJoMfyarmazsbo LrdLEG®sEOL 3m33egdLl. dsm Foge FoMdmgdmwro (39535
918393HWMOs© 5063000693l Lbgs  05gBHgem0gdol  BOEIL,  M™Iwgdoz  LalvyGLsom™
3MMEJAHOL  3oBMFJOL  0f39396. B9MHTGBGHOMIOME  3BIMEYJBHJOTo  sEBLOILMZ9WO
90360m3wMmMHOL 06308060905l 0f393L 4909dmL pH 83390060 53935, o3 Pob30MMdGOME0s
3995535  959BH9M0gd0L  3bm3ggwddggdol  Fggac  Ho®dmddbowo  3553056mdom.
Bmao9mmo  Lbgs  d5gd@BHgcos, dogowoms©, Leuconostoc citrovorum L. Dextranicum,
Streptococcus lactis, S. Cremis & liquefaciens and Brevibacterium Lsbgmdgdo 3609369wmgs6
G20l SOV gOL MIOL 3OIMEYJEHJOOL BIMTIHE 300l 3BMiEgLdo [3].

6Jdgdo Jgdogocn  bsbAoMfyargdls ImEolL, doMomso 8995y969w0s  od@™MBe.
603995535 0543HJM09d0 sdBHMBoL B9MIG6E300L F99Ro© Fo0dmdadbosh ©dgdxo35L, Mg
bl ¢figmdl pH ©sfigzsl @o glodsdolo  360Hm©wdBol 890:53905L. gl 3MHMELO
09009009056 93l Loxgwydzws. MJ9Te35 Mool  d5dBgMogdo (LAB) sbegbgb
95d6900L 139MTGbESE0L s FoMdmdabosh ©dgdgogsl. oo g3 bs®o, 8g5930mmb pH
3596056 95535L Fo03mgddbom, gi byl »figmdl Lodmmmm 3GmEv)dEHoL LEIdOEOMdOLS
@5 3690 MdL, byl Mdol 3500Mygbgdol BGOELL. o8olosdy, ©dgdzxszol Foedmgdbs
3900590Y39¢) OHMEL 0535dMdL. ©:J9T:935 05JEJM0gd0 SHoMTMGdID odBHMBOL POl o
LHmOgo gl 3OMmEgbos doMomso domdodoMo Lsxgwydzgero ®dgdige3s 3MM©IE9dol
dogdolsl.

6Jdob 3OM©IB900 HoMdMoqbl doebg bgwlioy®mger Bodwmomgdsl LaboMagdwom
9036mmMA560Ddgd0l IMIBAsMGdEoLsMZ0L Jofmgdsdo. bsfersggddo 53 mEmsBoHIgdOL
330050 dosblo dbodzbguwrmgsbglios xsbdMmgemdols gbsBMbgdol sbdgdEdo.
39633990 3594BH9M0900, HMIWIO0E ©IJO0MI© IMJdggdgb 50bodbmEo BosbLOL
39656066905Bg  0(m©gd056, OMAMOE  3OMI0MEH03900. 3MHMdOME039d0, MMIYdO3
399009496905 Lolidglm-Lods®mg 2Hgddo 56 MO 239MOMO  9539JBHJdOL  FoEoMgdgwro,
3obLb35390000 5630d0MEH03900LYSD. 3OMBOMEH03900 Jdb0sb olgo B03MMIME 456gIMU,
(9903 3900 999330900 35mMgbgdl [4, 5].

o005 Lsbogmabwmo  36083bgermgsbo  335emMo  gegdgb@os  ssdosbols,
33900l s 33965MOLMZ0L. 5830560l MMA60DTTo ogo 9ol 300-bg Ig@Eo 9gbbodol
09095003960M3580 5 90053Y39@ OMEL SOV GOL ©953M530 dBOMEMYOMHO 7bdio0l
99O BOLLL. Zn 50IMBYBOE0s MORB0DTOL Y3gems MGYSE™To, Jumzowqddo, dgwrgddo,
Lombggdls s YXMJYdJo. ®MMos  Lsbogmabwmo  860dbgrrm3zsbos  MxM9gdOL
DOHOOLS S PoYmMaoLOMZ0L. Zn Q56LS3MmEM9d00 I60dbgM3z5605 MOLYIEMBdOL 39H0Mm©Io
Bogmazol  BOEOLmMZoL, MHMIolL »Yx©mggdog LHOIxgs© ogmes. Zn byl  mfymdl
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0565YMm0o s6mo0gdoll 3M9396305L. 0go 360369em356 9rgdgbEBHL FoMdmowpqbl
DOHOOL 5dBH03530580 - Lodowerg, H™bs s d3egdol 256305090 B53039d30.
gg9ges  dobgmoemls  dmeMol, Zn  yzgsbg  9839JGHIO0s  5sdosbols  0dmbmEo

LobLEGHYIobM30L. MYMOOL B0 T9d(339W™ds 0§3938 T-XMgJOOL LMLEIOL
50m©gbMmdOL  3¢0gdsl. glLBHGOMEo T-odBM30GHJO0 39096 STMOoEbMdIb s 3906
906d3056 0633993090L. MO0l MBOL oBOWS 939G MM0s 3693dMmbool, OsGMgOLS s
bbgs 06539430900L Fobsswdwgy.

0Mmooll  doEgdol  M93md96IdMEo  MOMmEIbMdS 033w dLOIMID o
R0DOMMY0M® BEEGMLMID GO s JMHYgMdL J99gy B dd0: 5-sb 18 -9
egdo [6].

350002930 (jom359bL BHMJLo3BAL bmzgmgddo, o3 Lodsbobxggdl s Lbgs
MOMYMBom 9x99GHIOL 0f393L. 3bM39gdbBy 331939035 93965, GMI Cd boby®derogzo
99b3mBoEool  (063ses300l) FggRs 0BMHEIds BowG3z0L  Lodbogbol Golgo. US
Environmental Protection Agency 9mobobs 35030930l 3sbogozsgos xawndo Bl —
d9Lsderm 3963960 MYgb60 50 5F0sboLM30L.

393030 gocmgdmdo bgzgds LyH3930L (3oL Tggo, 1939 Mmoo, Ldowgbdobs
@5 BYyzool 35boll Ebmdol Jggyo. 9653( 939090030l 35dodol 9dudmBoEool
doM0mO© 9ol 11533900 HoMTMoEIBL. LogoGmg@ol 33590 35dodol 3603bgem36

D906l Homdmoygbl. 9(939wgdo osbwwmgdom mGxg® 9@ 39030l 009gd9b, 3069

5659(939wgdo.
3OLBYOMBOL 199530 IMbs3gdo, MMIol Jobggzgomsg Zn dmbdsmgdol 4oBEM©ST

d9LodeMs 895830MML Cd-ob 53299305 s GHMJbogmMmds [7].

Cd doeBg 930609 Gom©9bmds3 30 OO bobo MRYds MMAS60DTT0, Q5BLS3IMNOGdOM,
000 309w9gddo. OHMEILsE 99 MmOMRsbMmTo 35030dol 3mb39bEMSE0s 296339 MbIL
9050f9g3L, 0038 0BgbL  3OMEHJ0bMM0s 0639w gddo. 3sTodo  MOHPO0YOHJIGIOL
0005L5 s B30gbdmsb s v9353806Yds (30GL, HMIYOOE V35330MJOMWO G0
506036 90099963H90msb [8].

0 5MLYdMBL  dgomEo,  OHMIgwoi  339bTomgds 1533900  3OHMIE ool
3900009930bgob  “@ofdgbsdo”.  Lodhmbodm,  3odovdol  89933germds 153390
360 3Hg0do 396@smsb 0BOMEYGds. 933093509008 doge FgRsligdmee odbs ©Jdg0:is35
05439090l 09gM  [goblbs®mgdols 300080wmdoligsb 2s(dgbols Mbso. 8gwgao Bszdom
Loy gdM 503mPBbs [9].

BoGo®m9dme 0dbs 33e093s Lactobacillus plantarum CCFM8610, Gmdgebyg 390domdols
©5393006900L b0 508MIBBLS Jododom sdmfizgmero 83539 GHMJLozMM™MdOL dJmby
059390d0. 0900989005 583965, Gmd CCFM8610 “65036Mbocng3” msy390d0 T9d306Ms
Bofiesgol Goge 3500800l SBLMEDB0, 9399 MWS305, F9030M©S  MOMITOLY S
©30deol  mJLOOE0MOO LAHMILO s AoMIXMOIBES ©30dOL  30LEFHMISPMEWMYO0VIMHO
33LoEgdgdo [10].

500mBby, ™I L3gEosmO ®dgdzs3s d9gBHYMogdo d60d3bgermgbs (Hd9bgb
Pgol 300030Bols s BY300L5Y96. Y39wsby 9B9JBHMM© U 3OMEgLO FobsbmMEogws
09009905 03o0900s:  Bifidobacterium longum 46, Lactobacillus fermentum ME3 Qo
Bifidobacterium lactis Bb12 [11].

g BHMds30gdol 3 EH035300LmM30L  godmygbgdmwo  oym  MRS-dmombo.
BsG®0Mdol 539@OGH0 o 99mbomdol 30GH®IBH0 0630053058 390093l LEGMI3EBHM3M3JOOU,
M30LS s bbgs 303OMMMA60DTGdOL BOEIL 50boTbM B3390 50gDY. 0bmIMEPoMgdMwo
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1533900 96H0L 063MdoE0s 93mT9bOMdMos 35 —37 °C 18 — 72 b gobdsgermdsdo [12].
JodomGmo 89950900 mds sfizMowgdom dm3gdmwos (gsmmgddo [13]. wod@mam3zgdol
3130353006030 59myqbgd o ogm M-17-3wombo. 1533900 509900 TBYdIO
oym  Hoemdmgdeol  doge  dmfmEgdmmo 1393080353008  dobgzom.  Jodoeo
9995009960 Mds ©sfi3M0wgdom dm393mw0s fiys®mgddo [14].

365¢00Bg00LsM30L 5900 oym Perkin Elmer go®dol Zn s Cd Lsfigolo blbstrgdo
13y /8  3mb39636530900m. Fomob  358Bogdom  bbgoolibgs  3mb3gbGMmogogdols
9BHOMbmEm  blbsegdl.  dodBHgmomo  JEs9gdolomzgol  3sdbogdom Mmool
§gocblibo®l (1 dg / dew). 39c0d0wgdo o3bLgbom aeroiobol 0.4 M blbs®do (1 9 / dg»).

0)wombgdols MRS o M17 Bsdmlbds dmbs 85350:@Ebol 40 der  Lobyxs®gddo.
@o™bgd0oL LodmEmm 30m6396EMs30s 153390 booAT0 TgoYIbs 20 ppm. QoM@ 5dob,
1530MbGHOMEME 50900 0gm 10 oo MRS-dwwombols 999339¢0 (ommbols o69d9)
Lobx o6 s 10 M17-d9wombol 9993390 (€00mmbols 4o6989g) Lobxs6o.

3900099 dmbs 15330930 BodBHYMHOEo FEsTgdol TgBEobs Lobxs®gddo: Lb. spp. E11
K3 — MRS, bmem S. thermophiles 2N K2 — M17 31@00mbosd Lobyxs69gddo. dog@gemorero
9359900 993390 Y39e0s BobX G FMmmMogbs MYMIMVBESEHTo 37°C-BY, Loz bEYdM.
0543960900l A5FMBOS. d59dBHM09d0L FoBMBMHS brgdms 12 bm, 20 Lm, 36 Lo, 44 Lo,
68 L. EMMOL sbT>3EMd5To. 590l 890y 39BI6EOM LObKsMIGOOILE doJGIMOMWo
dslgdols  godmygmazsl. 06310060900 dodBHgMomwo  IEHedol  FgdiE3gero  3o35MEGHBOL
LobxsM9g00 3mMEH)Jugdm©s (VWR ™ Mini Vortexer), 8999 903005300 350050¢3)9690mqs
395&®0xma0l 45 A Lobxs®gddo s bEdMs 396GHM0BMR0MGdS 40 oo gobTogwrmdsdo
10000 rpm (Thermo IEC Mlcromax RF). Um3g6mbo@oeb@gdo gos0@ebgdms  bofgol

F9960 3980 ©5 0HBMIgdMEs dsmo pH. dowgdaro Bsenrgdo x g6 06gsbgdmos (LEgHowmemo
393dmbowo {ywom; 396GHM0RW0M9gd00 40 (oo, 10000 rpm), 9999y 30 3o0EbJdM©S
90X IO© 39GO0L 30bxbgdBy s doMMLIBODbMYdOL  3sd0obsdo (Labconco, model
# 3601024) bgdms 8530 45dMH™Mds BEBIOOWOO 359M0L B53500L §398. 2odMMdOL 999
b B¢gdgdol (X MIEM3560 Bsby) 9hmb3s O Q96 Fo35MGHBOL Lob) sMdTO.

395b9bom  Bd5dBHgMomwo  dIMoo  Tdolgdol  LZgo  IBIEFMGOL  (goblby)
3BM3H3553500. 5d0LsM30L 60390056  Lobxs6gddo ©s35TsB g 18 HNOs. 533356
0aMBs6mgmdsdo  60dmdgdo  ©oym3bs 3 Y, oL 9IRS Gmbs  bodwdgdol
393b9gds Mool  3H9d39Mo@emsdyg.  b0dMdgdol  mbgzo  dEYMTsmgMdsdo
39005943560l 89992 m0mMge Lobx sl (60dMAL) sgds@s 10 A dB0oOLEHOEW0MYINYO
Dgoao.

365¢0Dgo0o  BoBoM©s 65d90MM39  9GHMING-50LMEMDE0Mwo  B3gJGHOMAgGHOOm
“Analist 800" (Perkin Elmer) [15] 9. 9606MH™b035830¢0L gobozol obbEodwm@do.
3900g9gbgdmo  oym  5393H0wgb—-359MH0L  seo. 9Ju3ge0dabEGHOL  Fg9Ad©  FoWYdIMWO
990092900 3m390w900 Bobsbgdbg 1 - 3.

BobsBBg 1 FoMdmagboo gM5130300006 BB, M 50bodbwo dogddgmos Cd+?
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Abstract

The interaction of Cd(II) and Zn(II) ions with C-phycocyanin (C-PC) from Spirulina
platensis has been studied by UV /Visible spectroscopy at 10 mM ionic strength. The
absorbance variation with increase of metal ions concentrations was used to construct the half-
reciprocal. The logarithm of binding constants and Gibbs free energy for Cd(II)_ and Zn(II)_C-
phycocyanin complexes were estimated from this plot.

Introduction

The nanoparticles can play a topmost role in the field of nanomedicine such as health
care and medicine diagnostic and screening purposes, drug delivery systems, antisense and gene
therapy applications, and tissue engineering and expectations of nanorobots configuration [1].
However, up to date, most microorganisms that have been reportedly used for synthesis of
nanoparticles are pathogenic to either plants and / or humans [2]. So over the years, researchers
have turned to nonpathogenic microorganisms. Spirulina platensis and Nostoc sp. are two blue—
green microalgae (cyanobacteria), is an important representative of these microorganisms.
Spirulina has several pharmacological activities such as antimicrobial, anticancer, metallic-
protective (prevention of heavy-metal poisoning against Cd, Pb, Fe, Hg), as well as
immunostimulant and antioxidant effects due to its rich content of protein, polysaccharide,
lipid, essential amino and fatty acids, dietary minerals and vitamins [3].

Spirulina is multicellular filamentous blue green algae. The chemical composition of
Spirulina platensis reflects its potential in human food and as a source of natural products. One
of basic protein of Spirulina platensis is C-phycocyanin (C-PC), which use as fluorescent
protein probe in living cells [4]. Spirulina biopolymers used in nanostructured scaffolds [5].
Phycocyanin, a blue pigment associated with the chlorophyll of this organism, exhibits
antioxidant and anti-inflammatory properties [6]. Antibacterial and anti-inflammatory effects
are critical when scaffolds are used in humans [5].
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Cadmium is a potent toxicant to bacteria, algae and fungi. Spirulina platensis has a high
tolerance to cadmium and it effectively applied to phytoremediate waste water [7]. Cd has been
shown to change the binding characteristics of the SP1 transcription factor Zn-finger to DNA
[8].

Inhibition of DNA repair is an important genotoxicity mechanism of Cd. This may occur
when Cd(II) complete with Zn(II) for a common binding site on enzymes involved in DNA
synthesis [9]. In spite of the fact, that there is significant increase in the interest on studying the
effect of metals with microorganisms and their components, the mechanism of metal ions
interaction with them is essentially unknown.

In this work the interaction of Cd(II) and Zn(II) ions with C-phycocyanin from
Spirulina platensis at 10 mM ionic strength has been studied by UV / Visible spectroscopy.

Materials and methods

Stock solutions of Cd(II) and Zn(II) were prepared by dissolving CdSO4 and ZnSOs in
deionized water. CdSO4 and ZnSOs were analytical grade. C-phycocyanin preparations were
obtained by the method given in Ref. [10]. To determine the degree of purity of the samples,
spectrophotometric (wavelengths 250 — 750 nm) and electrophoretic methods were used. The
concentration of C-PC was determined by ultraviolet-visible spectroscopy using a value of

£ =279 000 M! cm™ for the absorption coefficient. The purity of the protein was assessed

A=615nm
from the ratio of absorbances at A= 615 nm and A =280 nm (Asis / A0 > 4). Absorption titration
was performed in the 620 nm, by adding metals solutions to C-PC and recording the spectrum
after each addition. Fitting of absorption titration has been performed model, where two
extinction coefficients & and erare used for a chromophore bound to C-PC and free in solution
[11]. The intrinsic binding constant K was determined from the plot of D/ A&, vs D, where Dis
the concentration of metal, Aesp = [e2— &4 and Ae= [es— &. The apparent extinction coefficient
&, is obtained by calculating Aoss/ [C —PC], Aoss optical density, & and & correspond to the
extinction coefficient of the bound form of C—PC and the extinction coefficient of free C-PC,
respectively. The data were fitted to Eq. (1), with a slope equal to 1 / Aeand a Yintercept equal
to 1/ AeK. e was determined from Ae and K was obtained from the ratio of the slope to the Y
intercept:

1/Aep=D/Aep+1/ Ak (1)

For biosorption isotherms studies, the concentration of C-phycocyanin was constant,
while the metal concentration in each case was varied. The initial metal concentration was
varied within the range 10— 10 M. The C-PC concentration was 10~ M. All the experiments
were carried out at 23 °C, at ionic strength 10 mM.

Results and discussions

The absorption spectra of C-PC in the presence of Cd(II) and Zn(II) ions are shown in
Figures 1A and B, and in Figures 2C and D, respectively. The electron absorption spectra of
C—PC in the presence of increasing amounts of the metal ions showed strong reduction of the
peak intensities (hypochromicity). The absorbance variation at A =620 nm with increase of
metal ions concentrations was used to construct the half-reciprocal plot [11, 12].
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The logarithm of binding constants was estimated from this plot. They are equal to: for
Cd(II) pK = 3.41, for Zn(Il) pK = 3.24. Correlation coefficient R is more, than 0.9 in both cases.

The binding constant K was used to calculate the Gibbs free energy AG?=—- RTInKk,
where R is the gas constant and 7'is the temperature by Kelvin. Respectively Gibbs free energy
AG? for Cd(II) 4.64 kcal / mol, for Zn(II) 4.4 kcal / mol. The results of the study indicate that
calculated values of AGY are characteristic for hydrogen bonds.
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Figure 1. Plot of the absorption titration data at 620 nm, demonstrating the saturation
of binding of C—PC to Cd(II) (A). Half-reciprocal plot of C—PC binding with Cd(II)
ions as determined from the absorption titration data(B) ([Cd] / A& vs [Cd)).
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Figure 2. Plot of the absorption titration data at 620 nm, demonstrating the saturation
of binding of C-PC to Zn(II) (C). Half-reciprocal plot of C—PC binding with Zn(II)
ions as determined from the absorption titration data (D) ([Zn] A& vs [Zn]).
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Comparison of these results for Cd(II) and Zn(II) ions shown, that Cd more effectively
bound to C-phycocyanin, than Zn. These results are in good agreement with our previous data
[13], where interaction of metal ions with C-phycocyanin were studied using thermodynamic
methods (equilibrium dialysis) at various ionic strength (50, 20, 2 mM) and using optical
methods ( absorption and fluorescence titration),when C-PC was dissolved in water.
Difference between binding constants using equilibrium dialysis may be explained effect of
ionic strength on the metal-C-PC binding constants. In [14] was studied influence of ionic
strength on Cd(II)_C-PC interaction using equilibrium dialysis and was shown also effect of
ionic strength. The dependence of metal-C-PC complex stability on ionic strength of solution
shows the competition of Na(I) and metal ions for binding sites.

Comparison of present data for Cd_ and Zn_C-phycocyanin complexes, with results
using the same method , when C-phycocyanin is dissolved in water shown, that effect of ionic
strength is insignificant. The reason may be, that the absorption titration is generally impeded
because of relatively small changes in absorption upon binding of metal complexes to proteins.
These changes of absorption are especially small for ligands which have less affinity for C-PC.
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Abstract

The paper deals with transformations fixed in magnetic fluids due to definite activities of
magnetic nanoparticles inside them. It is shown that in the case of absence of fixed flux the spin
velocity and components 77, and 7, are space invariant, while at the fixed flux the spin
velocity together with 7, and 7m,, varies with varying of the width of y. It is stated as well that
in magnetic fluids the magnetization increases in the spiral form, because during its rotation it
itself becomes responsible for movement of the fluid with the spin velocity w, # 0, which itself
changes the magnetization.

Introduction

In MRI three kinds of magnetic flux density are applied: the first — strong 5 field in
z-direction, the second — B transverse radio-frequency wave and the third — space-coded fields
(G gradients) in z-directions as well. In the paper low (sick) fields of 0.10-0.35T are
considered. In such kind of low fields the fluid is unable to reach saturation and nano-particles
revolve in additional rotating magnetic field. The magnetization in magnetic fluids increases in
spiral form.

Magnetization in sick fields. Basic equations

Under an action of a magnetic field the expression for relaxation of the magnetization
for magnetic fluids is given as follows

oM _ N

—+U-VM—wxM+<—)(M—Msat):0, (D

ot T
which at the same time provides as the magnetization, as the re-orientation of given field. v is
the vector of linear velocity of the magnetic fluid, while @ the vector of spin velocity of the
magnetic fluid and 7 — its time of relaxation [1, 2].
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The left-hand-side of (1) is straightly dependent on v velocity of the linear motion and
on @ angular (spin) velocity. The equation of state in the magnetic field possesses the time
constant characteristic for the equilibrium magnetization, described by the following
expression:

1 1 1
LN @

T Tp Ty

7p and Ty being Brown’s and Neel’s times of relaxation, respectively, given as follows:

3Vhitc
BT T
kaVp

Ty = Toe kT (3)

Vi, being the hydrodynamic volume of nano-particles in m3, while u, — the dynamic viscosity
of the given fluid (ns / m?).

If the number of particles in a magnetic fluid is fixed (for example, being located at its
surface), the only Neel’s relaxation is in action, while Brown’s relaxation is absent.

b, = Re{g.},ei&} h, = Re{ﬁ.xej&}

}f
_________________ | |y | S — [1

________________________ ___ 0

Figure 1. Flux of a magnetic field.

In Figure 1 the flux of a magnetic fluid is presented in the fixed area (y = 0, y = d). The
trended flux is pumped by /b magnetic field acting in z direction and by x directed sinusoidal
magnetic field of the sick signal with the complex amplitude h, as well, as in y direction by the
sinusoidal magnetic fluctuation density of the sick signal with the complex amplitude By. In x
and y directions the components of the magnetic field vary due to the sinusoidal law with €
frequency. v, (y) velocity is directed along x-axis, while the spin velocity w,(y) — along z-axis
and both are y dependent. As it is seen in Figure 1, the velocity of the flux bleeding is directed
only along x-axis while time-average spin velocity — only along z-direction.

Taking into account the distribution of magnetic field strengths (densities) as they are
given in figure, 7, and , 7, are space homogeneous due to corresponding zero space derivatives.
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According to Ampere’s law, when the conductivity is zero (f = 0) or the change in current
density differs from it <6D / ot * 0), the field strength should be zero and given by (4) surely

(see [3)):

‘v*xﬁ—*+aD—o 4

Gauss’s law regulates densities of the fixed magnetic flux along 7

db, 0db, O0(B
x_l_ y+(0):

V=t T ez

0. (5)

Then 9by / oy = 0, when abx/ ax = a(BO)/ 5z = 0. Based on this survey we may conclude that

by and Ax should be constant in space and independent on y, while Ay may be dependent on y,
when yitself depends on my.
The density of total instantaneous magnetic fluctuations B, total instantaneous magnetic

field H and total instantaneous magnetization M are given as follows

-

B = Re{(b,(»)T, + by, )e’*t} + By,
H = Re{(h,i, + by, (»)i, e} + Holy, (6)
M = Re{(, (y)T, + m, (1)1, ) et} + My,

while the relation between B, H and M is given in the following way:
B = uo(H + M), 7)

Here m,, M, are functions of the spin velocity w, given by the following expressions:

. Mo\ by
M, (]fr +1+ Ho) hy, — (w,T) o

m, = —- ,
¥ Ho (ét+ 1) (jfr +1+ ?) + (w,7)?
0
M (w,T) HI;y + (ér+ 1) by
M, = —2. a )
*TH . , My 2
o (jér+1) (]ft +1+ H—) + (w,T)
0
Conclusion

Analysis shows that in the case of absence of fixed flux the spin velocity and m, and m,,
are space invariant. When the flux is fixed the spin velocity together with M, and m,, varies
with varying of the width of y. The second term in (1) contributes nothing, as to the velocity of
the flux along x and at a/ 5, Mmagnetization is zero. In magnetic fluids the magnetization
increases in the rotating (spiral) form, as to at the rotation it itself is responsible for movement
of the fluid with the spin velocity w,, differing from zero, which itself changes the
magnetization.

161



Transformations in magnetic fluids caused by activities of magnetic nanoparticles.

References

1. D. G. Giancoli. Physics. Principles with Application. 1995, New Jersey.

2. K. M. Koch, P.B. Brown, D. L. Rothman, R. A. de Graaf. Sample specific diamagnetic
and paramagnetic passive shimming. J. Magn. Reson., 2006, 182, 1, 66-74.

3. K. V. Kotetishvili, G. G. Chikhladze. Linearization of Langevin’s equation in magnetic
fluids. Nano Studies, 2013, 7, 225-228.

162



L. V. Devadze et al. Nano Studies, 2015, 12, 163-168.

LIGHT INDUCED LINEAR POLARIZATION IN SPIROPYRAN
DOPED NEMATIC LIQUID CRYSTAL MIXTURE

L. V. Devadze, Ts. I. Zurabishvili, N. O. Sepashvili, G. Sh. Petriashvili

Georgian Technical University

V. Chavchanidze Institute of Cybernetics
Thilisi, Georgia
devadze2005@yahoo.com

Accepted September 23, 2015

Abstract

Photochromic properties of the spiropyran doped nematic composite were investigated.
It was shown that when the nematic host has a high order parameter the composite exhibits a
dichroic behavior which is a light controllable. High optical polarization of the composite
promises the introducing of a novel optical data storage medium, which enables to record the
light characteristics such as wavelength, polarization and phase, with high optical density.

Introduction

Photochromic compounds are the subject of active research due to their outstanding
photosensitive properties and potential applications in the fields of optoelectronics and
photonics. These applications rely on the ability of photochromic molecules to change color as
well as other physical and chemical properties upon illumination. Spiropyrans (SPs) are
photochromic materials that have been extensively investigated due to their potential
applications in devices such as light-sensitive eyewear [1], information recording and processing,
including three-dimensional recording, which is based on large section of two-photon
absorption of SPs [2, 3], optical memory [4,5], molecular devices [6,7], nonlinear device
components and optical switches [8 — 14], light activated drug delivery systems [15]. SPs can be
transformed into a merocyanine (MC) state upon UV irradiation, and it also can be reversed to a
SP state by irradiating with visible light or by heating. More specifically, the carbon-oxide bond
of the SP is cleaved when it is transformed into an MC state upon UV irradiation. The MC state
not only converts to a polar molecule, but it also turns dark purple in color. Since the
interconversion between closed SPs form and their open MC form involves a large molecular
rearrangement, some compounds of this class does not exhibit photochromism in a solid-state
reaction [16]. To extend the range of commercial applications, SPs are typically included in
polymer matrices [17 — 19] and monolayer films [20 — 23].

In this paper, we report a SP doped nematic liquid crystal composite that exhibit a light
controllable spatial-temporal linear polarization. Due to the unique properties of liquid crystal
materials, liquid crystal doped SP system is assumed to have many advanced optical attributes
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quite different from those of isotropic liquids, semiconductors and polymer doped ones.
Further, SP doped liquid crystals present additional features: an extremely high solubility of SP
in the liquid crystal host, which can vary in the range 1 -4 % (by weight) without destroying
the liquid crystalline phase, a high orientation order parameter for SP molecules provided by
the spatial orientation of the liquid crystal host molecules.

Results and discussions

As the initial nematic materials were utilized commercially available and certified
compounds MLC-7023, ZLI-1939, ZLI-4788, BL-006, BL-036, BL-038 (all from Merck), and
as the photochromic material — 1',3",3'-Trimethyl-6-nitro-1',3'-dihydrospiro[chromene-2,2'-
indole] (from Sigma-Aldrich), Figure 1.
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Figure 1. Schematic structure of spiropyran.

The photo switching behavior and absorption spectra of the composites were
investigated with a UV / VIS Spectrometer at room temperature. For light-induced generation
of the MC, the samples were irradiated at the absorption band of the SP, using a 100 W
mercury lamp HG 100 AS, (Jelosil, Italy), with the 290 — 400 nm bandpass filter and for the
reverse switching to the non-colored form of SP, was utilized 540 — 630 nm bandpass filter. The
distance from the lamp to the sample was about 12 cm. The intensity of the light at the samples
was about /= 0.12 mW / cm? In order to investigate the optical properties of the composites, we
built a planar optical cell using two glass plates. The spacing between the substrates was
adjusted to 20 pm by using of Mylar films. To obtain homogeneous alignment, we already
coated by spin coating with polyvinyl alcohol solved in water and rubbed in one direction by a
rubbing machine. After that the cell was filled with SP doped nematic mixture, by capillarity
in isotropic phase. To compare the solubility of SP in the different nematic hosts and determine
the maximum of the non-saturated concentration, we have prepared next mixtures: 1. X%ZLI-
1939+Y% SP, 2. X%MLC-7023 +Y% SP, 3. X%ZLI-4788+Y% SP, 4. X%BL-036+Y% SP, 5.
X%BL-038+Y% SP, and 6. X%BL-006+Y% SP, where X =99 -96 % and Y = 1 — 4 % (by wt.).

During the experiments, we found that the solubility of the SP strongly depends on the
host mixture. For example, the maximum of the non-saturated solubility of SP in MLC-
7023 was just 1%, whereas in BL-036 and BL-038 it increases up-to 4 % by weight.
Another interesting result we have observed was the batochromic shifting of the absorption
bands of MC. The maximum of the absorption peak of mixture ZLI-1939/MC was
located at A=552 nm in the optical spectrum, while for the MLC-7023 / MC, this maximum
corresponds to A=656 nm, giving the spectral shifting AA=104 nm. To demonstrate the
UV light stimulated absorption dependence on the expose time, we selected and investigated
the following mixture: 96 % wt. BL-036 + 4 % wt. SP. Figure 2 shows the conversion of the SP
molecules from close to open ones, when irradiated by UV lamp with different time intervals.
In this picture is demonstrated the significant, time-dependent, increasing of the absorption of
MC upon UV irradiation.
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Figure 2. The effective absorption dependence on the expose time for mixture
96 % wt. BL-036 + 4 % wt. SP, upon exposure to UV lamp. Curve 1 corresponds
to the absorption before irradiation. By the numbers of 2, 3, 4 and 5 are given the
absorption curves with 5, 10, 20 and 40 s of exposure times, respectively.

For the calculation of light intensity (in percentages) outgoing from the optical
cell with different UV exposure time, we used the general equation which gives the
relationship between absorbance and transmittance:

A=2-logi% T, (1)
(hence % 7'=10*4), where A and 7, respectively, are the absorbance and transmittance. The
calculated conversion units between Aand /% are listed in the Table 1.

Table 1.

Exposure | Absorbance A | Transmittance /%
time 7,s |atA =585nm | at A =585 nm

0 0.05 89.12

5 1.23 5.89

10 1.68 2.09

20 2.22 0.60

40 2.26 0.55

As shown from Table 1, before the UV expose the light transmittance of the sample
was equal to /i =89.12 % and significantly drops down to £=0.55%, after 40s to the
exposure. This switching behavior is reversible. After the UV exposure, the optical cell turns
itself from the dark to the transparent condition during one hour, or this process can be
stimulated by light or temperature. We have performed the light induced back switching by
using of 540 — 630 nm band pass filter and during 12 s the sample became transparent when the
light intensity of the sample was about /=0.34 mW /cm? Next experiment we have carried
out was to induce a linear dichroism (LD) in the nematic / MC composition. It is known that
LD is the difference in absorption of the light linearly polarized parallel and perpendicular to
an orientation axis and can be calculated using the following equation:

LD=Au—- AL (2)
As regards the dichroic ratio this is defined by the next equation:
D(A)=Au/ AL 3)
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Where Au and AL are the absorptions of the long dichroic axis of the anisotropic material
parallel and perpendicular to the plane of polarization respectively. To demonstrate the
dichroic properties of the sample, at first we irradiated optical cell with UV lamp during 2 s.
After that we measured the absorption in two orthogonal orientations with respect to the
polarizer. In Figure 3, is shown the absorbance of the sample in two orthogonal orientations,
parallel and perpendicular to the transmitting axis of the polarizer. By using of Eq. (2), we
calculated the linear dichroism of the composition which was equal to LD = 1.08, and according
to the Eq. (3), the dichroic ratio was calculated as (1) =7.12, at A =585 nm.
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0,00 +—— : ' , ‘
400 500 600 700 800
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Figure 3. Linear dichroism of nematic doped MC matrix, after UV irradiation,
where || is the absorption of the long dichroic axis of MC, parallel to the plane

of polarization of the polarizer, and L is the absorption of the long dichroic
axis of MC, perpendicular to the plane of polarization of the polarizer.

. Light source .

a \ / b

Spiropyrandoped LC cell

Figure 4. A scheme of the light induced modulation
of the optical transparency of the SP doped cell.

We have examined the light modulation properties of the optical cell consisting of an SP
doped nematic matrix. The transition time from transparent to the dark stages of optical cell,
strongly depends on the exposure light intensity that can vary from milliseconds to one second.
In Figure 4, is shown a set-up, which demonstrates a light induced modulation of the optical
transparency of the SP doped cell, and in Figure5, is demonstrating the optical light
transmittance before and after UV exposure.
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Figure 5. An optical cell before (a) and after (b) UV exposure.

To obtain a light induced distribution of the linear polarization in the optical cell, we
prepared a transparent plastic mask with a regular distribution of black squares (Figure 6). The
sample cell was tightly covered with the mask and then was irradiated by UV light for 20
seconds, to obtain a regular distribution of non-irradiated areas. As a result, when irradiated by
the reading light, on the screen below, we have obtained the distribution of non-polarized and
linearly polarized lights, caused by the distribution of transparent and black squares on the
mask, (Figure 6). It should be noted that, it is possible to use a surface covered with
photosensitive layer and record optical information, modulated by the light intensity and / or

l l l < Unpolarized light

Spiropyrandoped liquid
crystal cell

[/ [t/ 7

/
> e >

by the light polarization.

Screen with distribution of linearly
polarized light

= T
/

VAR VAR A4
l=/ =7 7%

Figure 6. Experimental set-up for the recording of the spatial distribution
of linear polarization in the cell filled with SP doped nematic matrix.
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0
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Figure 7. The number of recordings erasing cycles for a SP-doped liquid crystal mixture.

The number of recordings-erasing cycles, that a system can undergo, is a critical
experimental parameter. To study the feasibility of repeated cycles, experiments on the fatigue
resistance of the SP doped nematic structure upon UV and visible light irradiation were carried
out. In a cycle, a system is transformed from SP configuration to MC one, and then back to the
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SP form. Using visible light, we induced the switching of the MC molecules back to their initial
SP form, and found that after 12 s of irradiation, the sample became transparent again. The
switching between the two molecular forms can be performed efficiently for several tens of
cycles, as shown in Figure 7.

Conclusion

To summarize, in this study, we report a SP doped nematic liquid crystal composite.
Our results demonstrate that SP can be used as an efficient photo switcher and when doped in
the oriented nematic matrix it acts as the linear polarizer with light controllable behavior. The
use of photochromic materials in memory system is desirable, because they present several
major advantages over the current optical systems, including their erasable/rewritable
capability, high resolution, and high sensitivity. We envisage that the investigated composite
can find versatile application in light controllable shutters, smart windows and in optical
storage memory systems, where the light characteristics such as wavelength, polarization, and
phase can be multiplexed to enable data storage and thus have the potential to dramatically
increase the achievable memory density.
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TEILUIOBBIX Y1 PE3OHAHCHBIX HEUTPOHOB
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AnHOTanusa

[IpennoxeHa TexXHONOTUA HEHUTPOHHOTO (QUIBTpA /MAJA IOIJIOIIEHUS TEeIUIOBBIX U
PEe30HAHCHBIX HEHTPOHOB HAa OCHOBe OKHMCH Kaamusg. C IeTpi0 yBeJMYeHHSA IOTJIOMAoen
croco6HOCTH (UJIBTPa B UHTEepBaje OSHEPruili HeWTPoHOB 3 — 62 kaB wucmonesyoT cmech
IIOPOLIKOB OKHCH KaJMUA M MeTaUIMYeCKOTO CejieHa, CIIPECCOBAHHYIO [0 IIJIOTHOCTH
47-50r/cv® u Tommuusl 4 -7 mMm. [lpuyem mons okucum KagMus B CMeCU IIOPOILIKOB
14.0 — 25.5 mac. %, a meTasmnueckoro cenxena 75.5 — 86.0 mac. %.

O6ny4yenue 06pasIOB SIUTEPMAJIbHBIMU HEHATPOHAMM IIPUMEHSETCSA JJI IOBBIIIEHUS
cesekTuBHOCTU Meroza HAA (HeHTpPOHOAKTHBALIMOHHOIO aHAajIu3a). DTOT CIOCO6 OCHOBAH Ha
M30UpaTeIbHON aKTUBAIUU B MCCIeAyeMOM OOpaslie TaKHX HYKIHZOB y KOTOPHIX M3MeHEeHHe
CceyeHUs 3aXBaTa HEUTPOHOB SIIUTEPMATIBHON OOJACTH He NomuuHAeTca 3akoHy 1/ V (V -
ckopocTh HeliTpoHa). OHO mponopiuoHanbHO £ 1 MMeeT pe3KO BhIpaXKeHHbIe Pe30HAHCHEIE
MaKCHMYMBI, JOCTUTAIOIIe MHOTA COTEH U [IeCATKOB ThICAY GapH.

O6nydyeHne TaKMX HYKIHAOB [JOCTaTOYHO WMHTEHCHBHBIM IIyYKOB PE30HAHCHBIX
HeHTpoHOB ¢ sHeprueit ot 1 go 1000 3B ¢ HeGoMbIINM SHEPreTUYECKUM Pa3dpOCOM II03BOJISET
IIPOBOAUTH M30MpaTeIbHYIO aKTHBAIlUIO. B pesysbpraTe HOABIAETCA BO3MOXXHOCTH Pa3pabOTKU
IJI MHOTHUX 9JIEMEHTOB BeChbMa CIIeIH(PUIeCKIX METOIHUK OIlpeleIeHH.

M3-3a OTCYTCTBUA JOCTaTOYHO MOUIHBIX MCTOYHMKOB MOHOXPOMAaTHYeCKUX HEHTPOHOB C
peryiupyeMoii oHeprueii, B IpaKTHKe aKTHBAIIMOHHOTO aHAJIM3a MCIOJIB3YIOT pe30HaHCHEIE ,
HojyJalomyecs B IpoIecce 3aMeAseHus ObICTpuX. Hanbosapurylo MHTEHCHBHOCTB IIOTOKH
PE30HAHCHBIX HEMTPOHOB MMEIOT B aTOMHBIX peaKTOpax, B KOTOPBIX YHCIO HEHTPOHOB
PE30HAHCHO dHEPrUH U3MeHseTCs 10 3aKoHy 1/ £

3aBUCHMOCTb IIOTOKAa PE30HAHCHBIX HEHTPOHOB OT OHEPruM CO37aeT Haubosee
6JIaI'OHPI/IHTHBIe yCJIOBHUA A0 dKTHUBALIMK 3JIEMEHTOB, Y KOTOPBIX PE€30HAHCBI PACIIOJIOKEHBI B
006JIaCTH HUBKUX DHEPIUii, TaK KaK 37leCh IIOTOK Pe30HAHCHBIX HEHTPOHOB BhINIe. B IpakTuke
HAA B menax usbupaTeIbHOM aKTUBALIMM IIPUMEHSIOT (QIJIBTPBL U3 PA3IMYHBIX BEIECTB HJIU
UX KOMpPO3WIMH, O00IafaloluX, B CBOIO oOuepenb, OOJBIIMMHU CeYeHUAMH IIOTJIOMEHUS
HeUTPOHOB OIpefiesleHHBIX sHepruil. IIpomyckanue M30TpPOMHOrO IOJA TEIJIIOBBIX HEHTPOHOB
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Neutron filter for absorption of thermal and resonance neutrons.

¢unprpamu u3 Cd, B, Au u ap. usyueno B paborax [1, 2]. sBectro, yTo Cd 061amaeT cBoiicTBOM
CUJIBHO IIOIJIONIATH TeIJIOBble HEUTPOHHI o pe3oHaHCcHOI sHepruu 0.178 5B (8000 6apx), a B
o6ractu 0.4 3B ceyeHme pe30HAHCHOTO IOIJIOLIEHUS Opes. Pe3KO Imazaer. IlosTomy B mepBOoM
IpUOIKEeHNH JOMyCKAIOT, YTO KaJMU 3aXBaTHBaeT Bce HeHTpoHsI ¢ £'< 0.4 5B u mpomyckaer
Ha/ITEIIOBEIE.

AxTHBanug HYKIUZOB 3a KAaJMUEBBIM DKPAaHOM IIPOBOAUTCA IIPEMMYILIECTBEHHO Ha
SIUTEPMATBHBIX U OBICTPBIX HEMTPOHAX, a HaBe/leHas aKTUBHOCTH IIPOIOPIIMOHAIBHA BeTUINHE
€r0 CeYeHHUs B OTOI SHePreTH4YeCcKo 001aCTH CIIeKTPa HEUTPOHOB U IIOTOKY.

3HaYeHHs Pe30HAHCHBIX MHTEIPAlOB [pes. CEYEHMH aKTHBAI[UM HA TEIUIOBBIX HEHTPOHAX
O ONpeZeNAoT 1eJ1ecO00pPa3HOCTh HMCIIONb30BAHUA TOTO WJIM HMHOTO CIIOCO0A aKTHUBALIMH I
ITAHHOTO dJIeMeHTa, OHA MOXKET OBITh YCTAHOBJIEHA IO OTHOLIEHUIO [pes / Ox.

ObdeKxT pe30HAHCHON aKTHUBAIUM JAHHOTO HYKJINIA OLEHWBAETCA BEJIHMYMHOH €ero
KaJJMUEBOTO OTHOILIEHUs, KOTOPOE OIpeJesieTcs KaK OTHOIIEHWe aKTUBHOCTU B pe3yJIbTare
aKTUBAIlUM B IIOJIHOM IIOTOKEe HEHWTPOHOB (6e3 KaZMueBOro GuiIbTpa) K aKTHUBHOCTH B
kagmueBoM ¢uinbrpe. IIpencraBrenHas paboTa OTHOCHTCA K IPHUKIALHOU AfepHOI QusnKe U
MOXeT OBITh HCIIOJIB30BaHA B TraMMa-CIIEKTPOMETPUYECKOM BapUaHTe HHCTPYMEHTaJIbHOTO
HEHTPOHOAKTUBALMOHHOTO aHA/IN3a, B YACTHOCTH B PE30HAHCHOM HEHTPOHHOM aKTHBAIIMOHHOM
aHaM3e 111 U30MpaTebHOM aKTUBAIUY 00Pa3IoB.

PaGora craBmwia 1enpI0  yBeJMYEHME IIOTJIOUIAIONIEHl  CIIOCOOHOCTM HEHTPOHO-
norjiomatomero  ¢uibrpa B guamazoHe sHepruii 3 -6253B, 4ro obecmeuuBaer
IIpeuMyllecTBeHHYIO aKTUBalMIoO pasuonykanga 2%Hg.

Hcmonp3oBaHme IpezjaraeMoii KOMIIO3WIMM B KadecTBe (HUIBTPa TEIUIOBBIX W
PE30HAHCHBIX HEWTPOHOB OCHOBAaHO HAa TOM, 4YTO COJep)Kamuiica B GUIBTpe KaaMUH
WHTEHCUBHO IIOIJIOIAeT TeIJIOBble HeHTpoHsI ¢ oHeprueit £'<0.45B, a morromenwue
pe30HaHCHBIX C Epes =3, 7, 21, 32, 35, 46, 52 u 62 k3B ocymecTBaseTcs 61arozaps HaTHYHUIO B
HeM MeTaJJINYeCKOTo Se.

IIpumeHeHVe OKMCHM KaAMHA U METAIIMYECKOrO cejeHa B mpomopuuax 1:5 mam 1:10
00yCIOBIEHO HEOOXOAMMOCTHIO ITOZABIeHUs aKTUBAuu > Se cooTBeTcTBeHHO B 5 1 10 pa3 ana
ugeHTUGUKaIUY  paguoHykiInza 2®Hg B OWoNIOrmyecKMX MarepHasaX — PasTHIHOTO
IIPOUCXOXK/IeHHUA.

BaxxHOIf  XapaKTepUCTMKOH  HEHTPOHHOTO 9KpaHa ABJAAeTCA ero  TOJIIIMHA,
obecreunBaomas COJep)KaHWe B Marepuase (MIBTPa TAKOTO KOJIUYECTBA IIOTJIOIIAIOIIETO
KOMIIOHEHTa, KOTOpOe peajlu3yeT HeoOXOAMMBIH 3¢h¢deKT IomaBIeHUs HEeHTPOHOB
MHTEPeCyIOIUX dHepruil. Pacuer HeHATPOHONIOIIOWAIOMUX SKPAHOB II0 COZEPKAHUIO KaJAMUSI
MOXKeT OBITh IIPOBeJIeH IyTeM C PaBHEHUA C HCIIOIb3YeMBIMHU B AZIePHON TEXHUKe KaJMHUEeBBIMU
buabTpaMu I TIOTJIOLIEHUS TEeIIOBBIX HEHTpOHOB. MaTepnaioM W3BEeCTHBIX KaJMHEBBIX
buabTpoB ciryxaT Kagmuensle (oxbru rommuHOM 0.5 cM Pca=8.51/cmd. Jna takux doisr
cofmep>XaHMe KagMWUA Ha eJWHUIy IUtomazu, T.e. pasmepoM 1 cm x 1 cm x 0.5 cm cocraBister
0.45r.

[Tpennmaraemsrit MaTepuan IIOTHOCTEIO o =5 T/ cM3 cocraBa CdO cozepxuT Ha efUHUILY
mwromazu (lemx1lcemx1mm) 0.115r xagmuma. Takum o6pasom, paa obecredeHus
PAaBHO3HAYHOTO C KaJMUEBBIM DO5KpaHOM d(ddeKkTa NOIIAlMIeHNA TeIUIOBRIX HEHTPOHOB
IIpeijIaraeMbId MaTepraj JOJDKEH UMEeTh TOMIIUHY 4 MM.
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AHajOTMYHO MOTYT OBITH pacYMTAaHBl HEUTPOHHBIE (DIUIBTPHL  IIPOM3BOJIBHBIX
komrosunuii. Hanpumep, ans xommosuiuu HedTpoHHOro dkpaHa cocraBa CdO + 10Se c
IUIOTHOCTBIO p = 4.7 T / cM3 TONIIMHA COCTOBJIAET 7 MM.

14.0r oxmucu kagmua u 86.0r mopomrka MeTaysTMYECKOTO CejleHa IIepPeMEeNIMBAIOT B
apoBoi B MeybHUIlE B TedeHue 4 4. Cmech yBaaxHSIIOT 4 % Bozbl (4 MJI), IPOTHPAIOT Yepe3
CUTO C YHCJIOM OTBepcTHii 625 0TB./cM? ¥ TOMEIAIOT B TEPMETHUYHBINH COCY[ [
PaBHOMEPHOTO pacIpefieleHUs BlIaru B oObeMe mopomka. Yepes 20 -24 9 w3 mopomrka
dopmyrtor noz, nasrenueM 10 r/ cm? ussenve B Bue AuCKa ¢ guameTpoM [ =28 MM U BBICOTOMH
h=3-5wmm nnu xe Buge 6amouku 10 mm x 10 mm x 20 mm. IIpu mpunoxeHUu CTOIH BBICOKHX
IaBJIeHWH YaCTUIBl METAJJIMYECKOTO CeJIeHa paCcTeKalOTCHA, CBA3bIBAA YACTUIBI KagMUA B
MOHOJIUTHOe TeJio. [I11 yaneHnsa BpeMeHHOH CBA3KH — BOZBI U3/leJIue CyIIaT B TedeHue 2 4 IIpu
110 °C.

HefiTpoHHODOTr IOmMAOMmMAas CIIOCOOHOCTh IIPEAJIOKEHHOTO (MJIBTPAa HCCIeZ0BANIaACh
9KCcIIepuMeHTanbHO. VccaemoBaHuA TPOBOAYUIM ITyTEM CPaBHEHUA aKTUBHOCTHM PaAHOHYKIHIA
7> Se, IONYy4YeHHOrO Npu OOyYEeHHU CeJIeHCOAEp)KAIIUX OSTAJOHOB CpPaBHEHUSA HA OCHOBE
dbeHONMOPOpPMATBAETUAHON CMOJMBI B KaAMueBOH (osbre, ¥ OSKpaHaX W3 OIMCAHBIX
HeHUTPOHOIIOIJIOMAIOIIMX MaTepHajoB. JKpaHbl OBLIM M3TOTOBJIEHBI B BHJe KOHTEeHHEpOB
IUINHAPUYIECKOH ¢OpMBI ¢ IIJIOTHO HAacaXuBaeMoil Kpermkoi. OOrydeHHMe IIPOBOAVIIH
¢moencom  1-10%u/cm?, comepxanue Se B craHzaptHoM —Marepuaze 1107,
CIIEKTPOMETpHUYECKHe U3MEPEeHUA IIPOBOAUINCEH Ha noxynpoBogHukoBoM Ge(Li)-crekTpomerpe
oosemom 55 cm® u paspemenuem 2.6 kB mia 1332 x3B. Bpemsa wusmepenus 15 mum.
[TorygyenHBIe pe3ysIBTATHI IIO3BOJUIN CHEJIATh BEIBOJ, O IATH M JIeCATUKPATHOM OCJIA0IeHUH
IIOTOKa HEHTPOHOB COOTCTBETCTBYIOIIMX JHEPruil Marepsanamu, cogepkamumu Se u CdO B
coorHomenuax 5:1 u 10:1.

Takum o6pazoM, npezjoXeHa TEXHOJIOTUA HEHTPOHHOTO (UIBTpA AJIS IOTJIOMEHUS
TEIUIOBBIX M PEe30HAHCHBIX HEHTPOHOB Ha OCHOBe OKMCH Kaimus. C ILeIbl0 yBeIUYeHUS
IOIJIONAIOME CIOCOOHOCTH (GUIBTpa B UHTepBajJe DSHEPruil HeWTpoHOB 3 — 62 koB
WCIIOJIB3YIOT CMeCh IIOPOIIKOB OKHCH KafIMHUS U METaJIMYECKOTO CeJIeHa, CIIPECCOBAHHYIO 0
nnotHoctu 4.7 -5.0r/cm® u tommuusl 4 -7 mMm. IlpuyeM fosns OKuMCH KaAgMHA B CMeCHU
nopourkoB 14.0 — 25.5 mac. %, a meTammuyeckoro cenena 75.5 — 86.0 mac. %.
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Pucynox 1. 3aBucumocTs dakTopa IMpomyCcKaHUL
T ot Tommuusr CdO + Se sxpana.
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Neutron filter for absorption of thermal and resonance neutrons.
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Pucynoxk 2. 3aBucuMocTs pakTopa IOTIOMeHNs
Fot rommunsr CdO + Se sxpaHa.

Ob(}eKTUBHOCTD MOTJIOLIEHUA HeUTPOHOB PpEe30HAHCHBIX DHEPIuU, TeHepUPYIOIINX
AKTUBHOCTB °Se pacCUMTHIBAIU OIIpeieleHreM (aKTOPOB IIPOITYCKAaHUA / ¥ IOTJIOMeHus F s
HeHTPOHOB B MaTepuase skpaHa (Pucynku 1 u 2).
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Abstract

Spiropyrans (SP) are one of the popular classes of photochromic bistable compounds that
change their optical and structural properties in response to external inputs such as light, metal
ions, heat, mechanical stress, etc. This “smart materials” are unique for photonics,
optoelectronics, information record and storage, optical switches, different types of sensors,
drug delivery, ecology, etc. Azobenzene (AZ) derivatives are of a particular interest due to their
ability to reversibly undergo trans-cis isomerization followed by sharp changes in some of their
properties. It is expected that the combination of photoactive AZ and photochromic SP could
lead to an interesting light-controllable molecular device to control on-off switching of
photoinduced processes. To extend their functional properties, we synthesized
photobifunctional compounds SPAZ. Photoconversion of hybrid compound incorporated in
polymer matrix takes place at a room temperature. Spectral data indicate intra-molecular total
conjugation.

Spiropyrans (SP) are an interesting class of bistable photochromic compounds. Bistable
molecules and molecular assemblies may exist in two different thermodynamically stable states
isolated by a certain energy barrier. A transformation from one state to another is possible
under the influence of external stimulators (light, heat, mechanical stress, electrical and

magnetic fields, etc.).
HaC CH3

Figure 1. Spiropyran (SP) and
merocyanine (MC) isomers.

| N 0= N0y s
l

H3C

An uncolored molecule of a volumetric spiropyran (SP) under the impact of the
ultraviolet (UV) light is transformed into a colored, coplanar polar merocyanine (MC) form,
with its physical and chemical properties changing (Figure 1). In practice, spiropyrans are used
in such light-controlled devices, as information recorder (including three-dimensional
information), storing and processing systems, non-linear optical materials, molecular computers,
regulated optical density filters; they are also used in medicine to make nanocontainers to
transport a medication across a human body, etc.

A closed form of SP is two orthogonal chromophores (with pyran and indoline
fragments), which absorbs in a spectral UV area, while a photoisomerized planar MC form is
presented as a single conjugated system, which absorbs and radiates in a visible (Vis) spectrum
area. For the practical use of SP, such parameters of SP, as photosensitivity to the UV and
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visible lights, position of maximum absorption of a colored form gained as a result of
photoisomerization on the spectrum and its life duration (stability) associated with the speeds of
transformation of the system into its initial, uncolored form, are important. It is clear that the
speed of relaxation processes is determined by the environmental characteristics (solvent
polarity, temperature, etc.). Photo- and thermal stability of a spiropyran-containing system is a
very important feature.

Optimization of the spectral and kinetic properties of a spiropyran was done by us by
varying the functional groups with different electronic properties and their positions in a
photochromic molecule. The molecular skeleton was also changed — the compounds with
photosensitivity to UV light greater than that of the existing analogs were gained by
substituting indoline by azaindoline. In some polar solvents azaindoline spiropyrans are
uncolored in terms of thermodynamic equilibrium resulting in their photo- and thermal
stability. A change in a molecular skeleton done by introducing an additional fragment to the
indoline part has increased the photosensitivity of the compound to the visible light [1 — 3].

By modifying the spiropyran molecules into amphiphilic molecules done by us by
introducing a long alkyl radical at a nitrogen atom, the system acquired the ability of self-
organization into micelles and its efficient photosensitivity increased at the expense of internal
energy. A micellar structure blocks the relaxation in a spiropyran form what increases the
stability of a colored MC form [4].

In addition to the above-listed parameters of spiropyrans, the position of maximum
absorption is also very important. For practical use, it is desirable to be located in the area of an
inexpensive diode laser radiation (780 nm) what can be done by increasing the length of the
molecule conjugation. It should be noted that by substituting an oxygen atom by a sulphur
atom in a spiropyran molecule, the absorption maximum shifts to almost 900 nm, but the
relevant molecules are characterized by instability and high degradation.

By considering the above-mentioned, aiming at a further improvement of the properties
of photochromic spiropyrans, we considered the synthesis of new hybrid bifunctional
photosensitive compounds on the spiropyran basis expedient. A colored photoinduced form of
hybrid compounds gained by merging spiropyran and different photochromic compounds
synthesized and studied by a number of authors [5 — 9] turned out to be instable. As a result,
photochromic transformations in them were mostly observed either at low temperatures, or by
using femtosecond technology. Such state of affairs limits the practical use of such compounds.

,':r/—{\\
4 1)
g T 2N /3
. ' . ' .rN =N ) 313 r'l_n-'_\— 4y \\;:l\ /Lb;:;/
Figure 2. Azobenzene isomerization. 7\ e D N=N
{ ) ) > 380 nm
\\t_‘:_/
Trans-isomer Cis-isomer

As the theory of conjugated chromophores suggests, by introducing a second
photochromic center to a photochromic molecule, the spectral properties are improved (e.g.
extinction coefficient increases) and conjugated mw-system is elongated resulting in a
bathochromic shift of the absorption band. By considering this fact, introduction of a
photochromic azobenzene molecule to a photochromic spiropyran molecule as the second
absorption center was considered expedient by us (Figure 2).
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For this purpose, we introduced 2-hydroxide-8-nitro-5[(4'-phenyl) Diazenyl]
benzaldehyde at Fisher’s base analogs and gained hybrid compound 1 (Figure 3), with its
absorption band bathochromically shifted (100 nm) in relation to the relevant spirospyran,
while photochromic transformations are observed at a room temperature. This was the result of
inserting group NO:2 in state 8. Such compounds as compared to those known in literature
[5 — 9] are of a wider practical use.

Figure 3. Ri=CsHs, R2=Rs=NOy,
Rs=R4=H; R1=CHs, R»=0OCHs;,
" Rs R3=H, R4=Rs5 = NO2; and Ri1 = CH3,
R:=H, R3=0H, Rs=Rs=NOa.

Thus, on the base of two photochromic compounds: SP and AZ, we synthesized hybrid
molecule SPAZ. By combining two photochromes: SP and electrophilic AZ, the length of the
conjugation chain of a photoinduced form in one molecule increases resulting in the long-wave
shift of the relevant absorption band.

Two fragments of a synthesized hybrid molecule have a common benzene ring (Figure 3).

Under the influence of the UV light, C-O bond is breaked and the molecule transforms
into a coplanar state and a long conjugated chain is formed. So, it is expected that a hybrid
molecule, under the influence of active light, may serve two functions: breaking of
intramolecular bond C-O in the spiropyran part and geometrical changes — trans-cis
isomerization in the azobenzene part. Bifunctionality of a hybrid molecule yields two
photoproducts. The length of the conjugated chain formed under the influence of UV light, due
to the presence of the azobenzene fragment, will increase and the length of the relevant
absorption band will shift bathochromically. As it is known, the photochromic transformations
can be observed at a room temperature by weakening C-O bond. This can be done by varying
the electrical properties of the substitute and their positions in a hybrid molecule (Figure 3). It
turned out that among the gained compounds the desirable properties were demonstrated by
compound 1 (Figure 3). As the Diagram shows, electrophilic groups NO: were substituted in the
state of spiropyran chromene (8) and azobenzene (4'). Such positioning of electrophilic groups
weakens bond C-O and the thermal equilibrium of a compound in polar solvents shows a
certain inclination to a colored form. The samples kept in the dark are colored. Under the
influence of UV light (UFS 1), the color deepens gradually to reach photoequilibrium. In the
dark, the thermodynamic balance reinstates. Under the influence of the visible light (SZS 1),
the sample gets totally colorless. The process is observed at a room temperature.

For practical use, hybrid compound 1 was integrated with a polar polymer,
polymethylmethacrylate. We studied the spectral properties of the sample as shown in Figure 4.
A short-wave absorption band belongs to azobenzene, while a long-wave absorption band is
typical to the photoinduced form of a spiropyran.

The absorption bands of a photoinduced form of a hybrid compound as compared to the
absorption bands of model compounds (SP and AZ) are shifted bathochromically what must be
caused by the origination a long conjugated chain of an open molecule form. The absorption
spectrum corresponding to the thermodynamic equilibrium established in the dark shows that
the sample is colored. Photoequilibrium established by the UV light radiation is shown in
spectrum 2. The relaxation processes taking place in the dark are presented by 3, 4. The
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relaxation process continues up to the establishment of thermodynamic equilibrium (1).
Complete discoloration of a sample took place under the influence of such an area of the visible
light, which is active for a spiropyran fragment only and which must have changed only the
long-wave absorption band. As the Figure 4 shows, the visible light influenced a short-wave
absorption band as well, what is a proof of a unity of the electronic cloud of the molecule.

08
07
0.6
Figure 4. Absorption bands of compound 1 -
integrated in the polymer. 1-thermodynamic 2 05
equilibrium; 2 — after radiating with UV light; $04
3, 4 — relaxation process taking place in the = 03
dark; 5 — after radiating with visible light ]
(thickness of film 200 pm, concentration 2 %). 01
0.1
0

400 600 E00 wn

The hybrid compounds substituted by 8 — NO., like relevant spiropyran analogs, are
subject to degradation [10], making it difficult to study their photochromic transformations in
liquid solvents. Due to these circumstances, we studied the photochromic transformations of
hybrid compounds in polymer films. By changing the positions of NO: and azo-groups the
system stability is expected to increase.

Thus, on the basis of the spectral data we can conclude that before irradiation the
synthesized hybrid compounds have the absorption bands typical to spiropyran and azobenzene
while after irradiation a long conjugated chain is formed in a hybrid molecule.

The work is accomplished under the financing of grant project FR/395/6-420/13 of Shota
Rustaveli National Science Foundation.
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Abstract

Photostimulated diffusion widely used in the technologies of modern electronics, finds
ever-widening application in nanotechnology. Great interest in the methods of photostimulated
diffusion is due to the possibility of using this highly effective method in the processes of
photoinduced impurity doping. In the work, the technology of monocrystalline Si-based solar
cells is given where traditional thermal diffusion processes for formation of p—n junctions and
Ohmic contacts are replaced by photo-stimulated diffusion processes. This leads to the decrease
in the temperature (450 °C) and duration (100 times) of the aforementioned technological
processes. The increase in the efficiency of the fabricated solar cells by 7 % is observed. The
ionization mechanism of crystallization in semiconductors by the method of pulsed photon
irradiation is considered.

Introduction

Stages of human development require constantly increasing energy consumption, which
reduces the energy reserves of the planet. Ecological processes associated with a decrease in the
energy reserves and power engineering impelled scientists to create alternative energy sources.

One of the promising methods is to create current sources based on solar cells (Figure 1).
In those places where no power supply can be provided in the usual way, the use of solar cells is
very important. Currently, solar cells find rather wide application. They are placed on the roofs
of houses, cars, satellites to provide electricity.

Static charges not/contributing to the current
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Figure 1. Solar cell. Figure 2. p—n junction.
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The principle of solar cell operation (Figure 2): during photon absorption a p—n junction
is formed. Photons falling on the p—n junction cause the rise of electron-hole pairs. Under the
influence of the internal field electrons go to the n-type semiconductor, and holes go to the
p-type semiconductor, and a conductor is energized. This energy can be accumulated and
further used.

The aim of our work was to create a technology of high-performance solar cells, which,
on the one hand, would be cheaper, but on the other hand, would increase the efficiency of the
fabricated devices. We chose silicon as the object of our research as a relatively cheap material
used by the well-developed microelectronic technologies. Basic technological processes for
fabrication of solar cells include the creation of the p—n junction on the semiconductor
substrate and the formation of Ohmic contacts in the n- and p-regions. This process is
traditionally rather long-lasting (2 h) and is carried out at high (1150 °C) temperatures. As an
alternative to the above technology we apply a method of pulsed photon irradiation, which
greatly lowers the temperature and duration of diffusion processes [1 —4].

Materials and methods

Technological process of solar cell fabrication

Solar cells are fabricated on the basis of monocrystalline p-Si(B) (Figure 3). First,
chemical cleaning of a Si wafer takes place as follows (Figure 4): treatment in NH«OH + H202 +
H20 (1:1:4) solution at 45 °C, 10 min; washing in distilled water, 10 min; duplicating (1 : 50),
10 min; hydromechanical washing, 5 min; drying at 180 °C.

Figure 4. Chemical cleaning of a Si wafer.

Figure 5. Dropping phosphor-silicate glass.
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Figure 9. The depth of p—n junction.

We drop phosphor-silicate glass onto the wafer, treated in the centrifuge and spread over
the whole wafer. Then we prepare the wafer for diffusion (Figure 5). A p—n junction is formed
on the Si wafer using the photon irradiation method (Figures 6 and 7). As a result, phosphor
diffusion in p-Si takes place to obtain the n-region. Si wafer is irradiated by photons using
halogen lamps; power density of irradiation is 150 W / cm? each. Irradiation process is repeated
three times, 5s each, with 4 s intervals. The pulsed photon exposure results in the selective
absorption of photons, which leads to a weakening of chemical bonds and, accordingly, to a
decrease in the activation energy of diffusion processes. Thus, it becomes possible to perform
activation-diffusion processes at lower temperatures and in a shorter time. As seen from the
formula, D =D, exp(—E, /KT) the diffusion coefficient is determined by the activation energy
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(E,, Figure 8) of impurities and the temperature (T ) of the process. The higher the activation

energy of impurities, the higher temperature is required to obtain the same diffusion coefficient.
The depth (H ) of the obtained p—n junction is measured by the ball grinding method
(Figure 9): H =m*/4D =0.3 pm.

Figure 10. Figure 12. bevelopment

Metal coating.

Figure 11. Photolithography.

of the pattern

An aluminum layer is coated on both sides of the wafer by the vacuum method to form
Ohmic contacts (Figure 10). Metal contacts on the lower side of the substrate are completely
preserved, whereas on the upper side are formed in a grid. For this reason, we coat a photoresist
on the work side of the wafer, place a photomask thereon and expose to UV light (Figure 11).

Afterwards, development of the pattern is performed. The exposed areas become
unstable to the solution used for etching of the undesired regions (Figure 12). This process
proceeds as follows: development in the AZ400 + H2O (1 :4) solution, 20 — 30 s; washing in
distilled water; drying in the centrifuge; drying after visual inspection at 130 °C for 10 min;
removing the photoresist in acetone; etching of aluminum in the H3PO: + HNOs + H20 +
CH3COOH solution; washing and drying in the centrifuge.

Then we use photo-stimulated diffusion process again to get Ohmic contacts.

Results

After completion of all the above processes, current—voltage characteristics of the solar
cell are measured (Figures 13 - 15).

QP
Figure 14. Changed current-voltage
characteristics of the wafer during the

exposure to a sun simulator (1000 W / m?).

Figure 13. Typical current-voltage
characteristics in the dark.
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Figure 15. Sun simulator (ILC Technology). Figure 16. Solar cells panel.

Table 1.
Energy Current— Depth
density of voltage Working | of p-n | Efficiency,
Methods radiation U o> V Isc s A characteristics | area, cm? | junction, %
flux, W / m? fill factor pm
Photo-
stimulated 1000 055 | 0.35 0.7 5.76 0.3 23
diffusion
Thermal
o 1000 0.53 0.25 0.68 5.76 1 16
diffusion

The obtained solar cells (Table 1) are arranged in the form of a big panel (1 =0.35A,
U=6.5V, efficiency 23 %) thus making it possible to charge mobile phones, radio set,
accumulators, etc. (Figure 16).

Conclusion

The proposed solar cells technology is characterized in that the traditional, high-
temperature (1150 °C), prolonged (2 h), diffusion processes are replaced by a relatively low
temperature (700 °C), rapid (15 s), impulsive photon irradiation.

As a result:

The solar cell technology becomes significantly simplified and cheaper.

It becomes possible to control the depth of the resulting p-n
Thin (less than 1 micron) p-n junctions will be obtained, which in turn increases the efficiency
of the obtained solar cells.

In the solid-phase regime, a photo-stimulated diffusion process is determined by the
selective photon absorption efficiency in the reaction materials.

junction.
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O6cyxmarorcsa ycaoBUA IIPAaBHJIBHOTO OIIpefieIeHUs KOJHMYeCTBEHHOTO COZep)KaHUA
XUMHWYECKUX 3JIEMEHTOB KaK B MaTepHajaX >KMBOTHOTO IIPOUCXOXJAEHHIX, TaK U OOBEKTOB
OKpYy>Kalolllell cpeJbl, METOJOM MHCTPYMEHTAJIBHOTO HEHTPOHHOIO aKTHBAI[MOHHOIO aHAJIM3a
(MUHAA). Hcnons3oBaHa HU3KOTeMIEpaTypHas HEWTPOHHAs aKTUBAIUA HCCIeZYyeMBIX
MaTepHaJIoB.

M3BecTHO, 4TO B TKAaHAX JKMUBBIX OPTaHM3MOB BCTPEYAIOTCSA IIOYTH BCE XUMHUYECKHe
5JIEMEHTHI TIepUOJUYECKOM CHCTeMBbI. VI3BeCTHO Takke, YTO KOJHWYECTBEHHOE COJEp’KaHUe
5JIEMEHTOB MEHSeTCA B 3aBHCHUMOCTH OT MHOTMX (DaKTOPOB: OT BHMJA U BO3pAcTa >KHUBBIX
OpPTraHM3MOB, Pa3JIMYHBIX YaCTe TOTO WJIM LPYTOoro OpraHa, BpeMeHH Tofia, CyTOYHOTO IIUKIIA,
(bU3MOIOTUIECKOTO COCTOSTHUA OpTaHU3Ma U T.J. BericHeHa ¢u3nosornyeckas poib HEKOTOPIX
U3 HUX, HO ellle He sICHA POJIb TAKUX CJI€ZOBBIX 2JIEMeHTOB KakuMmu sasiagiorcsa: Au, Cs, Rb, Sc, Hg,
Ag. BO03MOXHO, YTO O3TH D5JIe€MEHTHl MOTYT BBIIOJHATH OIpeleleHHYI0 GYHKIWIO B
CYIeCTBOBAaHUHU XXUBBIX OPraHU3MOB. B 0630pHOI1 paboTe [1] 06CyxeH BOIPOC O COJEpPXKaHU
CJIeJOBBIX DJIEMEHTOB B OMOJIOTHYECKUX TKAHAX U KXUJKOCTSIX, A TaKKe 00 MX BO30XKHOM POJIH B
’KU3HU JKMBOTHBIX U YesioBeKa. Vmelomuecs B Hay4YHO!H JIUTepaType PaHHEro IepUoza AaHHbIe
O MHUKPO3JIEMEHTHOM COCTaBe pa3sHBIX OPraHOB (TKaHeil) XKUBOTHBIX U yesoBeka (Boitnap, 1960;
BaGenxko, 1965; Underwood, 1962, 1977; Bowen, 1966; Konomuiinesa, ['abosuu, 1970; Kostik et
al., 1977; Kwucrt, 1987) wacto mpoTruBopeuuBsl. Majo u3y4eH BOIPOC O pacIpefeleHUU
CJIeZIOBBIX DJIEMEHTOB B OpraHax (TKaHAX) YeJoBeKa IIPH OIyXOJIEBBIX 3a00JIeBaHUAX, a TAKXKe Y
JKUBOTHBIX IIPU ITPHUPBIBBIBAE€MBIX OIIYXOJIAX, 9TO ABJISIETCA OAHMM M3 BA’)KHBIX 3aJd9 HAYKH.

Ocoboe 3HaueHHMEe KMEIOT METOAbl KOJIUYECTBEHHOTO OIpefiesIeHUs COJEPKaHUS
XUMHWYECKUX dJeMeHTOB B Ouosornyeckux Mmarepuanax (BM). C sroii mensio B Hacrosiiee
BpeMs IIMPOKO WCIIOIB3YeTCA CPAaBHUTEIBHBIH MeTOJ, WHCTPYMEHTAJIBHOTO HEUTPOHHOTO
aktuBanuonHoro ananmsa (MHAA), xoropsiifi XxapaKTepusyeTCsi BBICOKOM TOYHOCTBIO,
YYBCTBUTEJIBHOCTBIO M C IIOMOIIBIO KOTOpPOro B BM ofHOBpeMEHHO MOXHO OIIpeZelHTh
cogepxaHue OGoibire 14 XUMHYECKHUX DJIEMEHTOB, II0 WX CPAaBHUTEBHO [IOJITOXUBYIIUM
paguonykiaugam: Sc, Cr, Fe, Co, Zn, Se, Br, Rb, Ag, Sb, Ba, Au, Hg, Cs. Kax usBectHo, npu
HCIIOJIB30BaHUM CcpaBHUTENBHOTO MeTosa MHAA c pamom uccienyemsix o6pasioB 06Iy4aeTcs
CTaHJAPT CpPaBHEHWs, COJEPKAIUI N3BeCTHOE KOJIMYECTBO MCCIeZyeMOTo 3jeMeHTa. B Hamrmx
SKCIIEPUMEHTAaX MCIIOJIB30BAHBl CTAHZAPTHL CpPaBHEHUA, IIPUTOTOBJIEHHBIE HAa OCHOBE
dbenondopmansaerugHoit pesonproit cmost (PDC).

Hamu wmccremoBaHMS IO M3y4YeHUIO 3JIEMEHTHOTO COCTaBa PAa3HBIX OOBEKTOB OBLIN
IIpOBeZleHBl C IIOMOIIBIO HEHTPOHHBIX IIOTOKOB fAfepHOro peakropa (AP) m HelirpoHHOrO
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pasmuoxutens IIC-1 MWucrturyra ¢usukm, KOTOpble IIPEJCTAaBIAIOT COOOH HCTOYHUKU
MOHUBUPYIOWIUX M3TydeHWH anbda- U OGeTa-yacTHll, IIPOTOHOB, HEUTPOHOB, raMMa-KBaHTOB,
OCKONKOB geneHusa. OCHOBHAafA [0fA IIOTJONIEHHON AaKTUBUPYEeMBIM MaTepHaJOM OSHEPIuH
IPUXOAUTCA Ha HEWTPOHBI M TaMMa-KBAaHTBHL. OTa OJHEPIrHUA IIePeXOJUT B KHHETHYeCKYIO
SHEPrHUIO aTOMOB,9TO, KOHEYHOM CUeTe, IPUBOJUT K eTr0 HarpeBy, CTeIIeHb KOTOPOTO 3aBUCHUT OT
mourHocTy fIP m morsomeHHOro 00syYaeMBIM MaTepHajoM SI€pHOTO M3TY4YeHUs, a TAaKke OT
CBOMCTB caMoro oO0paslja, YIOKOBOYHBIX IPHCIIOCOOIEHHUI, OT MeCTa PpacIlOJIOKeHUs
HCIIOJIB3yeMOr0 3KCIIEPUMEHTAIBHOTO KaHaa B akTuBHOI 30He (A3) AP. Onpenenennyio poib
CO CBO€I CTOPOHBI UTPAIOT YCIOBUA TEIIOCheMa BO BpeMs 00IydeHuU .

[Tposemenuio HAA BEM mnocssameHo 60bioe yucio uccaenopanuii. [Ipaktudecku Bce
OHU BBINIOJIHEHHI C O0Iy4eHHeM UCCIeAyeMBbIX 00Pa3I[oB B OOBIYHBIX PEAKTOPCKUX YCIOBUAX, T.
e. IpH HAJIWYWM PafUalMOHHOTO Harpepa O6momarepuaynoB. O Harpesanmum BM B mpouecce
o6ryuenus B kaHanax fP ykaserBaior aBropsr pabor [2,3]. B Takux ciayuasx TeMmmeparypa
00JTy9aeMBbIX 0OpasIOB MOXKET JOCTUTAaTh HECKOJBKHUX COTEH TPaJyCOB, H3- 32 Y€rO BO3MOXKHO
paspyureHue oOpaslia U yJIeTyYnBaHNe HEKOTOPhIX XMMHYECKUX DJIeMEeHTOB, Takux, Kak: Hg, Se,
Br, I,9T0o IprBOAXNT K HEKOHTPOJIUPYEMbIM OIIMOKAaM ITPM KOJTUYECTBEHHOH OIleHKe YKa3aHHBIX
anemeHToB. C Ipyroil CTOpOHBI, W3MeHeHHe OOIell Macchl 00aydaeMoro o6paslia MOXKeT
BBI3BAaTh TaKKe OWIMOKy TIpU OIpefieIeHHU COJep>KaHWA M HeJIeTy4YHX 3JIEMeHTOB,
cogepxamuxcs B BM, nosromy TemmeparypHbIil pexxuMm obirydeHus BM saBisercs ogHUM u3
OTBETCTBEHHBIX MOMEHTOB Iipu npoBejeHuu HAA. ABTopsl pabotsl [4] pelreHueM mpoOeMsl
cuuTalor obsydenue BM npu HU3KKX TeMIepaTypax.

CxoncrpynpoBanusrii Ha AP Mucruryra dusuxu (MQP) oxmaxzpaeMsrii KaHam, T.H.
BepTHKanbHasA HusKoremneparypHas nerias (BHTII) mosBosnsn HempepsiBHOe oGixydenue BM
npu Temueparypax Hioke 0 °C B reuerne 70 — 80 u.
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Pucynok 1. Cxemarnueckoe n3obpakeHre BepTHKAIBHON HU3KOTEMIIEpaTyPHOI

CHCTeMBI A1 oxJIaKZeHus BM Bo BpeMsa ux o6imydeHus. 1 — 3arpy3o4HsIit
KaHaJl, 2 — TeIUIOOOMEHHUK, 3 — KOMIIPeCcop, 4 — ra3royisaep, 5 — 00rydaeMbrit
obpasell. a — BEHTHJIb HHU3KOTO JaBJIEeHM, O — BEHTHIb BBICOKOTO JJaBIEHUA.

Ha Pucymkel mpencraBreHsl cxeMaTH4yeCKMe CHCTEMBI IS OXJIaKAeHus bM,
nomemenHsx B A3 fP. Texmmyeckme mapameTpsl YKa3saHHOM CHCTEMBI TaKOBBL pPabodumit
nuamerp KaHana cocrasiager 20 muH, mauHa — 8000 MM, 30Ha oxnaxzaenus — 600 mm. ITpm
momHoctu P 5 MBT pacxop rasoo6pasuoro renus 50 M3/ 4, pacxop xuzkoro asora 60 i/ 4.
ITpu pmanHOM nwmKiIe paborsr fIP IOCTOSHHO TOJZEPXKUBAETCA PasHOCTh JABJIE€HUS

(0.2-0.3) - 10° IIa.
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B pabore [5] O6bu1 m3yueH HarpeB BM wu craHZapTroB CpaBHeHUSA B IIpoOIecCe UX
o6IyueHUs B HeOXJIaXKZaeMoM IeHTpanbHOM cyxoM kaHaiue ( LICK) u 65110 mokaszaHo, 4To mpu
mourHOCTH P 2 —3 MBt Temmeparypa o6sy4daemsix B LICK o6pasmnos gocruraer 250 — 300 °C.
Llenpio paboTsI [6] 6BIIO OIpeeeHNe BAUIHNS HarpeBa Ha n3MeHeHus Macc BM u ctanzapToB
CpaBHEHH B IIpolLiecce OOJIy4eHUS B HEOXTAKZAeMBIX YCIOBHAX M OLIEHKA CBI3aHHOTO C 3THM
U3MEHEHU COZePXKaHUA XMMUYECKUX DJIeMEeHTOB, BXOAAmuX B coctaB BM. B ykasannoii pabore
ObLIH ITPOBe/IeHbI SKCIIEPIMEHTSI IO 00 TyueHuIo TabmeToK (< 50 Mr) mHodUIPHO BEICYLIIEHHOTO
IIeJIbHOI uesioBeueckoil kpoBu u cranzaproB cpaBHeHus B BHTII u IICK oxHoBpemeHHO, C
HEIIPEPHIBHBIM M3MEpeHHeM TeMIepaTyphl Ha IIOBEPXHOCTH O00JydaeMbIX KOHTEeIiHepOB
(=140 -150 u 260 - 270 °C, coorBercTBeHHO, mpu MomHocty AP 3 MBT). B mpoBenenusIx
9KCIIepUMEHTaX JIMO(PIIBHO BHICYILIEHHbIe TableTHpoBaHHble BM Ipu 06/Iy4eHUM B YCIOBUAX
HU3KUX TEeMIIepaTyp COXPaHIIT CBOIO (GopMmy u Maccy, Torja, Kak mpu obnydenuu B LICK
06pasisl pa3dyXaioT, Pa3pyIIalOTCA M IPeBPaIlalOTCA B IIOPOIIKOOOPAsHYIO MacCy, KOTOPYIO
TPYZHO yAAJIUTh U3 YIIAaKOBOYHOTO MaTepHaa, a PaCTBOPEHME B KHCJIOTaX IPUBOLUT K ITOTEPAM
HEKOTOPBIX XMMHUYECKUX dJeMeHTOB [7]. B ortuyue ot BM, TabieTku cTaHAApPTOB CpaBHEHUA B
5TOM MHTepBaje TeMIIepaTyp COXpaHAIoT cBoio popmy. ComepaHue XUMHIECKUX DJIEMEHTOB B
oOpasiax 4yejloBeYeCKOH KpOBY, OOJy4YeHHBIX B PasHBIX YCJIOBHUAX, IIpUBeZeHSI B pabore [6].
3mech ux He OyieM pacCMaTpPUBATh.

»

|
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Pucynok 2. 3aBuCHMMOCT U3MeHeHUA TeMIIepaTyphl Ha IIOBEPXHOCTH 00Iy4aeMoro
KoHTeliHepa ¢ BM ot Tremnosoit momuoctu AP npu o6ryvyennu B HTBK. I - orcyrcTByer
IUPKYJIALUA ra3ooopasHoro renusd, SIP He paboraer. II — nupkyamusa ra3o06pasHHOTO
rejusa KOMHaTHOU TeMieparypsl O6e3 mourHoctu fP, III — oxraxeHne razoo6pasHoro
reausd, IV — VIII — nocrenennoe nossienue momHocty AP ot 1 1o 5 MBr, IX — X —
orkiogerne mouHocty AP, XI — [Jupkynanus HeoxJiak1aeMoro ra3000pasHOTo Telns.

Ha Pucynke 2 moxasaHa 3aBUCHMMOCTh TeMmeparypel BM or pexmuma ob6rydeHHT B
XOJIOHOM KaHaje. 3arpysKy KOHTelHepa ¢ oOpasliaMu B KaHaje IIPOBOAMJIN IIPU * HyJIEBOH
momHocTy SIP 6e3 mupkynsanuu reaud. 3a 3TOT IEPUOJ, IIPOUCXONUT HeOGOJIBIIOe YBeIudeHe
TeMIrepaTypsl 00pasios (Ha Pucynke 2 unrepBan Bpemenu 1). [lasee HauMHAeTCA MUPKYJIALNS
ra3o00pasHOTO Teaus W TeMIlepaTypa HadyuHaeT ObICTpO mNOHWKaThca (3oHa II). Yepes
25 — 30 MuH 1OCIe HavaIa MUPKYJIAIUN ra3000pa3sHOro rejisd IPOUCXOAUT OBICTPOEe CHIDKEHUE
TeMIepaTypsl 06pasuoB (30Ha III). 3oma IV cooTBeTcTByeT paBHOBECHOM TeMIepaType 0OpasIoB
npu MomuOocTH 1 MBT. 30mEI V-VIII coorBercBytor momuoctu AP 2, 3,4 ,5 MBr. B 3ome IX
IIOKAa3aHO pe3Koe CHIDKeHHEe TeMIIepaTypsl o0pasioB Iocie IepeBoja P B «HyseByio
MOIIHOCTb». 30Ha X IIOKa3bIBaeT LMPKYJLAIUIO ra3000pasHOro reixus 0e3 oxiaxaeHus. LIuxo
06IyueHUs 3aKaHYMBAETCSA IIE€pPerpy3Koil obimyueHHBIXx 00pasmoB m3 A3 AP. Kakx BuzuO u3
Pucynxka 2 c yeenuuenuem MourHOCTH P mpu mocrosHHOM 3ajaHHOM pacxofe razoo0pa3HOro
relys YBeJIWYUBAETCA TeMIlepaTypa obixydaemsrx BM, mocrturas oxoso 170 K mpu momuocTn
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5 MBr. fIcmo, uro mpu ob6nyuenuu BM B rtemmeparypHom wuHTepBase ot 80 mo 170 K
IIPaKTUYeCKU UCKII0YeHa BO3MOXKHOCTD yJIeTyYMBAaHUA XUMHYECKUX 3JIeMEeHTOB.

N3smenenne macc BM u cTaHzaproB cpaBHEHWH, OOJIYYeHHBIX B HEOXJIAXZAeMBIX
ycrnoBuax B TedeHme 7049 cpaBHHBaJIM C H3MeHEHHEM MacC AaHAJIOTUYHBIX O0OpasIoB,
OTONOKEHHBIX B JIa0OpaTOpHBIX YcCaOBUAX Oe3 o0mydeHusa. CoOOTBETCTBYIOLIWE IaHHBIE

npuBezens B Tabmuue 1.

Tabmuna 1. MsmeHeHMe MacChl THODUIBHO BRICYIIEHHBIX 0OPa3IOB YeI0BeYeCKOi
KpOBHU U cTaHAapTOB cpaBHeHus npu 70 u o6nyyenuu B IICK u oxure B Tepmocrate.

YMmeHblIeHUE Temmeparypa YMeHblIeHIE
Temmnepatypa maccsl (%) npu OT)KUTa B maccsl (%) mpu
obpasua, °C | ob6ayuenuu B IICK | Tepmocrate, | oTXKure B TepMOCTaTe
O6pasua | Crangapt °C oOpasia cTaHzapTa
190 20 3 150 13 4
260 50 14 250 47 15
300 60 37 300 57 40

Kak BuzgHO u3 Tabnunsl, B KaHate LICK mpu Temneparype 190 °C m3amenenue maccst BM
(B cropony ymensuenus) gocruraet 20 %. ITpu remmneparype 250 — 260 °C ymeHbIIEHHE MaccC
KaK B KaHaJle, TAK ¥ B TepMOCTaTe, IPUOIM3UTEIPHO PAaBHBI U NP JaTbHEHIIeM yBeJTHYeHUU
temmeparypst 1o 300 °C cocrasisger okoso 60 %. YMeHbIIeHHe MacChl CTAaHIAPTOB CPaBHEHUS B
unTepBaie temmueparyp 250 — 300 °C pacryT, HO oHU HIKe, yeM B BM.

Anamusupyda TaOAMIly MOXHO CKas3aThb ciegmyiomee: 1. 3axmoueHue o Oosee
MHTEHCUBHOM YMEHBUIEHUM MacChl OMOJIOTMYECKOr0 0Opasiia II0 CPaBHEHUIO CO CTAHAAPTHBIM
ob6pasnom mo 300°C, mpm wmx obnysenun B LICK P, moareepxzmaercs pesyibraraMmu
9KCIIepUMEeHTOB Ge3 obOmyuenus; 2. Vsmenenuwe macc mpu obiayuenun BM m cranzapTos
cpaBaenus B LICK AP u npu omxure B skcrepuMeHTax 6e3 06IydeHUsa OJIU3KHU APYT APYTy Kak
g BM, Tak u 19 cTaHZapTOB CPaBHEHHUA.

Bce BrImenmsnokeHHOe Iamo BO3MOXHOCTH YCIIEIIHO IIPOM3BECTHMMCCIIEIOBAaHUA B
Pa3IUYHBIX OOJACTAX HAYKM M TeXHUKH, a TaKXe OOBEKTOB OKpYXKalollel IIPUPOJBI, Cpeiu
KOTOPBIX, II0 HalleMy MHEHMIO, 3aCIy>XHBaeT BHUMaHMe aHa/IM3 HeKOTOPhIX MUHEPaTbHbIX BOJ,
I'py3un: bopxxomu, Caupme,m3Bape, Baxxac LIxapo u zp., B KOTOPBIX OllpefieleHre COMepKaHUsI
TaKUX XUMHUYECKUX 3JIeMeHTOB, Kak Sc,MCs, Sr TpysHO xuMuyeckuMu Merogamu. B MHcTuTyTe
(1)I/IBI/IKI/II/I6BIJII/II/IHPOBG,I[GHBI CIIENHAIbHBIE MDKCIIEDMMEHTHINIIONN3Y Y€ HUIONKOJINIE€CTBEHHOT'O
cofiep>KaHMA HEKOTOPhIX XMMHYeCKMX D3JeMeHTOB B pa3HBIX OOBKTax: B CHHe-3eJeHOH
Bogopocau nuanobakrepuu S. Platensis, ¢ ucnonbzoBanueM HefTpoHHOTO pasmMHoxuTens [1C-1,

C TIOTOKOM TeIIOBEIX HelTpoHOoB 10°H/cM?c [8], a Taxke OBICTpBIMH HeHWTpPOHAMU

OO6besMHEHHOTO HMHCTUTYTa sAIepHBIX wuccaegoBanuu r. [ly6uer [9]. Bruto msydeno
pacmpefieleHre XUMHUYECKHX DJJE€MHTOB B TKAaHIX U BBIJEJEHHBIX U3 HHUX CyOKJIETOYHBIX
KOMIIOHEHTaX CapKOMAaTO3HbIX KpbIC (capkomMa M-1), ObBLIO IIPOBEJEHO UCIIBITAHUE

mporuBoomnyxoseBoro mpenapata Oxcustunenugenaudocponosoit kucmors: (ODAD). Taxxe
OBLIM TIPOBeZleHBI NCCIeZ0BAaHNA BHYTPUKIETOYHOTO paclpesie/leHUsa MeTAJIOB B IIeYeHH KPBIC
IIpu 00IIeM PeHTTeHOBCKOM OOJyYeHU!U XUBOTHBIX. B Hamux ncciremoBaHUAX 0coboe 3HaUeHHe
MMeIOT MeJIUKO-OMOoIoTuIecKre MCCIeloBaHMA, CBA3aHHBIe C MeJAUIIMHCKUMH yIpeXIeHUAMU.
HasoBem HekoTOpble M3 HUX: COBMECTHO C Y4YeHbIMH Kadeapsl HHOEKIMOHHBIX OOje3Hei
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TOumnucckoro  MeJUIMHCKOTO  MHCTUTYTA,  Hay4HO-HMCClIemoBaTebKOro  HHCTHUTYTA
reHepanuoHHOM ¢(yukuuu uenoBeka um. W. ®.Kopgpanus u Omnxonorudueckoro llentpa
r. T6mamcu OpUIH TOTyYeHbI 3aC/Ty KUBAOLie BHUMAHU CIIeIiUaanucToB pe3ynabraTsl 10 — 12].
Hy’XHO OTMeTHTb, UTO B JOCTYIHOMH JIUTEpaType Majo paboT, MOCBIIEHHBIX AHMHAMUKE
COZep>XaHUUS MUKPODJIEMEHTOB IIPU HHAYLUHMPOBAHUM OIIyXOJIell HEPBHOH CHCTEMBI, IIO3TOMY
MBI 33IaJINCh IIeJIBI0 H3YYMUTh DTOT BOIIPOC B dKCIepuMeHTe. VccremoBaHUA IIPOBOSUINCEH HA
6enbrx Gecmopogubrx Kpbicax, BecoM 90 — 100 T, KOTOphIM eXeHelenbHO B OOKOBYIO BeHY
XBOCTa BBOJWJIACh MeTHWIHWUTpo3oMoueBHMHa B go3e 10 wmr/xr. Yepes xaxzpie 30 mHeit
3abuBasock mo 5-10 Kpbic u y HuUX Opasack KPOBb U CeJalHIIHbIe HEPBHL, a ¢ 3 — 5-T0 MecAna
U OIyXonu IeprudepudecKoro HEPBa, I MHKPOCKOIMYECKOTO aHajau3a. BrICylIeHHbIe
o6pa3upl OGIy4YanuCh B BBINIEYKA3aHHBIX YCIOBUAX HHTETPAJBHBIM IIOTOKOM HEHTPOHOB
10¥ 1/ cm?. ChekTpsl TaMMa-M3TydeHUA KaXAOro oOpasua M3MepsAauch depes 2 — 3 Henenu C
nomompio Ge(Li) merextopa tmma DGL-10E. OmnpezpeneHne KOIW4YeCTBEHHOTO COZeEp KaHUA
xuMudeckux snemeHTtos: Fe, Zn, Rb, Cr, Se, Co, Ba, Hg, Ag, Sb 6su10 mpoBezmeHo mo ux

AOJITOXUBYIIMMH PAIJUOHYKINAAMH.

Ta6muua 2. ComepxaHue XUMUYECKUX 3JIEMEHTOB (MKT / T CyXOro
o6pasija) B HEPBHOM TKaHU KPbIC B JUHAMUKE PAa3BUTHA OIIYXOJIH.

Juu orbopa mpob
DIeMeHT

Kontpons | 30 | 60 | 90 | 120 | 150 | 180 | 210
Fe 38 94 | 39 | 68 | 126 | 206 | 72 73
Zn 16 24 | 22 | 116 | 157 | 165 | 182 | 152
Rb 5 8 7 24 | 25 | 31 29 19
Cr 1.3 14|18 |18 | 4 | 29| 12 | 21
Se 0.3 04 (07|08 |13 | 14| 1.7 | 1.2
Co 0.09 0501|0105 06| 02 |0.1
Ba 16 21 | 23 | 13 | 17 | 24 15 9
Hg 2.1 21 11.25| 3 2 1065| 2.8 1
Ag 0.06 0.05]0.07]0.05]0.17 ] 0.06 | 0.07 | 0.1
Sb 0.02 0.02 1 0.020.02 |0.01 | 0.01|0.005 | 0.01

IIpoBemeHHbIe MCCIeIOBAaHUSA IIOKA3aIU, YTO COJepXKaHue MukpoanreMenros (MD) mpu
MHIYLIUPOBAaHUU OIIyXOJeii ObUIM OOJIbllle BEIPRXKEHO B HEPBHOM TKaHM M HOBOOOPA30BaHUAX,
yeM B KpoBU. B mepBrie 1 —2 mecana copep:kanue MO B HepBHOM TKaHM MaJO OTJIMYAIUCE OT
KoHTposnd. B gmampHeiimeM, HaymuHag ¢ 60-ro OHA SKCIIEPUMEHTAa, Pe3KO YBeJIHMYUBAIOCH
coZiep>KaHUe HeKOTOPBIX OIlpefiesIfeMbIX DJIeMeHTOB, Kak Zn, Se, Cr, Ag. Crexmyer oTMeTHTS,
YTO IIpU MOPGOIOTHIECKOM HCCIeJOBAHUY K STOMY BpeMeHU HM MaKpO- HU MUKPOCKOIIMYEeCKHU
ormryxosu He o6Hapy>kuBanuck. Ha 90 -s1if meHs skcriepuMeHTa GBIJI0 OTMEYEHO Ha4ajIo0 Pe3KOro
yBenudenus ypoBHsa Zn, Se, Cr, Fe u Rb. Haumnas c 4-ro Mecama MHKPOCKOIHNYECKU
BBIABJAINCH ONYXOJIH CEeJAIMIIHOTO HepBa, WMeEIOI[Ue CTpPOeHHe JOOpOKaueCTBEHHOM
(bacuuKyIIpHOH U PETUKYIIPHON HelipuHOMSBL. K aToMy mepuozy B HOBOOOPa30BaHUIX HEPBOB
II0 CPaBHEHUIO C KOHTPOJEM, Pe3KO YBeJIMYHBAIOCH copepxanue Zn, Se, Cr, Fe, Co, Ag. B
IajgbHeHIINe CPOKM, KaK BUAHO U3 TaGJMIEI 2, IO Mepe yMeHBIIEHHUS CTEIeHU 3PEOCTH B
MHIYIWPOBAaHHBIX HEHPOTeHHBIX ONyXOJAX — 3JI0KaYeCTBeHHBIX HeHPHHOMAaX OTMedYasoch

HapacTaHHe COZep>KaHMA OOIBUIMHCTBA UCCIeyeMbIx MD.
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Pucynoxk 3. /luHaMyKa n3MeHeHUA KOJIMYECTBEHHOTO COZepKaHU

Fe u Zn npu unpynuposanun neprudepruueckux HepBOB.

Kax BHIHO M3 PHCYHKH 3, MaKCHUMaJbHOE COZEepXaHNe€ MMEIOT XUMHWYECKNE 3JI€MEHTBI

Fe m Zncrorma, xorma MopdojormyecKd OIYXOJIb elle He BBIABIAETCH, a HEHWTPOHHO-

AKTHBAITMOHHBIM METOAOM MOXKHO YK€ OIIpee/JHUTh HAaYdJIO OIIYyXOJIEBOTO POCTd, YTO HMEET

AUATHOCTUYIECKOE U IIPOTHOCTHYECKOE 3HAYEHHE. Taxum O6p330M, ucciaenoBaHne COAEpKaHUA

MD moxet CIIYXHUTDh IeJIAM ,Z[H(I_)(l)epeHHI/IaJIBHOﬁ AWUATHOCTHUKH CTEII€EHHW aHAIIJIa31U OHYXOHEﬁ

nepn(l)epnqecm/lx HEpPBOB.

B zaxmroueHuu MOXKHO CKa3aTh, YTO BBINIEH3JIOXKEHHBIE COO6P3.)K€HI/I}I YKa3bIBAalOT O

npaBuabHOM npoBegeHnn MMHAA xuMudeckux 37eMeHTOB B OMOJIOTHMYECKMX MaTepuaiax Kak

’KUBOTHOTO IIPOUCXOXAEHU, TaK U 00BEKTOB OKPYKAIOIell Cpebl.
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AnHOTanusa

HccnemoBansl TepMOCTOMKKE KOMIIO3MIIMOHHBIE MaTepHajabl HAa OCHOBE TBEPOTO
MarHuiipocdaTHoro cpasyromero (T®PM) c MHOrOCJIOMHBIMK YIIepOJHBIMH HaHOTPyOKamMu
(MYHT). Haubosee onTuManabHOEe COJepXKaHHe TBepAOro (ochaTHOTO CBA3YIOUIETO B
nszydaeMoil cucreme cocrasuger 15— 20 macc. %. Ilpomecc oxucrenns MYHT B docdarnoit
komnosunuu HaunHaercs Ha 150-200 °C Beime, 4YeM WHAWBUAYAIBHBIX HAHOTPYOOK.
TepmooGpaborka kommosunuu Ha ocHoBe TOM ¢ MVYHT gmo 800°C mpusogur
IIOC/IeZIOBATEIBHOMY ~ yBEJIMYEHMIO IIPOYHOCTM B  2-paza. J3Ha4yeHHUs IIPOYHOCTHU U
anexkTpompoBogHocTr KommozutoB ¢ MYHT na ocmoBe TOM Bsime, yeM aHAIOTUYHBIX
KOMIIO3UTOB Ha OCHOBe >XUIKOTO anmomodocdarHoro cesasyiouero (ADC).

BBezenue

bmaromaps BBICOKOI TeIIo- U 3JI€KTPOIPOBOJHOCTH, 3HAYMTEJIBHOM XMMHUYECKOH
CTaOMIBHOCTH ¥ YHUKAJIbHOM MEXaHWYECKOH IIPOYHOCTH YTIJIepOAHblE HAHOTPYOKU
IpeZCTaB/IAIOT OOJIBIION HAYYHBINA M IpakTHdecKuil mHTepec [1]. OZHUM M3 IepCIIeKTUBHBIX
HaIlpaBJleHUH COBPeMEHHOTO MaTepHaJOBeZileHUA SBJIAeTCA CO3JaHue 3JIeKTPOIPOBOJAIINX
TEPMOCTOMKMX  HEOPTaHHMYeCKUX  KOMIIO3MLIMOHHBIX  MAaTepHaJOB C  YIJIePOZHBIMU
HaHOTPyOKaMu.

AHanu3 JIuUTepaTypHBIX AAHHBIX [2 —5] IOKa3bIBaeT, YTO M3 OOJIBLIIOrO MHOTrOOOpasma
TEPMOCTOMKMX  HEOpPraHMYeCKMX  MaTepuaysoB  docdaTHble  ABIAIOTCA  Hauboiee
TexHOMOTUYHbIMU. OHU MMEIOT HU3KMe TeMIIEPAaTyphl OTBEPXKAEHUS U XOPOIIO COYETAIOTCS C
Pa3IMYHBIMU HAIIOJIHUTENAMHU, 4YTO B CBOIO Ouepeib, JaeT BO3MOXHOCTh IIMPOKOTO
MOAVPUIMPOBAHUS UX COCTABOB.

B paborax [6-7] B KayecTBe OCHOBBI [JjIfi IIPUTOTOBJIEHUS KOMIIO3UIIMOHHBIX
MaTepHaoB OBLIM HCIOJIB30BAHBI XHUAKOe amioModocdaTHOe CBA3yIOUlee M HANOJHUTENb, B
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coctaB Koroporo Bxomuiau KopyHZ (o-Al203) m wHurpup amomuHuA. B KagecTBe
MopuuUIUpyomUX [N00aBOK HCIONB30BAM MHOTOCJIOMHBIE YIJIEpOJHBIE HAHOTPYOKH.
Cpepmunii paamep MYHT: pnuna 10 — 20 MM, TommuHa 9 — 20 HM. YcTaHOBIIEHO, YTO BBeeHUE
2 macc. % MYHT B repmocToiikyio pochaTHYO MAaTPHUIy IPUBOAUT K POCTY IIPOBOJUMOCTH Ha
13 mOpsAAKOB 1O CPaBHEHUIO C UCXOAHBIM MaTepuanoM [6]. IloxydueH coOTBETCTBYIOMIMIT TATEHT
[7] Ha aymeKTponpoBOZAIIYie TepMOCTOMKMe (hocdaTHbIe KOMIIO3UIIOHHBIE MaTepHUaIbI.

[Ipm wm3roTOBNIEHMM MaTepHaIOB HA OCHOBEe KUIKUX (OChaTHBIX CBA3YIOMIMX
IPUXOAUTCA CTATKUBAaTBCA C pAxoM TpyAHocTeil. Takume cBasylomue, Kak IIpaBUIIO,
HEYCTOMYMBBl IIPU XPaHEHWH: CO BpeMeHeM B JKUAKOM CBS3YIOL[EM IPOUCXOIAT IIPOIECChHI
KPUCTA/IIN3AIMY, IPUBOAAIINE K 00pa30BaHUIO JOBOJIBHO IIPOYHBIX OCAIKOB, U, KaK CI€ICTBHE
3TOTO, IPOMCXOAUT H3MeHeHHWe aTOMHOro oTHomeHus ¢ocpopa k wmerawry (P/Me) B
ocraBurefics xxuzpkoit dase. Ilocientee TpebyeT KOPPEKTUPOBKY COOTHOIIEHUS HAIOIHUTENH /
CBS3Ka IIpU M3TOTOBIEHMH Kommosunwii. Eme ozgHa TpyZHOCTR B Ipoliecce H3TOTOBIEHUS
MaTepuajIoB CBs3aHAa C ONTHMAJIBHBIM IIOAOOPOM HAIOJHUTENEH II0 [JUCIEPCHOCTH, YTO
CYIIeCTBEHHBIM 00pa3oM CKa3bIBaeTCs Ha IIPOYHOCTHBIX CBOMCTBAX ITOJyYaeMbIX MaTepHaIoB [8].

B ornmume OT TEXHOJIOTUM M3TOTOBIEHUS TPAZUIIMOHHBIX PAaCTBOPHBIX CMeceil CIocob
IIPUTOTOBJIEHHA CYXMX CMecel II03BOJIAeT IOIy4aTh IIOCAeAHNe CO CTPOrO ONTUMH3NPOBAHHBIM
(bpaKIOHHBIM COCTABOM HAIOJHUTEJIEH M TOYHBIM IO3UPOBAaHHEM HCXOJHBIX KOMIIOHEHTOB.
Toynoe cobimiofeHre TpeOOBaHMII IO IOJATOTOBKE HCXOJHOTO CHIPBS, €r0 IO3UPOBAHUIO U
IepeMeIlNBaHUIO 00eclleYyMBaeT IOJyYeHUEe CYXMX CMecell M KOHEYHOH NpPOAYKIMU Ha HX
OCHOBE CTaOMJIBHO BBICOKOTO KauecTsa [8].

C menpio yCOBEpIIEHCTBOBAaHUA METOAUKY IIOTydYeHUST KOMIIO3UTHBIX MaTepHajIoB Ha
ocHOBe (GochaTHEIX CBA3YIONUX B JaHHON paboTe MCCIeZ0BaHA BO3MOXKHOCTH MCIIOIB30BAaHUA B
KayecTBe CBA3yIolero Teeporo docdara maraus cocrasa Mg(H2PO4):2 - 4H20.

Meropuka skciepuMeHTa

B pabore ucmosnb3oBany Clepyouie peakTHBB: KOpyH7, &-AlQOs, HUTpUZA aTrOMUHHAL
AIN, puruzpodocdar marams Mg(H2POs)2 - 4H20, mMHOrOCIOMHBIE yriepoJHble HaHOTPYOKHU
(pmura 10— 20 mxym, Tommuua 9 —20HM). OCHOBHOI HAIlOJIHUTENTh TOTOBUJIH IIyTEM
CMeIIMBAaHUA MOPOUIKOB KopyHAa o-Al2Os u HuTpHuza amoMuHuA. KOMIIO3UT TOTOBIIN IIyTeM
CMeIIMBAaHUA OIpefeeHHbIX KOJIWYeCTB OCHOBHOro HamonaHurtens, MYHT, tBepgoro
docdarHOTO CBA3yIOLIETr0O M BOABL. YCTAaHOBIEHO, YTO ONTHUMAJbHOE COJEp)KaHHe BOZBI
cocraBiger 5 — 10 %. /lo6GaBreHre MeHBIIETO KOJTHMYECTBA BOJABI IPUBOAUT K Pa3yIPOYHEHUIO
06pasuos, npu BBegeHuu Bozsl 6osee 10 % meperupaemas Macca CTaHOBUTCS IJIACTUYHOM, YTO
CYILIeCTBEHHO 3aTpyJHAeT JajbHeHmrylo o0paboTky. KoMIoHeHTEI, wucmonb3yemsle s
M3TOTOBJIEHUS KOMIIO3UIIMOHHOTO MaTepHasa, TIIATeIbHO IIePeTUPAIH B CTYIIKE [0 IOTyYeHUI
ONHOPOZHOM CMecCH, KOTOPYIO 3aTeM IIpocemBasu H IpeccoBanu. OOpasimsl KOMIIO3HUTOB
OTBEPKJaIX IIPY KOMHATHOM TeMIIlepaType B TeUeHUe CyTOK U 3aTeM TepMooOpabaThIBaIH.

Pusuko-xumMuYecKkme METOabI UCCIIEAJOBaHNA

CkaHupytomas snekTpoHHas Mukpockomnus (COM) obpasmoB docdaTHEIX KOMIIO3UTOB
npoBezieHa Ha Mukpockorme LEO-1455 VP.

TepmorpaBumMeTpuyeckue WuCCaefOBaHUA BBINOTHeHbI Ha anHamuszatope NETZSCH
STA 449 npu HarpeBanuu 06pasnos ot 25 fo 1000 °C co ckopoctsio Harpesa 10 ° / MmuH.
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Hasecka oOpasua cocrasnana 5 — 15 mr. O6pasis! 118 ucciaefoBaHUA TOTOBUIU ITyTEM
WX PacTUPaHUA JO MOPOUIKOOOPA3HOTO COCTOSHUSA.

HcnpiTaHNA Ha IPOYHOCTH IIPOBEIeHBI HA YHHBEPCAJIBHON KCIIBITATeIPHOM MalIMHe
Instron 1195 npu ycunuu Harpyxerus 10 u 20 kH co ckopoctsio 5 mm / muH. Ilorpemsocts
n3mepenusa cocrasmana 1 %. IlpouHocTHBIE CBOMCTBA MaTepHaJoB HM3ydYaau IIO BeIUYHHE
mpeziesia IPOYHOCTU HA CXaTHe (Oox) 00Pa3LoB MCXOLHBIX (HOCHATHBIX KOMIIO3UTOB (CTOJIOUKYU
Beicotoit 10 n guamerpom 10 Mmm) u 06pasnos ¢ocdarasix kommosuros ¢ MYHT (Bsicora 6 u
nuaMerp 6 MMm).

ODJIeKTpHYeCcKOoe COIPOTUBJIEHHE OOpasIOB M3MEpSAIN YeTHBIPEXKOHTAKTHBIM METOZOM C
nmomompio u3Mmepurens LCR  meter HP4284A. Jlns wm3MepeHHA MCIOJB30BAIU  [iBe
SKBUBAJIEHTHBIE CXeMbI. B mepBoii usMepsau eMKoCTh oOpasua C U TaHTeHC yIJa IOoTepsh tgd, BO
BTOPOM cxeMe U3Mepaju KOMIUIEKCHBIH wumnesanc £ =R+ jX, rme R - aKTHBHOe
comporuBieHue, ;X — peakTuBHOe comporuBieHue. OOpasen mpencTaBasys coboil Opycok
IIOIIEPEeYHbIMH pa3MepaMu 7 x 3 MM, TONIKUHA obpasua cocrasisia 0.7 mm. [lna obecrmeuenus
KOHTaKTa Ha IIOBEPXHOCTH 00pa3iia HAaHOCHJIM CepeOpSAHYIO IacTy.

PesynsraTsl 1 06CyXeHIe Pe3yIbTaTOB

Kax wu3BecTHO, OmHON M3 TPYAZHOCTEH, CBA3AHHBIX C IIPUMEHEHHEM YTJIePOJHBIX
HAHOTPYOOK, ABJIAETCA UX paBHOMEPHOe AUCIIeprupoBaHue B Marpuue. /Iid usyueHus creleHu
ozHopopHoctu pacupegenenns MYHT B docdarnoit marpune nposemeHa COM docdaTHbIX
kommo3utoB Ha ocHoBe TOM c 2 u 10 macc. % MYHT. MuxpodoTtorpaduu npesncraBieHs! Ha
Pucynxkax 1 u 2.

2 pm
Pucymox 1. Muxpodororpadus Pucynox 2. Muxpodororpadus
kommo3uTa Ha ocHoBe TOM c 2 macc. % kommo3uTa Ha ocHoBe TOM c 10 macc. %
MVYHT (yBennuenue 20000). MVYHT (yBennuernue 20000).

W3 npusepmennsrx Mukpodororpaduit ciaemyer, yro MYHT nocratouno paBHOMepHO
pacmpejiesieHbl 10 00beMy oOpaslja, M HX arperanus He HaOmiozaerca. Takum o6Gpasom,
HCIIOIb3yeMasd MeTOAMKA IIPUTOTOBIeHHSA OOpasI[OB IIO3BOJIAET PAaBHOMEPHO IUCIIeprHpOBaTh
MYHT B KOMIO3UIIMOHHOM MaTepuaJe.

ITpoBesmen TepMuuecKuil aHAIU3 HCXOJHOTO (GochHaTHOrO KOMIIO3UTA, COCTOAIIETO U3
OCHOBHOTO HAIIOJIHUTeNIA ¥ TBepAOro MarHuiidocdhaTHOro caA3yiomero. Tepmorpamma
mpuBejeHa Ha Pucyhke 3.
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Pucynoxk 3. Tepmorpamma ucxogHOro ¢pochaTHOTO KOMIIO3UTA.

PesynpraTsl IIpOBeeHHOTO TepMUYECKOTO AaHAIHM3a ITOKA3bIBAIOT, YTO IIPU HArpeBaHUHU
komnosunuu go 200 °C mposasuatorcs 2 samoaddexra ¢ makcumyMmamu npu 74 u 120 °C. IloTeps
Maccel cocraBgeT okosno 5 macc. %. B rtemmeparyprom muTepBaze 200 — 1000 °C samerHsIe
TepMO3GdeKTsl OTCYTCTBYIOT. [Ipu 3TOM NpPOMCXOAUT IUIaBHOE yMeHBIIEHHe MAacChl (OKOJIO
2 macc. %). Takoif xapakTep IIOBeJeHMSI HCCIeNOBaHHOM  ¢ocdaTHOH  KOMIO3UIUU
CBHUZETEIBCTBYET O IEePCIEKTUBHOCTH €€ HCIIOIB30BaHUS B KaUYeCTBE TEPMOCTOMKOM MaTpHUIIbI
IS TIOJTyYeHUs KOMIIO3UIIMOHHBIX MaTepHaIoB.

W3ydyena TepMmyeckas yCTOHYMBOCTb WHAWBHUAYATBHBIX YIJIEPOJHBIX HAHOTPYOOK H
MVYHT B docdarnoit marpure. [loryuernHsie TepMorpaMMsl IpecTaBaeHsl Ha Pucynkax 4 u 5.

T 1% OCK /(MBT/wr)
635.0 °C T
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Pucynox 4. Tepmorpamma MYHT.

W3 nprBei€HHBIX ZaHHBIX CJIELYeT, 9YTO B aTMOc(epe BO3AyxXa HAHOTPYOKHU YCTOMYMBHI K
nporeccam okuciaerHus g0 450 °C. Haumnasa c 3Toif TemMmepaTypsl M BbIIIe, IIPOMCXOJUT
okucnenue MYHT xucnopogmom Bosmyxa, uro 3adpukcuposano Ha kpusoii JCK B Buzme skx30-
saddekra c maxcumymom pu 635 °C.
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Pucysox 5. Tepmorpamma docdarroro xommosuta ¢ 2 macc. % MYHT.

Tepmuuecknit ananus ¢ocdarHoro xommnosura ¢ 2 % macc. MYHT mnoxassiBaer, 4TO
nponecc okucinenus MYHT B srom ciryyae HaumHaerca mpu Temmeparype oxono 650 °C.
Maxkcumym sx30-addexra sroro mpomecca Ha Kpusoit [ICK wHaGmomaerca mpu 724 °C.
CrnegmoBartensHo, mponecc okuciaeHus MYHT B docdaTHOH KOMIOSHIMM IPOMCXOAUT Ha
150-200 °C BrInre 110 CpaBHEHHIO C HHAMBHUAYAJIbHBIMU YII€POSHBIMU HAHOTPYOKaMHU.

W3yyeHo BiMAHWE COZEpXAaHUA TBEPAOro MarHuiiochaTHOro CBA3YIOMIETO U
TeMIIepaTypsl OOpabOTKM Ha IIPOYHOCTH (ochaTHBIX KOMIIO3UTOB. Pe3yrpTraTsl HCIBITAaHUA
00pa3LoB Ha C>kaTue IpuBegeHs! Ha Pucynkax 6 — 8.
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CopeprkaHue ceasyrwLlero, macc. % Temnepatypa o6paboTku, °C
PucyHoxk 6. 3aBUCHMOCTB IIPOYHOCTH Pucynoxk 7. 3aBUCHMOCTD IIPOYHOCTH
¢dbochaTHEIX KOMIIO3UTOB OT (dochaTHEIX KOMIIO3UTOB OT
COoZiep>KaHUA CBA3YIOIIETO. TeMIIepPaTypsl 0OpabOTKHU.

W3 mpuBesieHHBIX JAHHBIX CIEAYeT, YTO Haubojee OINTHMAJIbHOE COZEp)KaHUe TBEPJOTO
docdarHOTO CBA3YIOMErO B U3yYaeMbIX cucTeMax cocrasygeT 15 — 20 macc. %. Tepmoo6paborka
docdaraoro xommosuTa fo 1000 °C nmpuBogUT K IOCIe0BaTeIFHOMY yBeIUIEHHUIO TPOYHOCTH
KOMITO3UTOB B 3 pasa.
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Pucynox 8. 3aBucrmocTs mpoyHOCTH hoCchHaTHOTO KOMIIO3HTA,

cogepskamero 0.5 macc. % MYHT, ot TemnepaTypsr 06paboTKH.

I'mcrorpamma Ha Pucynke 8 mokasrrBaer, 4To TepM0O0OOpabOTKAa KOMIIO3MIIUM Ha OCHOBE

TOM ¢ MVYHT go 800 °C
KOMIIO3UTOB B 2 pasa.

IIpPUBOAUT K IIOCI€AOBATEJIPHOMY YBEINYEHUIO IIPOTHOCTH

,Z[JIH H3TOTOBJIEHUA q)OC(baTHLIX KOMIIO3UTOB TpPAJUITHMOHHO IIPHUMEHAIOT JXHAKOE

amomodocdaTHOe CBA3yIOLIEe.

OpHako, kak OBUIO yKa3aHO BBINIE, MaTepHaabl Ha OCHOBE

TBEP/BIX CBA3YIOUIVX UMEIOT P, IpenMyllecTB. B pabore mpoBezeHO cpaBHeHME ITPOYHOCTHBIX

U 3JIEKTPOIIPOBOAAMNX CBOICTB (pocdarHbx Kommno3uToB ¢ MYHT Ha ocHOBe pasjMYHBIX THUIIOB

CBA3YIOLHX.
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CopepxaHve MYHT, macc. %
PucyHnoxk 9. 3aBucuMocTs IpoyHOCTH
KOMIIO3UTOB OT cogepkanust MYHT.
WN3ygyena mpovHOCTH 00pasunoB ¢ochaTHBIX KOMIIO3UTOB HA OCHOBE JKUIKOTO

anmoModochaTHOTO CBA3YIOIETO0 M TBepAOro MarHuiidocdarHoro caasyiomero. Pe3dyapraTsl

u3MepeHus IPOYHOCTH Ha CXKaTue npescTapiaeHs! Ha Pucynke 9.
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3aBucuMocTy Ha PucyHke 9 mokaspiBaioT, 4TO IpouyHOCTh KommosutoB ¢ MYHT Ha
ocaoBe TOM na 20 - 30 % Bbime mpouHocTH KoMIo3uToB Ha ocHoBe xugxoro ADC. Ilpu
BBesieHnu Oosee 2 macc. % MYHT B docdarHyio MaTpuily IpOYHOCT KOMIIO3UTOB CHIDKAETCS
3HAYUTEJIBHO, HO OCTAeTCs JOCTaTOYHO BEICOKOM I JAaHHBIX MaTepPHaIOB.

s |2—=—ToOM

1 —e— ADC 2
0- //—"—'
= -2
=2
=
g
b, -6 S
o o——_
-8 /—
'10 T T T T T T T T T
0,0 0,5 1,0 1,5 2,0

CopepxaHue MYHT, macc. %

Pucysnoxk 10. 3aBuCHMOCTB 9/1€KTPHYECKOI IIPOBOIUMOCTH
komnosutoB Ha ocHoBe ADPC 1 TOM or xonuentpanuu MYHT .

PesysbTaTsl cpaBHHTeIBHOrO HM3MepeHHA 3JIeKTPOIIPOBOJHOCTU 00pasmoB (ocdaTHbIX
xom1io3uToB Ha ocHoBe TOM u APC ¢ ofuHAKOBBIM COZep)KaHUEM YTIePOSHBIX HAaHOTPYOOK
npezcrasieHsl Ha Pucynke 10.

W3 monxy4yeHHBIX pe3yJbTaTOB CJeAYeT, UTO 3JIeKTPOIPOBOJHOCTh KOMIIO3UTOB C
1-1.5 macc. % MYHT na ocaose TO®M Ha 6 — 7 nOpsAAKOB BhIlle, YeM KOMIIO3UTOB Ha OCHOBE
xuznxoro ADC.

BriBozbr

B pabore moiydeHBI W HCCIeZOBaHBI TEPMOCTOMKHE KOMIIO3MIIMOHHBIE MaTepHaIbl Ha
OCHOBe TBEpAOr0 MarHmidocHaTHOrO CBA3YIOMIETO C MHOTOCJIONHBIMH YIJIEPOJHBIMHI
HaHOTpyOKamu. IlokazaHo, 4YTO XapakTep TepMUYECKOTO IIOBeJeHUs (PochaTHONH KOMIIO3ULINHI
CBHUZETEIBCTBYET O IEePCIEKTUBHOCTH €€ HCIIOJIB30BaHUS B KA4eCTBE TEPMOCTOMKOI MaTpPUIIBI
IJIs  TIONydYeHWs KOMIIO3MIMOHHBIX MAaTepHajoB. YCTAHOBJIEHO, YTO TepMooOGpaboTKa
xomnosunuu Ha ocHoBe TOM gmo 1000 °C mpmBOAWT K IIOCIELOBAaTENIBHOMY YBEIUYEHUIO
mpoyHocTH B 3 pasa. M3ydeHa TepMmueckas  yCTOHYMBOCTB, IIPOYHOCTHBIE U
aneKTpolpoBoAAmue cBoiictBa MarepuanoB ¢ MYHT. Iloxasano, 4To Ipoliecc OKHCIEHUS
MVYHT B docharnoit xkomnosunum HaumHaercas Ha 150 —200°C Bperme mo cpaBHEHHUIO C
YHCTHIMU HaHOTpyOKamu. IIpounocts xomnosuroB ¢ MYHT Ha ocHoBe TOM BbInte mpoyHocTH
KOMIT03uTOB Ha ocHOBe xuzpkoro ADC. Diexrponpososuocts kommozutos ¢ MYHT na ocHoBe
TBepjoro MarauiiocdaTHoro cmsasyiomero Ha 6 —7 NOPSAZKOB BhIIIE, YeM KOMIIO3UTOB Ha
OCHOBe KUIKOTO amomodocdaTHOro CBA3YIONIETO. WcnonpzoBanue TBepJ0TO
MarauiihocdaTHOTO CBA3YIOMIETro MO3BoJIIeT Ooree 3h(GeKTUBHO U C 601ee BOCIIPOU3BOAMMBIMU
XapaKTepUCTUKAMH HM3TOTAaBIMBATh ITOJTH(PYHKIMOHAIBHBIE TEPMOCTOHKHE KOMIIO3UIIMOHHBIE
MaTepHuabl.
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AnHOTanusa

[TpuBesmeHs! pe3yIbTaThl UCCAEAOBAHUA IO IOTYYeHUIO HAaHOKPUCTAINIECKUX CIIABOB
Fe-B u Fe — B-Al2Os, npurogusix s MogubUIpOBaHUA CTaIeH.

IlepcnexTuBsl ~ pasBUTHA  4YEPHON  METAUIYPTUU  ONpPEJENIAITCA  He  TOJBKO
COBEpIIEHCTBOBAaHMEM MeTa/UTyPrMYeCKUX arperaToB M IIPOIIECCOB, HO U BO3MOXXHOCTBIO
YAOBJIETBOPEHNA IIOCTOAHHO PACTYIIUX Tpe6OBaHI/II‘/JI K Ka49e€CTBY Me€Tajl/la IIp¥ MHHHUMAaJIbPHOM
Pacxo/I0OBaHUU JIETHPYIOIIMX KOMIOHeHTOB. Mcmomb3oBaHume 6oOpa OTKpHIBaeT HOBEHIE
BO3MOXXHOCTH I IIOMyYeHHA OKOHOMHOJIETHMPOBAHHBIX CTajiel, OSKCILTyaTallMOHHEIE
XapaKTepPUCTUKM KOTOPBIX BO MHOTMX CIydYadX He TOJIBKO He YCTYNaloT, HO M IIPeBOCXOJAT
YPOBEHD CBOMCTB CTaJIefI, II0Ty9a€MBIX C IPUMEHEHHNEM TpaﬂHHI/IOHHOﬁ CHUCTEMBI JIETHPOBAHMI.

Bop cymecTBeHHO IOBBINIAET KavyecTBO MeTajUla IIpU J00aBKe B UYTYHBI M CTaIu B
konmudectBe 104 -103%, a sT0 Ha 2-4 mopazka MeHbIIe pacxoja APYTHX JeTUPYIOUIUX
9JIeMeHTOB (HaImpuMep, XpoMa, MapraHIla, MOJMOJeHa WIKW HUKeJd), IpUMeHeHHe KOTOPBIX
II03BOJIAET TIOJYYHUTh COOTBETCTBYIOUIME Pe3yJbTaThl II0 IOBBINIEHWIO ITPOKAIMBAEMOCTH H
IIPOYHOCTH HU3KO- M CpeIHeIeTHPOBAHHEIX cTanel [1].

Bop, kak MUKpOJIerMpYIOWUil JIeMeHT, U3BECTeH JAaBHO U LIMPOKO IPAKTUKYETCA €ro
HCIIOJIb30BaHME HA CTaJeIJIaBUIBHBIX 3aBOZAX B Bufe (eppobopa u 6OpCoAepKalluX JIUTaTyp.
Opmako mmpu [J00aBKax STUX CIIIABOB, CYIIEeCTBEHHbIe pa3JW4yuA IUIOTHOCTH a3 u
sHauyuTenbHbIN ImeperpeB Merasna (300 —500 °C) Haz TemiepaTypoil JHMKBHAycCa IIEpes €ro
BBIITYCKOM M3 II€4M, IPUBOJUT K JTUKBAIIUM IIPAKTHYECKTH BCEX KOHTPOJIHMPYEMBIX 3JI€MEHTOB
II0 BBICOTE U CEYEHHUIO CTAJBHOTO CIAMTKA. JTO OO0yCIaBIMBaeT yMeHbIIeHHe 3PPeKTHBHOCTH
«ZleficTBHA» 60pa M CTAOMIBHOCTH IOTyYaeMbIX Pe3yIbTaTOB.
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[TosToMy HY>XHBI HOBBIe IOAXOABI U IIOMCK HOBBIX TEXHOJIOTHMYECKUX pPEUIeHHIH M
HOJTyYeHUA U IPUMeHeHUA MUKPOJIETUPYIOUUX CIUIaBOB C OOPOM.

Hamu npoBopATCcs MCCIeZOBAHHUANO IOJTYYeHUIO HAHOKPHUCTA/IMYECKUX CIUIABOB IS
MozuduIpoBaHus cTanu [2].

B mnpexncraBieHHO# paboTe IpUBENEHBI Pe3YJIbTaThl HCCIENOBAHUS IO IIOTYYEHUIO
cunaBoB Fe — B u Fe — B — AlQOs.

B xauecTBe IUXTOBBIX MaTepUAIOB HUCIIOIB30BATUCE:
- It monydenus ciuiaBa Fe — B: ximopuy, sxenesa — FeCls - 6H20, 6opusiit anruzapug — B20s

u caxapo3sa — Ci12H2011;
- o monydeHus cmnaBa Fe — B —  AlOs: xmopup xenesa — FeCls- 6H20, xiopug,

amomunua —Al0s - 6H20, 6opusriit aurugpug —B20s3 M caxaposza — Ci2H22011.
TpexaTanmHsIil TeXHOIOTMYECKHH IIpolecc noay4dyeHus craaBoB Fe — B u Fe — B — ALOs,

B OOIIMX YepTax, 3aK/II0YaeTCs B CIeyOIeM.

Ha mnepBom 3Tame, MCXOZHBIM IIMXTOBOM pAaCTBOP 3aJaHHOTO CTEXHMOMETPHYECKOTO
COCTaBa pacIbpLIfeTCA Ha KOPYHZOBYIO MOAI0XKy, Harperyio g0 250 — 300 °C. O6pasyromuiicsa
IIOPOLIOK IIOMEIIAeTC B PeTOPTy, IZe IPOMCXOAUT BOCCTAHOBJIEHHE BOJOPOAOM IIPH
temneparype 800 —870°C (Bropoit sram). Ha Tperbem 5Tame, BOCCTAaHOBJIEHHBIH IIOPOIIOK
IIOMeIaeTcs B IPyTylo PeTopTy, e BeigepxkuBaercsa mpu 1100 — 1200 °C B armocdepe aprona.

®aza FeB wnaumnaer dopmuposatscs mpu 1000 °C. C moBbllleHHeM TeMIepaTypbl
HauymHaeT popmuposarbes dasza FexB u mpu 1200 °C o6pasyercs nByxdasnas cucrema FeB - Fe2B

(Pucynxu 1 n2).

FeB, 11002°C, 0,5h
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Pucynox 1. Pentrenogudpaxrorpamma
FeB npu 1100 °C (* — FeB u ° - Fe2B).
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FeB, 12009C, 0,5h
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Pucynok 2. PenTtrenogudpakrorpamma
FeB mpu 1200 °C (* — FeB u ° - Fe2B).

Ormenxka reoMeTpUYecKHuX pasMepoB HAHOYACTHI], 3 (0] pacIIpeHUIO
pPEeHTreHOAU(PPAaKIMOHHBIX MakcuMyMoB (Meron Illepepa) mokasanma, YTO OHH HAXOJATCA B
npezenax 40 — 80 HM. DTo moATBepKAAETCA DIEKTPOMUKPOCKOIIMYECKUMHU UCCIeJOBAHUAMH.

O6pasyromuecs B UCCIeyeMOH JIUTaType COeIUHEHNU jKejle3a U 60pa XapaKTepHu3yeTcs
BBICOKOIl [UCIIEPCHOCTBIO BEPOATHO OyJeTs WrpaT poJjia [AUCIEPCHBIX BKJIIOYEHHUIB
MeTATMYeCKOH MaTpuile, U CJIeJ0OBaTeJIbHO ABIATCA S(PGdEeKTUBHBIMU OapbepaMu [
OBIDKYIIMXCSA IPH IUTACTUYECKOH medopmanumu pAuciokanuu. B Mecre ¢ 5TMUM OHH He
OJIOKUPYIOT IepeJBIDKEHUEe AWCIOKAIUM, YTO OIpefiesiseT IOBHIIIEHUE IIpejiesa IPOYHOCTU
MaTepHasa ¢ COXpaHeHUeM UCXOAHbIX IUIACTUYECKUX XapaKTePUCTUK MaTpPHUIHL [3].

YcTaHOBIEHME pealH3ypeMOro B H3y4aeMBIX CIUIaBaX MeXaHHU3Ma /JHUCIEPCHOTO
YIPOYHEHUS ABIAETCA IIPeIMETOM IIOCIeYIONINX CCIe0IBaHUH.

HPI/IMeHeHI/IH HaHOKPUCTANIMIECKUX  JIUTATYP COZepiKallliX  BBICOKOAMCIIEPCHBIE
coefIMHEeHH >Keje3a M Oopa IO3BOJIMT IOBBICUTE IIpefiesl IPOYHOCTU JIETUPYIONIUX CTalel ¢
COXpaHeHUeM IUTACTUYeCKUX XapaKTePUCTHUK.

MenkopucnepcHas CTPYKTypa CTasel, JIeTMPOBAaHHBIX pa3paboTaHHOM
HAaHOKPHUCTA/UIMYECKOH JIUTaTypoii HECOMHEHHO IIOBBICUT MeXaHW4YeCKHe CBOMCTBA crajeil

Hapany ¢ 9 deKToM AUCIEePCHOTO YIIPOYHEHNUH.
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Introduction

The discovery of the Periodic Table in 1869 by Dmitri Ivanovich Mendeleev
(1834 — 1907) (Figure 1) is only one of his professional achievements. His work on petroleum
was his major occupation. He wrote many articles on the subject and supported the theory that
the origin of petroleum was the result of the reaction of carbides with water — a theory that is
dismissed today in favour of the organic theory. He went to Baku in Azerbaijan many times to
consult on oil production. Azerbaijan at that time was part of Imperial Russia and an oil well
was drilled using primitive methods more than a decade before an oil well was drilled in North
America. In 1901, it produced more than half of the world’s oil. Today, it produces a small
amount as compared with other producing countries.

Figure 1. Dmitri Ivanovich Mendeleev (1834 — 1907).

Kerosene

In 1846 a small kerosene factory was built. Barrels were used to collect and store the oil
that is why today oil is measured and sold per barrel. Kerosene is a clear liquid obtained from
the fractional distillation of petroleum between 150 and 275 °C. In the second half of the 19th
century Baku turned into the biggest oil region of Russia. Kerosene was widely used in
households cooking in Primus stoves invented in 1892 (Figure 2) and lighting fuel in lamps and
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lanterns (Figures 3 and 4) before electrical distribution became available. Its name is derived
from Greek meaning wax, which was registered as a trademark in 1854. Kerosene burned
longer and with a brighter light than other oils.

Top Ring

!

Figure 2. Kerosene cooking

in portable stoves. Figure 3. Kerosene lamps. Figure 4. Kerosene lantern.

The widespread availability of cheaper kerosene was the principal factor in the decline
in the whaling industry in the late 19th century, as the leading product of whaling was oil for
lamps. Kerosene also replaced turpentine obtained from the distillation of wood as a fuel.
Kerosene stoves have replaced traditional wood-based cooking appliances. Kerosene was sold in
some filling stations or in tank cars (Figure 5). The vast Russian empire needed more of the new
light than anyone else as St. Petersburg, the capital, barely had six hours of daylight in the
winter. Interestingly, after crude oil was processed, one of the by-products (gasoline) at that
time was simply dumped or used as solvent.

Figure 5. Selling kerosene from a tank cars.

Today, kerosene is mainly used in fuel for jet engines in several grades. One form is
burned with liquid oxygen as rocket fuel. Kerosene is used to store active metals that react with
air or water such as potassium, sodium, lithium, etc. It also used a pesticide.

Mendeleev in Baku

Mendeleev was 29 years old when he was invited by the Russian oil businessman Vasily
Alexandrovich Kokorev (1817 — 1889) (Figure 6) to visit his oil refinery in Baku constructed in
the 1850s and make recommendation since it had become less profitable. Mendeleev at that
time was professor at Saint Petersburg University, just returned from Heidelberg in Germany
where he was sent by the Russian Government in 1859 to 1861 to study. Apparently he became
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known to Kokorev through Germans who supplied him with some equipment. Mendeleev left
for Baku on September 6, 1863, stayed in Moscow at Kokorev’s mansion across the Moscow
River from the Kremlin. He then left to Nizhniy Novgorod and onwards aboard a ship along the
Volga then to Baku. He returned on October 8.

Figure 6. Vasily Alexandrovich Kokorev (1817 — 1889).

After the visit, Mendeleev proposed building a pipeline for oil transportation from wells
to the sea, where oil was to be stored in reservoirs then transported across the Caspian Sea by
tanker till Volga and from there till Nizhniy Novgorod where a factory for processing oil to
various products should be built (Figure 7). He argued further that Cheleken, then part of
Turkmenistan — now known as Hazar (Figure 8), would be occupied by the Russian military for
exploitation of its oil resources. The project did not appear to have gone ahead. Incidentally
Turkmenistan was annexed by Russia in 1881 but became independent in 1991.

Figure 7. Map showing Baku on the
Caspian Sea and Nizhniy Novgorod and Figure 8 . Map showing
Volgograd, formerly Tsaritsyn (1589 — 1925), Baku and Cheleken, X.
And Stalingrad (1925 —1991) on the Volga, X.
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Kokorev suggested that Mendeleev become technical director of the new refinery to be
built near Nizhniy Novgorod. Mendeleev tempted to give up his low-paying academic position
in order to work full-time in the oil industry for much more money but he declined the offer
because his wife did not like the idea. He was even offered later to become a co-owner of the
refinery but after much thought he declined. Six years later in 1869 Mendeleev became famous
for formulating the Periodic Table.

The refineries around Baku moved their oil from the wells to Baku in wooden barrels on
carts, which was inefficient. Manufacturing barrels was made worse by the lack of wood in the
region. The barrels were prone to leaking. Oil was shipped by boat up the Volga. In order to
improve efficiency, refiners asked the Caucasus and Mercury Shipping Company owned by

Kokorev to install cisterns so that oil could be shipped along the Volga in bulk but the company
refused.

Mendeleev and the oil industry

Mendeleev took part with the Russian delegation for the Paris World Fair in 1867 as an
expert on chemistry. In 1868, two government commissions were formed — one in Tbilisi and
one in St. Petersburg. The Tiblisi commission noted that the United States, which was not tied
by a leasing system, experienced growth. In Russia the oilmen did not open up new wells
because of the leasing system. As a result it was impossible for modernization. The St.
Petersburg commission found the need to end the leasing system. In 1875, America made some
huge oil discoveries and in the absence of any taxes, the price of oil fell. The threat of the influx
of cheap American kerosene was taken seriously and a commission was created to examine the
question of taxes on oil. As a result the Russian Government decided to send Mendeleev to
examine the American system.

Mendeleev departed from St. Petersburg on May 30, 1876 with his English speaking
assistant, and returned September 11. The trip was sponsored by the Minister of Finance to
understand the modern technology of the oil business in America, the tax policy on oil, and to
understand the reasons for the lowering of kerosene prices. Mendeleev visited the oil fields in
Pennsylvania and the Philadelphia World Fair to examine the oil display. He took a trip to
Niagara Falls and visited the meteorological centre in Washington. Meteorology was a subject
which he would later study for the Russian Government. On his return, Mendeleev wrote to
the Minister of Finance, Memorandum regarding the abolition of lighting oil taxes.

Mendeleev mentioned the necessity of cancelling the petroleum tax. American oil
started to decrease when taxes on crude oil and its refining were abolished. The result was an
increase in use. Mendeleev discussed fire hazards and kerosene, dangers of its transportation
and storage, refining of oil by-products, oil pipelines, how to attract capital to the Russian oil
industry, and how to encourage its growth. Furthermore, because there was insufficient
technical information on Russian oil, it was necessary that a study of the industry be
undertaken including the heavy oil, its uses and its marketing. He argued that the refineries
should not only be in Baku but along the Volga and in the centre of use, close to those places
where barrels are cheap. Mendeleev wrote that it was necessary that different people do the
construction, sales, give technical advice, drilling, construction of reservoirs and other
apparatus. He also commented on the state of the bureaucracy and the employment of women
in America, and the arrival of the first gas piston engine in America.

212



F. Habashi. Nano Studies, 2015, 12, 209-218.

Mendeleev noted that only half of America’s kerosene was consumed at home while the
rest was exported. He observed that America used three times kerosene per capita as Europe
while Russia was using less than Europe. America’s economic strengths, was the result of the
quality of their oil, which produced much greater quantities of kerosene than Russia’s.
Mendeleev believed that the Baku oil fields could compete with the American product if the
Russian government similarly abolished the taxes it assessed on the industry. Once Russian
kerosene was plentiful and reached a low price then Russia, should export to Europe by using
pipelines, special barges, and wagons.

Nobels in Baku

The Petroleum Production Company Nobel Brothers was set up by Ludvig Nobel
(1831 — 1888) (Figure 9) and Baron Peter von Bilderling (1844 — 1900) in 1876 in Baku. It was
headquartered in St. Petersburg and became one of the largest oil companies in the world
producing 50 % of the world’s oil. Ludvig Nobel was an engineer and a businessman. The Nobel
family was from Sweden but lived many years in Saint Petersburg. The company had been
facing financial difficulties since the end of the Crimean War in 1856 due to a severe cut in the
military budget ordered by the new Tsar Alexander II, and eventually, in 1862, the firm was
sold.

Figure 9. Ludvig Figure 10. Robert Figure 11. Alfred
Nobel (1831 - 1888). Nobel (1829 - 1896). Nobel (1833 - 1896).

With some funds he had managed to save, Ludvig opened a new firm, the Machine-
Building Factory. Initially producing cast-iron shells, the factory became in a few years one of
the largest producers of gun carriages of Russia. When his brother Robert (1829 —1896)
(Figure 10) bought a refinery in Baku, Ludvig invested in refinery modernization. He
established technical chemical research labs employing dozens of scientists, finding ways to
treat oil, developing new uses for oil, and developing new products derived from oil.
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By 1876, the Nobel brothers established themselves as the most competent refiner in
Baku and sent the first shipment of illuminating oil to St. Petersburg. By 1879, Ludvig turned
the business into a shareholding company, Branobel, with brothers Robert and Alfred
(1833 — 1896) (Figure 11) and others.

Improvement in the Azerbaijan oil industry

Great changes were introduced in the area of oil storage, for example, iron reservoirs
were used. In 1877, construction of the first oil pipeline linking Surakhany oil field and refinery
in Baku was completed. By 1890, there were more than 25 pipelines. The Nobel Brothers were
the first to introduce railway tanks (cisterns) for oil transportation in 1883. In 1884, the oil
producers in Baku established the Oil Extractors Congress Council under the direction of
Ludvig Nobel. They created the magazine, Neftyanoe Delo (Oil Business). Ludvig and Robert
Nobel built Villa Petrolea which received on October 9, 1888 Emperor Alexander III of Russia
with his family; currently functions as a museum. Ludvig Nobel invented oil tankers; the
world’s first tanker was Zoroaster (Figure 12) designed in Sweden in 1878 and made its first trip
from Baku to Astrakhan.

Figure 12. The world’s first oil tanker Zoroaster, 1878.

By 1890, 345 tankers, including 133 steam vessels and 212 sailing vessels were sailing on
the Caspian Sea. The oil-saturated earth in Baku was covered by fertile soil and fresh water was
imported from the Volga on ships travelling from Astrakhan which used it as ballast instead of
sacks of sand. Large companies started to employ geologists to describe and map prospective
structures. By early 20th century, innovation started to improve the backward well drilling
practices. Tankers played an important role in shipping fuel. For example, on July 22, 1892 the
first tanker sailed from Britain to Batum to be filled with kerosene, subsequently passed
through the Suez Canal [opened in 1869] on August 23 for the Far East.
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Mendeleev’s other trips to Baku

Mendeleev made a second trip to Caucasus in 1880 and was befriended with Azerbaijani
oil industrialist Haji Zeynalabdin Taghiyev (18217 — 1924) (Figure 13). In 1884 (October 26 —
November 8) he took an active part in the Congress of Baku Oil Industrialists. In May 1886 he
made another trip to Baku and gave speeches about the conditions of development of oil
business. On March 1887 he presented a report to the minister of state properties about the
issue of oil and kerosene pipelines.

Figure 13. Haji Zeynalabdin
Taghiyev (18217 —1924).

In 1880, Mendeleev proposed the construction of Baku—Batum pipeline to transport oil
to the world market (Figure 14). The project was postponed as premature, and the construction
started only in 1896 and finished in 1906. The first pipeline was kerosene pipeline. It was at that
time the longest pipeline in the world. It was Alfred Nobel’s dynamite that helped build the
pipeline through the mountains. Other pipelines were later constructed.

Lasplan Sea

GEORGIA " Thilisi
Supsal = 23
SN VAZERBAIJAN

124 Sangachal

- Existing pipeline
New pipeline

Figure 14. Baku — Batum pipeline
(Sangachal — Supsa), 1906.
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Rothschild brothers in Baku

In 1883 the Caspian — Black Sea Oil Industry & Trade Society was established by
Alphonse Rothschild (1827 —1905) (Figure 15) the son of Paris banker James Rothschild
(1792 — 1868). After his father’s death, Alphonse took on the management of the Paris banking
business. Alphonse Rothschild opened branches of his company in many cities in the Volga area,
in the Baltic States, in Belorussia, and in and Poland. After his death his younger brother Baron
Edmond Rothschild (1845 — 1934) (Figure 16) took over. The construction of the Transcaucasia
railway (Figure 17) connecting Baku and Batumi was finished in 1883 thanks to a Rothschild
loan. In the early 1900s, the Nobel Brothers and the Rothschilds concluded an agreement to
prevent the American Standard Oil from entering the Caucasus.

Figure 15. Baron Alphonse Figure 16. Baron Edmond
Rothschild (1827 — 1905). Rothschild (1845 — 1934).

Figure 17. Transcaucasia railway connecting Baku and Batumi.
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World Wars

On the eve of the World War I, the Russian General Oil Company, Royal Dutch Shell,
and Partnership of Nobel Brothers controlled 60 % of oil production. In 1912, Anglo — Dutch
firm Shell obtained 80 % shares of Caspian — Black Sea Society Mazut, which had belonged to
Rothschilds.

After the Russian Revolution, nationalization of the industry was decreed by the Baku
commune in June 1918. As a result of World War I no oil export was possible, oil storage
facilities were damaged, and wells were idle. The government of Democratic Republic of
Azerbaijan was unable to restore the damage done to the oil industry.

On 28 April 1920, the Bolsheviks seized power in Baku and confiscated and nationalized
the industry. They formed Azneft State Company. Scientific exchange started with the USA and
engineers from Baku visited the oil fields in Pennsylvania, Oklahoma, California, and Texas.
The Azerbaijan State Oil Academy was established in 1920 to train oil specialists.

By World War II, the Nazis were determined to capture the oil fields of the Caucasus.
Their defeat at Stalingrad forced a retreat. Oil production from the existing fields started to
decline after World War II, as a result of over-production.

In the early 1930s, engineers constructed the first offshore wells and in 1949 important
discoveries were made. In 1957 several large oil and gas fields were discovered and put into
production.

Black sea

lstanbul

Ankara

Turkey

4

Mediterranean Sea

Figure 18. Baku — Thilisi — Ceyhan pipeline, 2006

After gaining independence Azerbaijan the Baku — Tbilisi — Ceyhan pipeline was opened
in 2006 to transport crude oil (Figure 18). It is the second longest oil pipeline in the world —
the longest being the Druzhba pipeline from Russia to central Europe.
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Mendeleev and the petroleum industry.

Extensive references to the original literature is in Ph.D. Thesis of Mark Butorac,
“Mendeleev, the West and the Russian Oil Industry’, presented at the Faculty of Graduate
Studies and Research, McGill University, Montreal, 2001 (252 pages).

The illustrations are by the present author and are in the public domain.
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