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In this study, cyclic borate ester-bearing methacrylic monomers were synthesized and
then employed to synthesize acrylic copolymers with varying boron acrylate monomer
contents (5, 10, and 20%). The monomers, methyl methacrylate, butyl acrylate, acrylic
acid, and boron acrylate, were used to synthesize all of the polymers via free radical
polymerization method in a solvent media. The polymers were characterized using
Fourier Transform Infrared Spectrophotometer (FTIR), Differential Scanning Calorimetry
(DSC), Gel Permeation Chromatography (GPC), Proton and Boron Nuclear Magnetic
Resonance spectroscopy ('H and "B NMR). Metal surfaces, such as sheet metal,
galvanized steel, and aluminum were covered with varnish and paint compositions
that had a fixed thickness. The physical characteristics of the coatings such as contact
angle value, glossiness, hardness, drying time, pot life, yellowing resistance, and gloss
loss following UV were all measured. According to the findings, with the addition of
borate ester groups to polymers their hardness was increased whereas the drying time
of the coatings was decreased. When compared to the binders used in commercially
available paints, the polymer that contains 10% boron acrylate monomer can be utilized

to produce paints and varnishes with equal or superior physical properties.

1. Introduction

Turkiye has the greatest boron deposits in the world,
hence boron and its derivatives are very important to our
nation. In recent years, it has become more important
to find new uses for boron and its derivatives in various
applications to create goods with a high added value.
Earth's crust has two stable boron isotopes, '°B
and "B, with isotope abundances of 19.10-20.31%
and 79.69-80.90%, respectively. Boric acid and
other byproducts are created when boron combines
with water at a high temperature. Depending on
temperature and condensation, reactions with mineral
acids can be either extremely slow or explosive. The
most popular boron derivative is boric acid [1-4]. Awide
range of sectors and applications, such as agriculture,
metallurgy, energy storage, automobile (airbags,
hydraulic brakes, etc.), water treatment applications,
pigments and dryers, nuclear and space applications,
and pharmaceutical and chemical sectors, all employ
boron minerals and boron-based goods. They are
generally used as fire retardant chemicals in resin
additive materials [5-8]. On the other hand, there
are studies in which boric acid and its derivatives
are used as monomers in the development of many
polymers, especially acrylic polymers [9-12]. Different
acrylic copolymers containing boron monomers
were used as binders in paints for their antifouling

and self-polishing properties [13-16]. The polymers
were prepared via emulsion polymerization of boron-
containing monomers for composite, flame retardant
and adhesive applications [17-20]. Road marking paint
made from acrylic copolymers is crucial since it can
be used in cold regions and it dries quickly -within
minutes-which is an important aspect to prevent
traffic delays when applied. They are highly favored
since they are compatible with different surfaces and
are simple to apply with brushes and hand sprayers.
Researchers employ several acrylic monomer types to
enhance physical, mechanical, and thermal qualities
including hardness and weather resistance [21-24].

To the best of our knowledge, there is no study
about boron-containing acrylic copolymer-based
road marking paints in the literature. In this work, it
was found that, the incorporation of boron monomers
into the acrylic copolymer backbones enhanced all
the above-mentioned significant features compared
to the acrylic copolymers that do not contain boron
monomers.

2. Materials and Methods
2.1. Materials

Ortho-phosphoric acid (>85.0%, Sigma Aldrich), boric

*Corresponding author: cemil.dizman@izelkimya.com.tr
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Figure 1. Synthesis of boron methacrylate monomer (BOM).

acid (BA, 99%, Sigma Aldrich), neopentyl glycol (NPG,
>99%, BASF), 2-hydroxyl ethyl methacrylate (HEMA,
>99%, Prochema Chemical LTD.), 4-methoxy phenol
(MeHQ, 99%, Sigma Aldrich), toluen (>99%, Sigma
Aldrich), methyl methacrylate (MMA, 98%, ARKEM),
butyl acrylate (Bac, >99% Ataman Chemicals), acrylic
acid (AA, 98%, ARKEM), tert-Butyl peroxybenzoate
(AKPA, Ataman Chemicals), N-dodecyl mercaptane
(NDM, 98%, Ataman Chemicals) were purchased and
used without any further purifications.

2.2. Methods

2.2.1. Synthesis of boron methacrylate monomer
(BOM) (2-(5,5-Dimethyl-1,3,2-dioxaborinan-2-
yloxy)ethyl methacrylate)(1)

The boron methacrylate monomer (BOM) was
synthesized according to the modified procedure
described in the literature and the synthetic route
of whole reaction process is depicted in Figure 1.
The monomer was obtained by two subsequent
esterification reactions. Initially, 60 g of boric acid,
101.4 g of neopentyl glycol, 200 ml toluene, and 0.11
g of aqueous ortho-phosphoric acid was added to a
1000 ml four-necked round bottom flask equipped with
a Dean-Stark trap and a condenser. After 3 hours of
mixing at reflux temperature, two equivalents of water
was removed. Then, the heater was closed and, 117.6
g of HEMA and 0.67 g of MEHQ were added at room
temperature. After stirring for about five minutes, the
reaction was heated to reflux temperature to remove
one equivalent of water by azeotropic distillation with
Dean-Stark. The solvent was then removed by vacuum
distillation. The product was transparent, colorless
liquid (yield: 95%).

125-130°C, N,

2.2.2. Synthesis of boronate ester-containing
acrylic co-polymers (2-5)

Free radical polymerization was accomplished
according to an adapted procedure (Figure 2) to
create acrylic copolymers (poly(MMA/BA/BOM/
AA)) in nitrogen atmosphere. All the monomers and
the initiator were fully charged in a 3-4 hours of time
interval to a three-necked round bottomed flask filled
with pre-heated toluene at reflux temperature under
the nitrogen atmosphere. The reaction was monitored
by ATR-FTIR and the measurement of the solid content
at every half hour. After the reaction was completed,
the mixture was cooled down to the room temperature.

The amounts of the monomers, solvent and initiator
were shown in Table 1. The blank polymer that did
not contain any boron monomer was synthesized
as reference to understand the effect of the boron
monomer on the paint and varnish coatings. The solid
amount was adjusted to 60% for all polymerizations
meaning that each resin composition contains
40% solvent and 60% polymer. Acrylic copolymers
containing 5%, 10% and 20% borate esters were
abbreviated as AC-5%-Boron Acrylate, AC-10%-Boron
Acrylate, and AC-20%-Boron Acrylate, respectively.

2.2.3. Characterization of monomer and polymers

FTIR spectra were measured with JASCO FT/IR-4200
with ATR (JASCO Corp., Tokyo, Japan). Spectra were
obtained at mid-IR region (ca. 4000-700 cm™) at a
resolution of 4 cm™ with 16 scans (Spectra Manager
Il software, JASCO Corp.). 'H NMR and "B NMR
analyses were performed with an Agilent VNMRS
spectrometer at 500 MHz. Tetramethylsilane (TMS)
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Figure 2. Synthesis of boron containing acrylic copolymers (poly(MMA/BA/BOM/AA)).
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Table 1. The compositions of borate ester containing acrylic co-polymers (2-5).

Raw materials Blank (2) AC-5% AC-10% AC-20%
Boron Acrylate (3) Boron Acrylate (4) Boron Acrylate (5)

MMA (g) 50 50 50 50
BAc (9) 40 40 40 40
AA (g) 1.2 1.2 1.2 1.2
Tert-Butyl peroxybenzoate (g) 1.2 1.2 1.2 1.2
Boron Acrylate (g) 0 4.92 10.38 23.35
Solid amount (g) 92.4 98.32 103.78 116.75
Solvent (g) 61.6 65.54 69.2 77.84
Total amount (g) 154 163.86 172.98 194.59
Solid % 60.00 60.00 60.00 60.00
Boron Acrylate % 0.00 5.00 10.00 20.00

was used as internal standard in "H NMR spectra (6=0).
Deuterated chloroform (CDCI3) was used as solvent
(5,,=7.26 ppm)."B NMR spectra were referenced to
external BF, etherate (5=0). Molecular weights and
polydispersity indexes of the polymers were measured
by gel permeation chromatography (GPC) employing
an Agilent 1100 instrument equipped with a differential
refractometer by using tetrahydrofuran (THF) as the
eluent at a flow rate of 1 ml min' at 30°C. Molecular
weights were determined by using polystyrene
standards. Brookfield viscosity was measured by
Brookfield viscometer (RVDV-l Prime, 25°C, spindle
SC4-21, 50 rpm). Crosscut adhesion test kit CC2000
from TQC Sheen B.V. (Capelleaan den IJssel,
Netherlands) was used to test the adhesion of dry
coatings on their substrate. The brightness of the films

was determined using a Novo-Gloss Trio glossmeter.
2.2.4. Preparation of paint and varnish formulations

A simple paint recipe was applied for the polymeric
resins, separately. Varnishes (no pigment) and white
paints (with pigment) were prepared in each case by
using the same amount of resins, pigments and other
ingredients in the formula. For mixing all ingredients in
the paint, a high—speed mixer was used, and fineness
of grinding was monitored by using a grindometer.

Paints were applied to the glass and metal surfaces by
using a film applicator with 90 micrometer thickness.
Adhesion, touch, drying time, and gloss properties of
the paints were determined by using metal surfaces.
Glass panels were used for the determination of
hard drying times by drying time recorder. The paint
formulations were shown in Table 2.

2.2.5. Characterization of painted and varnished
surfaces

2.2.5.1. Drying time measurements

Touch drying times were checked in regular intervals
by applying a force with fingertip to a painted or
varnished surface on a metal panel. Hard drying time
was determined by drying time recorder. A paint or
varnish was applied to a glass panel and the glass
panel was putted on the machine. The scratching
ending on glass panels shows the complete dry time.

2.2.5.2. Adhesion test

After keeping the paint applied on the surface of a metal
panel for about one day cross cut adhesion method
was applied. In the adhesion test the panel sliced with
1 mm gap between 4 vertical and 4 horizontal lines.
Cellophane tape was applied to whether the paint was

Table 2. The compositions of paints that are given as a percentage.

_B0, 109 209,
Contents (%) Blank Bor:ncAscf;/Iate Borﬁr(l: ggrf;late Borﬁ: :c(:)rf/)late
Acrylic copolymers 25.0 25.0 25.0 25.0
Wetting and dispersing additive 0.5 0.5 0.5 0.5
Titanium dioxide (TiO,)(for cloaking) 10.0 10.0 10.0 10.0
Barite (for filler) 10.0 10.0 10.0 10.0
Calcite 28.0 28.0 28.0 28.0
Defoamer 1.0 1.0 1.0 1.0
Wetting substrates 0.6 0.6 0.6 0.6
UV absorber 0.6 0.6 0.6 0.6
Solvent 23.7 23.7 23.7 23.7
Total 100.0 100.0 100.0 100.0
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removed from the surface or not to get the adhesion
degree.

2.2.5.3. Contact angle measurements

The contact angle measurements of UV-cured coatings
were performed using standard goniometer (250,
Ramehart instrument company, USA) by applying
sessile drop method.

2.2.5.4. Gloss test of the coatings

Using an applicator, paints with and without boron
acrylate groups were applied to the zebra card to
create a 90 micron thick layer. In accordance with
1ISO2813 and ASTM D523 standards, 20/60/85° gloss
measurements were performed using a glossmeter
after the films were dried.

2.2.5.5. Surface hardness

Using an applicator, a 150 um thick layer of paints
with and without boron acrylate groups were applied
to the glass plates. The Konig or Persoz technique,
as described in ISO 1522, was used to measure
the hardness of the surfaces using the Pendulum
Hardness Tester.

2.2.5.6. Conical bend test

Using paints and resins with and without boron acrylate
groups, 90 micron-thick films were created on sheet
metal, galvanized steel, and aluminum metal plates. TS
EN ISO 6860 and ASTM D522 standards have been
used to assess the flexibility or cracking resistance of
coatings, paints, and varnishes. A magnifying lens was
used to identify fractures and rips.

2.2.5.7. Impact test

On sheet metal, galvanized metal, and aluminum
metal plates, 90 ym thick coatings were created using
paints and resins with and without boron acrylate. In
line with TS EN ISO 6272-1 requirements, various
plates were set up in the impact test apparatus, and
1 kg weights were put on the metal surfaces with 5N
force from a height of 50 cm. A magnifying lens was
used to interpret the fractures that appear.

2.2.5.8. Taber abrasion test

Paints and resins were applied with a brush to 8x8
cm square sheet plates for the Taber abrasion test.
According to ASTM D4060 standards, the applied
plates were put through a wear test at 1000 rpm and
72 rpm using the mass loss technique.

3. Results and Discussion

3.1. Characterization of Boronate Ester Acrylic
Monomer (BOM) and Polymers

Structural analysis of the acrylicmonomerand polymers

were achieved by using ATR-FTIR and 'H NMR. In the
ATR-FTIR spectrum of the BOM monomer, as shown
in Figure 3, the stretching bands of hydrogens on
CH, and CH, groups showed characteristic peaks at
2958 and 2923 cm™, respectively. Strong absorption
around 1724 cm™ corresponded to the vibration of
the C=0 double bond of ester groups. In addition, the
presence of the acrylate group was confirmed by the
absorption bands observed at 1635 and 813 cm™. The
characteristic peak at 1419 cm™ indicated the B-O
bond of cyclic borate ester. In the ATR-FTIR spectrum
of the acrylic copolymers, as shown in Figure 3, the
polymerization of acrylate groups was confirmed by
the absence of the absorption bands of the acrylic
double bonds observed at 1635 and 813 cm™ in the
monomers before polymerization.

(a)

g
-
1 I 1 I 1 I 1
4000 3000 2000 1000 400
Wavenumber (cm)
(b) V Blank
\ f 5%
)
S \ / 10%
-
209
1 I 1 I 1 I 1
4000 3000 2000 1000 400

Wavenumber (cm?)
Figure 3. ATR-FTIR spectrum of A) BOM monomer and B)
blank and 5%, 10% and 20% boron containing copolymers.

The structures of the BOM monomer and copolymers
were further confirmed by 'H NMR spectroscopy.
Figure 4 shows the '"H-NMR spectra of boron acrylate
monomer and boron containing acrylic copolymer
in CDCI,. The peak at 2-2.2 ppm (c) indicated CH,
protons in the boron acrylate monomer. The peaks at
5.5-6.3 ppm (a+b) prove the presence of the acrylic
double bonds (-C=C-). Protons attached to carbons
at the ester groups (-OCH,-CH_-) were detected at
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Figure 4. "H-NMR spectra of boron acrylate monomer (BOM) and boron containing acrylic copolymer in CDCI,.

3.90-4.30 ppm (d, e and f). The apparent peak at 0.99
ppm was due to the CH, protons in the cyclic ring of the
borate ester. The peak seen at 3.6 ppm was due to the
CH, protons of the borate ester. In the spectra of the
acrylic copolymers, the absence of the peaks related
to acrylic double bonds at 5.5-6.3 ppm confirmed the
polymerization of acrylic monomers.

The molecular weight characteristics of the polymers
were presented in Table 3. In case of the addition of
boron methacrylate monomer into the polymers in
different ratios, the weight average molecular weight
(Mw) of the polymers was increased. This may be due
to the high molecular weight of the boron containing
monomer (more massive than the other monomers)
addition made the polymer chains more massive
leading the contribution in Mw.

Table 3. Molecular weight characteristics of blank and
boron containing acrylic copolymers.

Mn Mw quydisper-
Polymer (g/mol) (g/mol) sity Index
9 9 (PDI)
Blank 1609 2706 1.68
AC-5% Boron Acrylate 1309 2456 1.88
AC-10% Boron Acrylate 1310 2516 1.92
AC-20%-Boron Acrylate 1343 2861 213

The DSC graph given in Figure 5 indicated that
increasing the proportion of boron-containing

monomers in the polymers decreased the glass
transition temperature of the polymers. This might be
caused by the enhanced flexibility of the polymers due
to the pendant long chain of monomers.

3.2. Mechanical and Physical Properties of the
Resins and Paints

Physical and mechanical characteristics of the coatings
are listed in Table 4, including color, glossiness,
hardness, drying time, pot life, adhesiveness, bending,
and corrosion behavior.

3.3. Adhesiveness of the Resins into Different
Substrates

For aluminum, galvanized, and sheet metal surfaces,
a cross cut test was performed in accordance with
the ASTM D3359 standard. Following the cut, it was
removed from the surfaces using adhesive tape.
Figure 5 depicted the test results for the adherence
of blank resin and resins with boron acrylate ratios in
varnish coatings.

3.4. Softening Test For the Resins

Thermoplastic resins are polymers that soften
when heated and harden when cooled. This study
investigated how various boron acrylate ratios
influenced the produced film's softening point. Glass
surfaces were coated with 200 micron thick resins, then
flakes of identical weight and diameter were placed on
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Table 4. Physical and mechanical properties of the blank and boron containing polymer coatings.

AC-5% AC-10% AC-20%

Test Blank Boron Boron Boron
Acrylate Acrylate Acrylate

Gloss (20 degree) 72.2 74.3 75.2 71.6
Persoz Hardness (150 micron, 7 days) 51-94  60-120 78-142 53-114
Drying (min) 20 15 10 85
Impact Strength (1000 g/50 cm)* 3/3/3 3/2/3 1/1/1 1112
Cross-cut Adhesion Test (aluminum/galvanized/sheet)* 0/0/2 0/0/2 0/0/1 0/0/2
Conical Bending (aluminum/galvanized/sheet)* 0/0/1 0/0/1 0/0/0 0/0/0

Salt Solution Resistance* (10 days immersed in salt solution) 0 0 0
*0 is the best and 5 is the worst.
0.2
a . . . . Blank
( ) i —_— MIdeInt type: Half helght ——— AC 5% Boron Acrylate Copolimer

Midpoint: -5.48°C
Midpoint type: Half height
Midpoint: 5.98°C
Midpoint type: Half height
Midpoint: 2.32°C

Midpoint type: Half height
Midpoint: 8.89°C

AC 10% Boron Acrylate Copolimer
——— AC 20% Boron Acrylate Copolimer

Heat Flow (Normalized) Q (W/g)

-0.4 T T T T T T T T T T T T

I
-60 -25 10 45

AC-5%

(b)

(c)

(d)

Temperature T (°C)

AC-10%

AC-20%

Figure 5. a) DSC graphs for blank and ronaiing acrylic copolymers, cross-cut images f ) alvanized, ¢) alumi-

num and d) sheet surfaces.
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Figure 6. Softening behavior of blank and boron containing
resins.

it and allowed to dry for a day. The glass plates were
dried, then placed upright in an oven and heated for 15
minutes at 60°C before being incubated for 30 minutes
at 80°C. Figure 6 depicted the test results. According
to the softening test, the flake placed on the Blank
resin slides down 3 cm at 60°C and 15 cm at 80°C as a
result of the resin softening. At 80°C, it was found that
resins containing 5% and 10% boron acrylate moved
down 3 cm and 2 cm, respectively. It was determined
that boron acrylic resin containing 20% boron provided
unsatisfactory results. Given the extended drying time
of 20% boron acrylic resin, it was fair to predict that
softening would be greater under the same conditions.

3.5. Impact Test for Resins

In the impact test, which is used to evaluate the
hardness, fracture resistance, or impact resistance of
a material during an impact, a generally known weight
is released to collide with the sample with a sudden
force from a known height. Sheet metal plates coated
with paints were subjected to the impact test from a
height of 50 cm and weight of 1000 gr. Test results
were given in Figure 7. It was observed that the impact
strengths were very close in the paint prepared with
Blank resin and resin containing 5% boron acrylate,
and there was an improvement in paints prepared with
resins containing 10% and 20% boron acrylate.

3.6. Koénig Bending Test for Resins

Bending strength is the resistance of the paint film

10%
Figure 7. Impact test results for the paints obtained from
blank and boron containing polymers.

to cracking, breaking, and peeling faults when bent
with the metal panel on which it is applied. Bending
strength was tested by bending the panel around
cylinders, conical cylinders or bending directly by
folding. The paints were applied to the plates at 90
microns and left to cure for one day using blank, 5%,
10%, and 20% boron acrylic resins. The sheet metal
plates were submitted to the conical bend test after
drying. They were bent around a steel mandrel in
roughly 1 second with a steady force. The frequency of
fractures generated in the paint film from the top of the
cone was inspected and analyzed following the tests.
The sheet metal plates were displayed as a result of
the Conical Bend Test in Figure 8. Cracks were seen
in the blank resin paint due to the force applied during
the bending test. In the bending test, it was observed
that there was no cracks or shedding in the paints
prepared with resins containing 10% and 20% boron
acrylate, but only small cracks were revealed in the 5%
boron acrylate resin paint. Furthermore, the resistance
against defects such as, cracking, breakage and
separation from the surface increased as the boron
acrylate ratio increased.

3.7. Gloss Test

Using an applicator at a 60 micron thickness, the
glosses of the blank resin and the resins containing
boron acrylate in different ratios were measured using
a glossmeter for the gloss test. The glossmeter data
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Blank AC-5% AC-10% AC-20%
Figure 8. Conical bending test results of the sheet plates
covered with paints made from blank and boron containing
polymers.

showed that the brightness of the resins containing
boron acrylate were enhanced compared to the blank
sample (Figure 9).

3.8. Taber Abrasion for the Resins

The sample's original weight was calculated first in the
test performed in accordance with the ASTM D4060
standard and mass loss. The test sample was then
placed in the abrasion tester. The abrasive wheel
was loaded with 500 g of load and spun 1000 times.

(b)

0,35
0,30
(€) 0,25
0,20
0,15
0,10

0,05

0,00
250 CYCLE

= Blank Resin

TABER ABRASION TEST

500 CYCLE

® 5% Boron Acrvlate Resin

W 20°
M 60°
[ 85°

Blank 5% 10% 20%
Figure 9. Gloss results of resins at different angles.

After the prescribed number of cycles, the final weight
was measured, and the amount of surface material
removed was determined. The wear test results for
the following materials were shown in Figure 10 for
acrylic copolymers containing 5, 10, and 20% boron.
In Eqg. 1, Ais weight of the specimen before abrasion,
B is weight of the specimen after abrasion, and C is
the number of test cycles.The Taber Wear Index was
calculated as in Eq. 1 and thecalculated values were
used to create the graph in Figure 10c.

Taber Wear Index = ((A — B) x 1000)/C (1)

When the number of spins for blank and 10% boron-
containing acrylic copolymer increased, less wear
occurred. The drop in the Taber Wear Index values
pointed to this (Figure 10c). As the boron ratio in the
mixture increased the wear began to decrease. The
Taber abrasion test could not be performed for the

750 CYCLE 1000 CYCLE

™ 10% Boron Acrvlate Resin

Figure 10. A) Pre-test, B) Abrasion test images after 1000 cycles a) Blank, b) 5%, c) 10%, and C) Graphical displays ac-

cording to the Taber Wear Index.
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resin containing 20% boron acrylate because it did
not fully dry and remained soft. The rise in the index
values for boron-containing acrylic copolymers that
include 5%, 10%, and blank can be interpreted as an
increase in hardness and subsequent increased wear
in the internal layers after surface wear.

3.9. Contact Angle, Surface Tension, and Surface
Energy Tests for the Resins

The wettability of coatings containing boron acrylate
resin was assessed using the water contact angle test.
The perspectives of the coatings in relation to water
contact were shown in Figure 11. It was measured that
the contact angle of the glass surface was 41°, but it

rose to 72° as the boron acrylate ratio increased to
-
o a
40
30
20
10
)

20%.
Glass Surface Blank 5% 10%

Figure 11. Contact angle test results.

Contact Angle [°]

20%

In general, a paint layer will be able to wet the
substrate effectively if it has lower surface tension
than the substrate. Although the glass surface had a
43 mN/m surface tension, as illustrated in Figure 12,
it was discovered that when the boron acrylate ratio
increased, the adhesion to the surface improved and
the surface tension decreased by 41 mN/m.

Surface Tension (mN/m)

43 42

Glass Surface

Figure 12. Surface tension test results.

Blank 5% 10% 20%

Figure 13 demonstrated that when the boron acrylate
ratio increased, the surface energy decreased and the
surface hydrophobicity increased. It was discovered
that the top coat paint or varnish adhered to the
covered surface more strongly when surface energy
dropped.

Surface energy (mJ/m?)

20 I 7.
v I o o5
s I 107,27

Blank

— 110,78

Glass surface - | 128
0 20 40 60 80 100 120 140

Figure 13. Surface energy results.

When the influence of UV radiation on the film was
investigated, it was discovered that there was no
deterioration in yellowing resistance over a 10-day
period. The saline solution resistance of the coatings
used on the glass panels was tested (Table 5). They
were immersed in a 20% NaCl solution for 72 hours,
and four glass test panels were also immersed for 72
hours. At the end of the experiment, the experimental
panel was removed and dried using blotting paper. The
presence of spills or surface trenches was examined
with the help of a lens and it was observed that it was
resistant to saline solution. It was observed that the
drying time was prolonged and the surface hardness
decreased when the boron acrylate ratio of the paint
exceeded 10%. It was observed that as the boron
acrylate ratio in the paints increased, the hardness
and, accordingly, the abrasion increased. The paint
made of thermoplastic resin containing boron acrylate
was subjected to the softening test in an oven at 80°C
and 120°C, and it was observed that the paints did not
soften at 80°C and 120°C.

4. Conclusions

In the light of the findings of the study conducted, it
became clear that 10% boron acrylate resin performed
better in the gloss test than other resins. As the amount
of boron acrylate was raised, the properties that are
crucial for road marking paints -high surface hardness,
late wear, and weather resistance-also increased.
Yet, when boron acrylate content rises, it becomes a
perfect resin for primer applications as surface energy

Table 5. Test results for paints.

AC-5%-Boron AC-10%-Boron AC-20%-Boron

Test Blank Acrylate Acrylate Acrylate
Persoz Hardness (150 micron, 7 days) 51-94 60-120 78-142 53-114
Drying (min) 25 20 15 110
Abrasion Test (mg loss/1000 cycle)* 0.485 0.574 0.614 -
Conical Bending (aluminum/galvanized/sheet)* 2 1 1 1
Salt Solution Resistance* 0 0 0 0
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falls and adhesion in topcoat applications rises. The
resin containing 10% boron acrylate had the greatest
hardness value in the hardness test. The quick drying
time of road line paints is a desired quality. Therefore,
the drying period was shortened by adding up to 10%
more boron acrylate than blank resin. When compared
to blank resin, resins with additional boron acrylate
have a better effect on softening. Comparing 10%
boron acrylate resin to other resins, the results of the
adhesion and impact tests show that it performs better.
In comparison to other resins, 10% boron acrylate
resin exhibited reduced wear in the abrasion tests. It
was found after all the test data were analyzed that
the copolymers containing 10% boron acrylate had
improved qualities when employed in varnish and
paint formulations.
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Luminesans 0zellik gdsteren hekzagonal bor nitriir (hBN) borik asit, melamin, Eu*® ve
Dy**un 1200°C’de 1 saatisiliglemiile sentezlendi. Bor nitriir UV isikile uyarildiginda Eu*?
ve Dy*® iyonlarinin varliklari maviden kirmiziya emisyon gostermistir. Farkl [Dy*3/Eu*?]
oranlari kullanilarak enerji verimliligi en yiiksek olan formilasyon belirlenmistir. Yiksek
enerji verimliligine (~0,83) sahip emisyon [Dy**/Eu*3]=0,5 oraninda gorilmustlr. Ayrica
Dy*® iyonlarinin miktarinin artmasiyla isildama yogunlugunun azaldigi gorilmistir.
Isildama géstermeyen disprozyum borat (DyBO,) fazinin olusumu liminesans 6zelligi
olumsuz etkilemistir.
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treatment of boric acid, melamine, Eu® and Dy** at 1200°C for 1 hour. When boron
nitride was excited with UV light, the presence of Eu®* and Dy** ions showed emission
from blue to red. The formulation with the highest energy efficiency was determined
by using different [Dy**/Eu®] ratios. Emission with high energy efficiency (~0.83) was
observed at a rate of [Dy**/Eu®*]=0.5. In addition, it was observed that the luminescence
intensity decreased with the increase of the amount of Dy** ions. The formation of the
non-emitting dysprosium borate (DyBO,) phase effected the luminescence property
negatively.

1. Girig (Introduction)

araliklari, mikemmel kimyasal kararliliklari ve ylksek

Liminesans malzemeler elektromanyetik isimayla
uyarilma veya uyarilma Uzerine optik IsIma
gosteren kimyasal bilesikler olarak tanimlanabilir
ve optoelektronik cihazlarda, boyalarda, trafik
isaretlerinde, tekstil endustrisi gibi cesitli alanlarda
kullanilmaktadir. Nitrar yari iletkenlerinde doping
aktivator iyonlari iyi gorlinir 1sik emisyonuna sahip
oldugu icin renk donustirme fosforlari olarak
kullaniimaktadir. Nadir toprak elementlerinin (RE) nitrir
yari iletkenlerine katkilanmasiyla ana malzemenin
bant araliginin genislemesiyle fosforesans 6zelligin
iyilesmesi gorulmuastir ve buna bagli olarak genis bant

verimlilik gibi o6zellikleriyle nitrir seramikler (hBN,
AIN, GaN) ilgi cekmektedir [1]. ikili nitriir seramikler
yarl iletkenler, liminesans aktivatorleri icin ana
malzeme olarak nadiren kullanilirken, RE iyonlariyla
katkilandiklarinda GaN, AIN ve Si,N,'ten gorindr
emisyonlar elde edilmigtir [2-4]. hBN yuksek elektrik
direnci, termal iletkenligi, yiksek erime noktasl ve
genis bant araligi enerjisiyle hem teorik hem deneysel
olarak arastiriimistir [5-8]. Genis bant araligi 4,4-
6 eV araliginda degismektedir ve bu bant araligi ile
ultraviyole lazerli malzeme olarak kullanilabilecegi
belirtimektedir [8]. Sahteciligi tespit teknolojilerinde

*Corresponding author: janserinozkurt@ogr.eskisehir.edu.tr

12


https://orcid.org/0009-0007-1494-6461
https://orcid.org/0000-0002-2228-9904

Ozkurt J. and Ay N. / BORON 2022 OZEL SAYI, 12 - 18, 2023

fosforlar, organik boyalar, kuantum noktalari gibi
malzemeler endUstriyel trlinleri veya belgeleri korumak
icin kullanimlari yaygin hale gelmistir [9-11]. Bor nitrtr
(BN) yuksek oksidasyon direnci ve yaklasik 1000°C’ye
kadar olan sicaklklarda kararlidir. Bu o6zellikleriyle
yuksek sicakliktaki bilesenler icin hBN bazli inorganik
fosforlar kullanilabilecegi ortaya ¢ikmistir [12].

Son zamanlarda farkh RE katkili BN’ler sentezlemistir
ve ultraviyole (UV) isikla uyarildiginda farkl renklerde
Istk emisyonlari goértlmastir [13-17]. Literatirde
farkh Oretim yontemleri ve farkl RE baslangic
bilesikleri kullanilarak ¢alismalar yapilmistir. Jung ve
ark. Disprozyum (Dy*®) ve seryum (Ce*®) ile [13] ve
Ce*™ ve teberyum (Tb*®) kullanilarak nanofosforlar
elde etmiglerdir [14]. Bir baska calismada sadece
Ce* ile farkli oranlarda Ce*® iyonlarinin liminesans
ozellige etkisi incelenmistir ve 0,5 Ce*® oraninda en
iyi liminesans 6zelligi gosterdigi belirtiimistir [15]. Wu
ve ark. ise %1 Ce*? ilavesinin en ylksek fosforesans
Ozellik sergiledigini ifade etmigtir [16]. Chen ve ark.
ise BN nanotiplere evropiyum (Eu*?) ekleyerek nano
boyutlu 1sik kaynagi Gretmeyi amaglamiglardir [17].

Eu*® kullanilarak yapilmis herhangi bir calismaya
rastlaniimamistir. Bu nedenle Eu** ve Dy*® birlikte
etkisini incelenmek tzere bu galisma planlanmistir. Bu
calismada, Eu*® sabit tutularak Dy*™® miktari arttirilip
nano hBN sentezlenmis ve karakterize edilmistir.

2. Malzemeler ve Yontemler (Materials and Methods)

Deneysel calismalarda borik asit (H,BO,), melamin
(C,H,N,), disprozyum oksit (Dy,O,) ve evropiyum oksit
(Eu,0,) kullaniimistir. hBN olusturabilmek igin borik
asit ve melamin su iginde 7:1 mmol borik asit:melamin
olacak sekilde ¢ozundirdlmastir. Eu,O, ve Dy,O,
nitrik asit igerisinde ¢Ozindurilerek Eu(NO,), ve
Dy(NO,), tretilmistir. Eu*® sabit miktarda tutularak farkli
oranlarda Dy*? ¢ozeltiye eklenerek mekanik karistirma
islemi yapilmis ve 80°C etivde kurutulmustur.
Numuneler kurutulduktan sonra tlp firin igerisinde
azot atmosferinde 1200°C’de 1 saat 1sil isleme tabii
tutulmustur. Tablo 1’de numunelerin Dy**/Eu*® oranlari
ve numune kodlari verilmistir.

Tablo 1. Numunelerin katki malzeme oranlari (Dopant
ratios of samples).

Numune kodu [Dy?®*"] /[[Eu**]

TO -

T1 0,0
T2 0,1
T3 0,2
T4 0,5
T5 1,0
T6 2,0

Numunelerin karakterizasyonlari i¢in termogravimetrik
analiz cihazi (TA Instruments SDT-Q600 Simultaneous

TGA / DTA), Rigaku Miniflex 600 X-Isini Kirinim
Cihazi (20 KV, 15 mA), Fourier déntsuimll kizilotesi
spektroskopi (FTIR Bruker Tensor 27) ve floresans
spektrometre (Perkin Elmer LS55) kullaniimistir.

3. Sonuglar ve Tartisma (Results and Discussion)
3.1. Hammaddelerin Analizi (Raw Materials Analysis)

Melamin ve borik asitin FTIR, XRD, i1sil analizi yapilmig
ve optik mikroskop ile mikro yapisi incelenmistir.
Melaminin FTIR analizi sonucu Sekil 1'dedir. 3000-
3650 cm™ pik N-H esneme titresimlerine, 1100-1650
cm™ bandi C-N, C=N ile ilgili esneme titresimlerine
karsilik gelir ve genellikle bu aromatik halkalarin
iskelet esneme titregsimleriyle iligkilendirilir. Yaklasik
812 cm™ bu halkalarin dizlem disi bikilme pikidir.
[18-22]. Borik asitin FTIR analizi sonucu Sekil 1b’de
verilmigtir. 3207 cm™ O-H, yaklasik 1434 cm™deki
BO, yapisindaki B-O’nun asimetrik geriimesinden
olusur. 1195 pik yapidaki B-OH dizlemindeki atom
titresimlerinin biktlmesinden kaynaklanir [23,24].

(812)—
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Sekil 1. a). Melamin FTIR grafigi, b).Borik asit FTIR grafigi
(FTIR graph of a). FTIR graph of melamine, b). FTIR graph
of boric acid).

1500 1000

Faz analizi sonucunda tim piklerin melamine ait
oldugu belirlenmistir (JCPDS Kart No: 391950) (Sekil
2) [25]. Borik asitin faz analizi yapilmis (Sekil 2b)
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JCPDS Kart No: 231034 numarasi ile belirlenen borik
asite ait oldugu tespit edilmistir [26,27].
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Sekil 2. a). Melamine ait X 1sini kirinimi, b). Borik asite ait
X sint kirinimi (a). X-ray diffractogram of the boric acid, b)
X-ray diffractogram of the melamine).

Melamin 1sil davranigi 47,523 mg numune platin
pan igerisinde azot atmosferinde oda sicakligindan
800°C’ye kadar 5°C/dk 1sitma hiziyla &lgUlmustar.
90°C’ye kadar olan kitle kaybi suyun buharlagsmasi
sebebiyle olmaktadir. Yaklasik 370°C’ye kadar kararli
olan melamin 370-400°C arasinda bozulmaktadir
[28-30] (Sekil 3). Borik asit 1sil davranisi 42,334 mg
numune platin pan igerisinde azot atmosferinde
oda sicakligindan 1000°C’ye kadar 10°C/dk isitma
hizi ile dlgulmustir. 300°C'nin altinda agirlik kaybi
olusmaktadir. 500°C civarinda sivi hale dontsmektedir
[31-33]. Borik asit ve melaminin mikroyapisi optik
mikroskop ile belirlenmis Sekil 3b’de gérulmektedir.

3.2. Numunelerin Karakterizasyonu (Characterization
of the Samples)

hBN'’ye disprozyum ve evropiyum katkilanmis 7 farkli
numune (TO, T1, T2, T3, T4, T5 ve T6) Ug¢ tekrarl
olarak hazirlanmistir. Her bir numunenin FTIR, XRD
ve UV analizleri yapilmisti. Tim numunelerde BN
pikleri tespit edilmistir. BN karakteristik FTIR pikleri
1400-1350 cm™ ve 800-750 cm' araligindadir
(Sekil 4) [34-37]. Literatirde yapilan calismalarda
FTIR analizleri yapiimamis olup bu c¢alismada FTIR
analizi yapilmistir.  FTIR analizlerinde 1200-800
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Sekil 3. a). Melamin 1sil analiz grafigi, b). Borik asit 1sil ana-
liz grafigi, c) Borik asit optik mikroskop goruntiist d) mela-
min optik mikroskop goérintisu (a). Thermal analysis of the
boric acid, b). Thermal analysis of the melamine, c).Optic
microscope image of the boric acid d). Optic microscope
image of the melamine).

cm™ bolgesinde fark gortldigd bunun Dy*® ve Eu*®
iyonlarindan kaynaklandigi tespit edilmistir.

Numunelerin  XRD analizleri incelendiginde hBN
piklerinden olustugu belirlenmistir (JCPDS PDF
No: 034-421). Evropiyum ve disprozyum pikleri
hBN piklerine oldukga yakin oldugu icin keskin bir
evropiyum ve disprozyum pikleri gézlemlenmemistir
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Sekil 4. a). Numunelerin FTIR grafigi, b). TO ve T4 numune-
lerinin FTIR grafigi (a). FTIR graph of the samples, b). FTIR
graph of the TO and T4).

L}
1200

(Sekil 5). incelenen literatiir galismalarina gore katki
malzemelerinin borat (DyBO,, TbBO, vb.) olugturdugu
ifade edilmektedir [13,14]. Bu c¢alismada Dy*
miktarinin artmasiyla birlikte DyBO, olusumu tespit
edilmistir.

Numunelere farkli miktarda [Dy**/Eu*?] katkilandiginda
hBN’nin grafeninkine benzer olan altigen yapisini
korudugu belirlenmigstir [38,39]. [Dy**/Eu*®] orani
arttikca hBN’nin  (002) pikinin 26,82°deki pikin
26,98°ye kaydigi ve pik siddetinin 2118 cps’ten 5400
cps’e c¢iktigr bulunmustur. Bunun sebebinin daha
once yapilan ¢alismalarda belirtildigi gibi disprozyum
iyonlarinin B,N, ara katman araliginin genigletmesiyle
oldugutespitedilmistir[13,14]. Yarigapiboriyonlarindan
daha buyuk katki malzemeleri (Tb, Dy, Ce) duzlemler
arasi mesafenin artmasina sebep oldugu yapilan
¢alismalarda sunulmustur [13-15]. Bu g¢alismada
Dy*® iyonlarinin (rDy:1.052A, CN:6) yaricapinin bor
iyonlariyla (rB:0.41A, CN:6) kiyaslandiginda Dy*?
iyonunun yari¢capinin daha buyik olmasi nedeniyle
dizlemler arasi mesafenin arttigi tespit edilmistir [40].

Eu*® miktar sabit tutularak farkh miktarlarda Dy*?
iyonlariyla sentezlenen hekzagonal bor nitrirlerin (T1,

L Eu?, Dy

T6
15
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Sekil 5. a). Numunelerin X isini kirnimi, b). TO ve T4 X isi1-
ni kirimimi (a). X-ray diffractogram of the samples, b). X-ray
diffractogram of the TO and T4).

T2, T3, T4, T5 ve T6) PL (fotoliminesans) spektrumlari
Sekil 6'da gosterilmistir.

Tdm numunelerde iki kuvvetli pik 440 ve 660 nm’de
gorilmektedir. Dy** oranina bagl olarak farkl
siddetler ortaya c¢ikmistir. [Dy*¥/Eu*®*] orani 0,5
oldugunda en yiiksek PL siddeti tespit edilmistir. Dy*®
miktarinin artmasiyla absorpsiyon spektrumlarinin
siddetinin arttig1 tespit edilmistir. T1 ve T2 ayni PL
siddet seviyesinde kalirken T3, T5, T6 ise yaklasik
olarak ayni PL siddet seviyesindedir. Sadece
Eu*? eklenmesiyle 490 nm’'de en kuvvetli PL piki
olusurken [17], bu calismada ise Eu*® 440 nm’'de
kuvvetli PL pikinin olusmasina neden olmustur. Dy*®
ve Ce*® katkilanarak yapilan calismada kuvvetli iki
pik 480, 575 nm’de gorulirken [13] bu calismada
Eu*® etkisiyle birinci pik daha dislk, ikinci pik ise
daha yiiksek nanometrelerde olusmustur. Dy*® ve
Eu*® arasindaki enerji transferleri nedeniyle olustugu
dusunulmektedir. En siddetli absorpsiyon spektrumu
T4 numunesindedir ([Dy**/Eu*®]=0,5). Sharma ve ark.
yapti§i calismada aktivatér iyonlarinin etrafindaki
yerel simetri geciglerinden kaynakli 10 nm’den kuguk
nanofosforlarin bulk partiklllerle kiyaslandiginda PL
siddetinin daha yodun oldugunu tespit etmislerdir
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Sekil 6. a). Numunelerin PL spektrumlarinin grafigi , b).
Numunelerin enerji transfer (n_,) grafigi (a). PL spectra of
the samples , b). The efficiency of energy transfer (n.,)
graph of the samples).

[41]. Daha fazla Dy*® iyonunun eklenmesi iyonlarin
kimelenmesi ve vyayihm gostermeyen DyBO,
olusumuyla liminesans yogunlugunun dismesine
sebep olmustur. Enerji transferini incelemek igin PL
sonuglarindan yararlaniimigtir. Enerji transferinin
(ngy) verimliligi Eu™tn Dy*? igin iyi bir duyarlastiric
(sensitizier) olarak aktivitesi hakkinda bilgi verir.
Ngr €misyon yogunlugundan yararlanarak Es. 1
kullanilarak hesaplanmustir. | ve |, siraslyla aktivatorin
(Dy*®) varliginda ve yoklugunda duyarlastiricinin (Eu*®)
emisyon yogunluklaridir.

Mer=1-1 (1
hBN nanofosforlarinda Eu**dan Dy**e ener;ji
transferleri hesaplandiginda verimliligi en ylksek

olan numune T4’tl. En yuksek PL siddetlerinin oldugu
440 ve 660 nm'de n_, degerleri sirasiyla 0,83 ve 0,76
olarak hesaplanmistir.

Numunelerfarkl dalgaboylariylauyarildigindaemisyon
piklerinin dalga boyunun da arttigi goriimektedir (Sekil
7). Bu durumda daha dusuk dalga boyuyla uyariima
ile ylksek enerji elde edilebilir. Numunelerde Dy*3
miktarinin artmasiyla CIE renk koordinat sistemine
gore (Sekil 7b) kirmizi bolgeden mavi bdlgeye dogru
kaymistir.
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Sekil 7. a). Farkh dalga boylariyla uyariimis T4 numunesi-
nin PL grafigi , b). IE renk koordinat sisteminde numuneler
(a). PL plot of T4 sample excited with different wavelengths,
b). CIE color coordinate of the samples).

00 01 02 03

4. Sonuglar (Conclusions)

Dy*?ve Eu*?iyonlari katkilanarak, borik asit ve melamin
karisimindan hBN nanofosforlari basarili bir sekilde
Uretilmigtir.  [Dy**/Eu*®] oranlarindan faydalanarak
maviden kirmiziya emisyon renkleri gorilmustir.
Dy*3 oranlarinin degistiriimesiyle fosforesans 6zelligin
T4 (Dy*/Eu*®=0,5) fosforesans 6zelligin maksimum
seviyede elde edildigive enerji verimliligi de iyilestirildigi
tespit edilmistir. [Dy**/Eu*?] oraninin 0,5'ten az veya
¢ok olmasi durumunda fosforesans 6zelligin distugu
gorulmistir ve daha sonra yapilacak c¢alismalar
icin  kullanillacak oraninin tespiti saglanmigtir.
Literatirde yapilan calismalarda genellikle tek bir
dalga boyuyla numuneler uyarilmigtir. Farkli dalga
boylari kullanilarak numuneler uyarildiginda emisyon
piklerinin daha yuksek dalga boylarina dogru kaydigi

16



Ozkurt J. and Ay N. / BORON 2022 OZEL SAYI, 12 - 18, 2023

ve bununla birlikte dustik dalga boylarinda daha
yuksek enerjilere ulastigr olgilmustir. Bu durum
gunes panelleri, LED aydinlatmalar, lazerler, elektronik
cihazlar ve optik hafizalar gibi farkli uygulama alanlari
icin avantaj saglayabilir. Calismalarin sonucu dikkate
alinarak uretilen malzemelerle uygulamalar yapilabilir.
Literatirde Dy*® ve Eu*® birlikte kullanilarak herhangi
bir calisma yapilmamigtir.
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Lithium-ion batteries have a significant safety concern since they are prone to thermal
runaway as the battery technology advances with high energy density and fast charge
requirements. New material solutions are emerging that provide better heat dissipation
to address this issue. Boron nitride is a promising candidate as a heat conductor material
in thermal management systems because of its high thermal conductivity. Therefore, this
material allows effective heat dissipation and reduces the risk of thermal runaway issues.
To this end, hexagonal boron nitride (hBN) was coated onto the outer cases of 18650-type
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Keywords: batteries to dissipate the generated heat inside the battery. In addition, a cyclic charge-
hBN coating discharge test was performed on the hBN-coated battery sample at 10C to compare the
Li-ion battery results with a reference sample with only a polymer insulator. The findings revealed that the

Thermal management hBN coating on the insulator-free battery case offered efficient heat dissipation, improved

capacity retention, and less change in internal resistance. Thus, the hBN coating has the

potential as a solution for the efficient thermal management of Li-ion battery cases.

1. Introduction

Electric vehicles (EVs) are becoming widespread
thanks to their less greenhouse gas emissions than
their gasoline counterparts. Besides, they offer
several advantages, such as high energy efficiency,
reduced dependence on oil, lower operating costs,
and a more enjoyable driving experience. Parallel
to the development of EVs, battery technologies
are also advancing rapidly. As the world continues
to face pressing environmental and energy security
challenges, the vast growth of the electric vehicle
industry will be inevitable [1]. Li-ion batteries play
a critical role in developing long-range driving EV
technology thanks to their high energy density and low
self-discharge rate [2]. These batteries are practical
for daily use because of being highly efficient and
charging quickly [3]. They are also becoming greener
thanks to developments in new material technologies
[4]. With the growing EV market, the demand for Li-
ion batteries is increasing daily for cleaner and more
sustainable transportation. Therefore, developing
high-performance and cost-effective electric vehicles
is directly related to the development and innovation in
Li-ion battery technology.

Although Li-ion batteries have several advantages, they
also have some drawbacks, such as a high cost due to
the expensive materials used in their construction [5].
Besides, the temperature sensitivity of Li-ion batteries
can cause capacity and lifespan reduction [6] as well
as thermal runaway issues such as explosions or fires.
Internal short circuits, overcharging, physical damage,
and manufacturing defects cause thermal runaway. The
risk of thermal runaway increases with the increasing
energy density of the battery because of the battery
chemistry, which is more susceptible to electrode and
liquid electrolyte reactions. Once the thermal runaway
starts in the battery, it can be challenging to stop it due
to the chain of exothermic reactions, which entirely
results in the car's burning. Therefore, addressing the
thermal runaway issue is critical for the safety and
performance of Li-ion batteries for electric vehicle
applications [71].

Battery management systems (BMS) are critical for
the performance and safety of EV batteries, which
help monitor the battery's properties, such as the
state of charge, voltage, and temperature. Therefore,
BMS can help extend battery lifespan by identifying
and mitigating issues that could cause premature

*Corresponding author: semihengun@beun.edu.tr

19


https://orcid.org/0000-0003-1754-3485
https://orcid.org/0000-0003-4765-2076
https://orcid.org/0000-0002-1722-2561
https://orcid.org/0000-0002-7322-3091
https://orcid.org/0000-0001-8182-8667
https://orcid.org/0000-0002-2228-9904

Engiin S. et. al. /BORON 2022 OZEL SAYI, 19 - 24, 2023

aging or failure [8]. In addition, thermal management
is essential to BMS since it helps regulate the battery's
temperature and ensures it works within a safe and
optimal temperature range [9]. This system keeps
the temperature consistent by avoiding overheating
and helps optimize the charge and discharge cycles
of the battery throughout the process [10]. Therefore,
the battery degradation is delayed, and the lifespan is
extended.

BMS’s typically consist of several parts that work
together to keep the battery’s optimal temperature
based on transferring the heat away from the battery.
Therefore, the material choice for battery cases is
essential for efficient heat dissipation to operate the
system in the desired temperature range. Several
materials, like copper and aluminum, can better
conduct heat in batteries. Applying a coating layer
can also improve the thermal properties of such metal
surfaces. This coating layer must be an excellent
thermal conductor and electric insulator [11].

Boron nitride (BN) has been becoming an increasingly
used ceramic material in various fields thanks to its
excellentthermal conductivity, which allows transferring
heat away outside quickly. hBN is a polymorph of BN
with the same crystal structure as graphite consisting
of hexagonal layers separated by a distance of
0.33 nm [12]. The essential physical and chemical
properties of hBN are high corrosion resistance, good
lubrication behaviour, good thermal conductivity (250-
600 W/mK), high-temperature stability, good electronic
insulation, and low dielectric constant [13]. Having
those unique properties, hBN has broad application
areas such as coatings, electrical insulation, optical
storage, optoelectronic devices, medical treatment,
and lubricants [14,15].

Several attempts have been made to use hBN for
battery thermal management systems. The studies
used hBN with various materials, such as silicon
wax, expanded graphite, and paraffin. Mortazavi et
al. compared the effect of expanded graphite and
hexagonal BN addition on the thermal conductivity
of paraffin wax using molecular dynamics simulation.
Theirresults show that BN is more effective inimproving
the thermal conductivity of paraffin wax [16]. Zhang et
al. developed a new flexible phase change material
that utilized silicone rubber as a polymer support
material, with boron nitride as a thermal conductivity
additive and expanded graphite to enhance the
compatibility between silicone rubber and paraffin
wax. Their research revealed that the phase change
material they designed reduced the temperature from
60.3 to 45.7°C at 3C and 74.3 to 53.4°C at 4C [13]. Li
et al. developed a composite material made of silicon
sealant and boron nitride, which they used to cover
the surroundings of a 18650 battery. They then tested
the battery's performance at a 3C charge-discharge
rate and found that the composite material effectively
reduced temperature [17]. Lu et al. utilized ice-template
freeze-drying to fill paraffin wax with hBN nanosheets

that were both highly ordered and interconnected. This
approach led to efficient heat dissipation in commercial
18650 batteries, resulting in excellent performance
[18]. Saw et al. examined the effect of a boron nitride
coating on 18650 battery cases. They used the
Taguchi experimental design method to optimize the
coating's effectiveness to identify the optimal surface
roughness and thickness. Testing various coating
thicknesses and surface roughness levels revealed
that both factors significantly affect adhesion strength.
In addition, they found that the BN-coated battery
effectively dissipated heat, whereas a significant
temperature gradient occurred in the polymer-insulated
battery [11]. Although most studies have focused only
on using hBN as a filler in different phase-change
materials, few studies have investigated the coating
of batteries with hBN systematically, to the best of
our knowledge [13,19,20]. Therefore, there is limited
data on temperature change, capacity retention, and
internal resistance during the cyclic use of hBN-coated
18650-type batteries.

This paper aims to investigate the potential use of hBN
as a coating material for the 18650-type battery case
to effectively dissipate the formed heat by enhancing
thermal conductivity.

2. Experimental Studies

The polymeric outer surface of the 18650VTC4
model cylindrical battery is peeled and cleaned to
ensure proper adhesion of the boron nitride. The
characteristics of the battery used in the tests are
given in Table 1.

Table 1. The characteristics of the battery used in this
study.

Brand Sony/Murata
Chemical Specification Li-ion
Cathode Chemistry LiNiMnCoO,
Nominal Voltage 3,7V
Battery Capacity 2100 mAh
Battery Size 18 mm * 65 mm
gnla::;::]l:m Discharge 30A
Cycle Life 500 cycle
Weight 419

Then, the battery is sprayed with a thin, uniform coating
of Boron nitride spray (Bortek, Boron Technologies, and
Mechatronic Inc, >99.99% purity and D50: 120 nm) and
left to dry for 24 hours. A comprehensive examination
of the physical characteristics of hBN has been
provided in the previous research [21]. The thickness
of the coating was measured with a digital calliper as
200 um. The coated battery is then placed in a battery
test system (Battterymeter Gw Instek-Gmb3300)
and charged and discharged using the constant
current (CC) and constant voltage (CV) methods at
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different current rates. At the same time, temperature
measurements were recorded using a thermal camera
(Optris 500) throughout each test. The thermal camera
was calibrated before making any measurements by
considering the material found on the surface of the
battery to ensure optimal accuracy and precision of
readings. The ambient temperature was kept constant
in the climatic test cabinet. The ambient temperature
is between 25-28°C. The applied current densities
during testing are varied to investigate the effect of
current on battery performance and temperature. The
schematic view of the experimental setup is given in
Figure 1. The test results are analyzed to determine
the effect of the hBN coating on the battery's thermal
and electrochemical properties.

Power Suppl
hBN-Spray ¢

Thermal
Camera

q =

18650 Type Battery
Figure 1. Schematic view of the experimental setup.

3. Results and Discussions

Three 18650-type batteries having similar properties
are tested with three different configurations. In the
first configuration, the battery with a polymer insulator,
Pl, was not processed as received. In the second
configuration, an hBN is sprayed onto the battery
surface with a polymer insulator, PI+hBN. Lastly, in
the third configuration, after removing the polymer
insulator, the hBN is sprayed on the battery, namely
hBN, by masking the pole heads to prevent contact
problems.

Temperature changes during cyclic were recorded
to understand the heat dissipation behavior of
noncoated and hBN-coated batteries during charge
and discharge, and the results are given in Figure 2.
At the beginning of the charge step, all three batteries
have similar temperatures of around 25-26°C (Figure
2a). The maximum temperature is observed around
the 14™ and 16" minutes when the battery reaches
the maximum voltage. After getting the maximum
voltage value, the current value decreases over time
due to the CC-CV charging method [22]. Therefore,
the maximum temperature is not exceeded. Due to the
decrease in the current value, the power value given
to the battery decreases, so the temperature drops.
While the highest temperature was recorded for the
hBN coated battery, which was 41.9°C, the battery with
only polymer insulator (PI) had the lowest temperature
of 34°C and the battery with polymer insulator and hBN
coating (PI+hBN) had a slightly higher temperature of

37.4°C.

During the discharge step, the battery with only a
polymer insulator (PI) recorded the lowest temperature
of 55.7°C at the maximum voltage. The battery with
polymer insulator and hBN coating (PI+hBN) recorded
a slightly higher temperature of 56.4°C, and the battery
with only hBN coating (hBN) recorded the highest
temperature of 58.5°C (Figure 2b). These findings
align with those reported by Li et al., supporting that
the faster increase in temperature can be attributed
to the higher degree of thermal conductivity [19]. It is
important to note that the temperature measurements
were taken using a thermal camera from the entire
battery's outer surface rather than an interior
thermocouple [13]. The temperature differences
among these batteries suggest that the thermal
behaviour of the batteries changes with the presence
of a polymer case and hBN coating. Therefore, the
higher measured temperature values of hBN-coated
samples indicate the amount of heat removed from
the inside of the battery. Although the hBN coating
helps dissipate the battery's heat having a polymer
shield, the heat is still trapped between the polymer
and the metal case. As the polymer case is completely
removed and coated with hBN, it is seen that the heat
produced inside the battery can be quickly dissipated
on the surface of the battery and transferred to the
cooling system. Another important finding is that, after
reaching the maximum voltage value, the measured
temperature starts to drop with decreasing current.
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Notably, this temperature drop is sharper in hBN-
coated batteries, indicating that the hBN coating helps
with heat dissipation of the battery.

Coatings were tested for uniformity and thickness
using a digital caliper measuring each battery's top,
middle, and bottom sides without any coating, with a
polymer insulator (PI), and with only hBN coating. The
results showed that the battery without any coating had
a thickness of 18.0 mm, while the battery with PI had
a slightly thicker coating with a thickness of 18.1 mm.
The battery with only the hBN coating was found to be
the thickest of all, measuring 18.2 mm. Therefore, it
can be inferred that the thickness of the hBN coating is
uniform, measuring approximately 200 um. During the
charge and discharge states, heatis primarily generated
at the pole heads, which then progresses to the middle
of the battery. Therefore, the temperature gradient on
the battery surface is crucial for battery operation. An
excessive temperature gradient due to the varying
thickness of the coating can cause severe damage
to the battery. In this regard, temperature differences
between the battery surfaces were determined using
thermal imaging analysis to investigate this issue.
The results showed a temperature difference of 0.3°C
between the pole heads and the center of the battery,
which is not potentially dangerous to the battery.

Life-cycle charge-discharge tests ata 10 C rate for 100
cycles were carried out to investigate the effect of heat
dissipation on capacity retention, as depicted in Figure
3. In the first cycle, the Pl battery has a discharge
capacity of 2068 mAh, while the hBN battery has a
capacity of 2033 mAh. The difference in initial capacity
between the two batteries was attributed to differences
in their internal resistance, which may be related to
the battery fabrication processes. After 100 cycles, the
discharge capacity of the Pl battery decreased to 1676
mAh, while the hBN battery decreased to 1726 mAh.
Notably, the hBN battery retained 84% of its initial
capacity, compared to the polymer-insulated battery,
which kept only 81% of its initial discharge capacity.
The decreased capacity retention of the battery at
higher temperatures is attributed to the worsening
Li-ion intercalation properties due to the increased
tendency of chemical reactions and material migration
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Figure 3. Discharge capacity change with cycle number.

[23]. It is seen that the hBN coating enhanced the
capacity retention of the 18650-type battery. The
improved capacity retention of the hBN battery can be
attributed to the higher thermal conductivity of the hBN
coating, which acted as a heat sink, helped dissipate
the heat, and consequently maintained the battery
performance. On the other hand, the polymer insulation
did not provide effective heat dissipation, which could
explain the lower capacity retention observed in this
configuration.

Figure 4 displays the variation of the internal
resistance during the cyclic charge and discharge
tests. At the start of the test, the PI battery exhibited
an internal resistance of 13Q, while the hBN battery
had an internal resistance of 14Q. The difference in
the internal resistance of the two batteries confirms
the capacity difference observed at the end of the
discharge cycle, as shown in Figure 3. During the
discharge test, both batteries experienced an increase
in internal resistance, which can be attributed to
the degradation of active materials due to the liquid
electrolyte reactions [24]. After 80 cycles, the internal
resistance of both batteries had increased to 17Q,
and they were equal. At the end of the 100-cycle
test, the internal resistances of the polymer-insulated
and insulator-free and hBN-coated batteries were
17.6Q and 17.2Q, respectively. Therefore, the internal
resistance of the Pl battery increased more rapidly
than that of the hBN-coated battery. The lower internal
resistance observed in the insulator-free and hBN-
coated battery can be attributed to the more efficient
heat dissipation, resulting in less thermal degradation
of the cathode active material within the battery.
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number.

4. Conclusions

18650-type Li-ion batteries were coated with hBN
powder to dissipate the generated heat to the outside
and to improve the battery's cyclic performance. The
galvanostatic charge/discharge tests were conducted
at a 10C current rate. During the cyclic test, heat
variations were recorded using a thermal camera.
Thermal measurements showed that the insulator-
free and hBN-coated battery sample had the highest
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temperature at its surface, indicating efficient heat
dissipation. In addition, galvanostatic test results
showed that an hBN-coated sample exhibited a
better cycle life. It was also observed that the internal
resistance of hBN-coated batteries is lower. These
findings suggest that effective heat dissipation is
crucial in achieving optimal battery performance and
capacity retention. Therefore, using hBN coating
can potentially improve the safety and reliability of
batteries, especially in high-temperature applications.
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Boron-based materials have garnered significant interest in recent years as favorable
candidates for storing hydrogen in various applications. This study focuses on
examining the hydrolysis capabilities of boron surfaces through the analysis of water
interaction with different boron surfaces via density functional theory (DFT) calculations.
We include several forms of a-boron (111) (reconstructed (Rc) and unreconstructed
forms (URc), defective boron), and a B, subunit of B-rhombohedral boron. In addition
to understanding the behavior of a single water molecule, we also look at the possible
clustering effects of multiple water molecules on each surface. According to the findings,
the degree of attachment between water molecules and boron surfaces relies heavily
on the phase of the boron. The study revealed that defective a-boron and B-boron
(B,;) exhibit a robust bonding with a single water molecule, as reflected in the high
adsorption energies of -1.54 eV and -1.45 eV, respectively. Conversely, Rc a-boron and
B-boron (B,,) exhibit feeble bonding with two water molecules, evidenced by their low
adsorption energies of -0.62 eV and -0.69 eV, respectively. These results indicate that
the process of water adsorption on boron surfaces is intricate and can differ based on
the particular phase of boron.
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adsorption energetics [16-21]. Water adsorption on
boron surfaces has recently garnered significant
interest owing to the unique properties of boron-
containing materials and their prospective utility in

1. Introduction

In recent years, elemental boron and boron-based
compounds have attracted significant attention.

Diverse applications have been proposed based on
the extraordinary properties of boron (B), such as
diamond-like hardness, superconductivity at high
pressure, high melting point (2300°K), partially ionic
bonding, and thermodynamic stability [1-8]. In addition
to its elemental form, boron also appears in a wide
variety of compounds and can show different behaviors
in different materials [9,10].

Elemental boron has a surprising amount of
complexity with many unusual allotropes, 16 in total
[11,12]. However, to date, thermodynamic stability
has been reported for only four boron allotropes:
a-rhombohedral, B-rhombohedral, y-boron, and T,
[13]. There exist numerous configurations of solid
boron, some of which include a-B,,, B-B, ., B-B, ., and
y-B,, [14,15].

The method of water adsorption on surfaces allows
for theoretical description and prediction of these
surfaces, as well as testing surface termination and

diverse domains, including catalysis, energy storage,
and electronics [22-27]. Comprehending the character
of the interplay between boron surfaces and water
molecules holds immense significance for advancing
these applications [28-30].

The adsorption behavior of water molecules on various
surfaces [17,31-36], including boron-based materials
[37-39], has been effectively investigated using density
functional theory (DFT). The adsorption of single and
multiple water molecules on boron surfaces is a topic
of great interest in the field of materials science due
to its potential applications in various areas, including
catalysis and energy storage [37-39]. The boron
surface, in particular, is known for its unique electronic
and structural properties, which can be altered by the
presence of water molecules [37]. By adsorbing single
and multiple water molecules on a boron surface, we
can gain insight into the interactions between water
and boron and how they affect the surface properties.
Furthermore, the adsorption of water molecules can
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also provide a way to enhance the reactivity of the
boron surface, making it more useful for catalytic
reactions [38]. Studying the adsorption of single
and multiple water molecules on a boron surface is
essential for developing new materials and advancing
our understanding of surface chemistry [37-39].
Omidirad et al. investigated the charge-controlled
mechanism of water molecule dissociation on
vacancy-defected boron nitride nanosheets (BNNS)
[37]. By utilizing DFT, the authors demonstrated that
introducing a vacancy in 8x8 BNNS, in both neutral
and charged states, leads to increased reactivity and
energy of H,O adsorption. This is attributed to the
electron density increase in the vacancy wall, which
facilitates the dissociation of water molecules. These
findings shed light on the underlying physics of water
dissociation on defected BNNS, and may have potential
implications in various fields, including catalysis and
energy conversion [37]. Feng et al. have investigated
the potential of iron (Fe)-embedded boron nitride
nanosheet as an efficient electrocatalyst for the oxygen
reduction reaction (ORR) using DFT calculations. The
study focuses on evaluating the Fe-embedded BN
sheet as an electrocatalyst for ORR, along with the
corresponding reaction mechanisms. The results of
their DFT calculations reveal the significance of the
B-vacancy site of the BN sheet as an anchoring point
for Fe atom, ensuring their stability on defective BN
sheet surfaces due to the strong hybridization of the
Fe atom with the sp? dangling bonds of neighboring
nitrogen atoms near the monovacancy site (with a high
binding energy of 8.87 eV) [38].

Furthermore, the dissociative adsorption of water
on boron surfaces is a topic of significant interest in
materials science due to its potential applications
in various areas, including hydrogen storage and
catalysis [20]. The physical and chemical meaning of
dissociative water adsorption on boron surfaces can
be understood in terms of the electronic configuration
of the boron atom. Boron has an incomplete valence
shell, which makes it highly reactive and prone to
forming covalent bonds with other atoms. When water
molecules come into contact with a boron surface,
the boron atoms attract the electrons from the oxygen
atoms, leading to the dissociation of the water molecule.
This process results in the formation of hydroxyl
groups (OH) and hydrogen (H) atoms on the surface.
These surface species play a crucial role in various
catalytic reactions, including hydrogen evolution, CO,
reduction, and oxygen reduction. Comprehending the
significance, both in terms of physics and chemistry
of dissociative water adsorption on boron surfaces is,
therefore, crucial for designing efficient catalysts and
developing new technologies in several fields, including
energy conversion, environmental remediation, and
electrochemistry [40,41].

Structural defects, intentionally and unintentionally
created, can play an important role in determining
the chemical properties of surfaces [42]. In general,
the presence of vacant sites results in a reduction in

the coordination number of vacancy generator atoms,
leading to increased activity compared to other atoms
on the surface [38]. These modified structures have
the potential to enhance the efficiency of numerous
chemical reactions, making them a promising area of
exploration. Similarly, doping surfaces with metals such
as Na has been an area of interest in recent years due
to its potential applications in the field of electronics
and energy storage [43,44]. The addition of Na atoms
to boron-based surfaces can modify their electronic
and chemical properties, leading to enhanced catalytic
activity, improved electrical conductivity, and increased
surface reactivity [43,45]. These unique properties
make Na-doped boron-based surfaces promising
candidates for a variety of applications [46,47].

In this work, we present a DFT exploration into the
adsorption of single and multiple water molecules on
various boron surfaces. As support, we have chosen
the most common allotropes of boron, specifically
a-boron and B-rhombohedral boron. a-boron is made
up of B,, units and is relatively simpler. We, therefore,
include reconstructed (Rc) and unreconstructed (URc),
and defective forms of its (111) surface in our study.
Conversely, B-rhombohedral boron has a complex
structure that results in very large simulation cells. We
thus restrict our studies to only a representative B,,
subunit of B-rhombohedral boron. After an initial scan
of the adsorption properties of one, two, and three
H,O molecules on the surfaces of these materials,
we discuss the findings. The outcomes of our study
offer valuable perspectives into the fundamental
mechanisms of water adsorption on boron surfaces,
which can contribute to the design and development
of novel boron-based materials with improved
performance in various applications.

2. Methods

All  density functional theory calculations were
implemented within a plane-wave using Vienna ab-
initio Simulation Package (VASP) [48]. Perdew-Burke-
Ernzerhof (PBE) [49] approximation was used for the
exchange and correlation. The interaction between
nuclei and valence electrons was modeled using the
projected augmented wave approximation [50]. A
plane-wave basis cutoff energy of 500 eV was applied
in all calculations. The geometric optimization was
performed via a conjugate-gradient algorithm with
energy and force thresholds of 10¢ eV and 10+ eV/A,
respectively. The DFT-D3 correction was utilized to
model the interactions of long-range attractive van der
Waals (vdW) [51]. The calculations were performed
with Brillouin zone sampling with a Monkhorst-Pack [52]
grid of 5x5x1 k-points for a-boron (111) surfaces, and
only the I point was taken for the isolated B,, subunit
of B-rhombohedral boron. B,, subunit was optimized
in a 20x20x20 cubic simulation cell. The a-boron (111)
surface and the water-adsorbed boron systems are
modeled using the unit cell containing 36 boron atoms
of hexagonal a-boron. The vacuum gap of 15A was
selected along the vertical direction to eliminate the
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interaction of periodicity. Zero temperature and zero
pressure were performed during the calculations.
During the course of the calculations, the adsorption
energies of H,O (or H,) molecules on the surfaces
were determined by Equation, where Esurface+n,o,
Esurface, and Ep,o represent the total energy of the H,0
molecule adsorbed by the boron system, the boron
surface, and an isolated H,O molecule, respectively.

Eads = Lsurface+H,0 — Lsurface — EHZO (1)

Furthermore, we investigated the adsorption of
multiple water (H,0) molecules on a surface. To
calculate the adsorption energies of the second and
third H,O molecules, we used a modified equation
that takes into account the presence of the previously
adsorbed molecules. Specifically, we replace the
first and second terms in Eq.1 with the energy of the
surface with two or three molecules, respectively, and
the energy of the surface with a single molecule. This
allows us to calculate the adsorption energy of the
additional molecule in relation to the surface with the
preceding H,O molecules already adsorbed.

3. Results and Discussion

Table 1 summarizes the optimized geometries of
one, two, and three water molecules adsorbed on
the two a-boron (111) surfaces (URc, and Rc on
the top and middle rows, respectively), and the B,,
subunit of B-rhombohedral boron. In our calculations,
the construction of a slab model for the URc boron
(111) surface involved cleaving from the hexagonal
a-boron's unit cell. This model includes a three-layered
a-boron (111) slab containing 108 boron atoms and B,,
subunits (Table 1). During the optimization process,
the lowest layer was held constant, and the other
two layers were permitted to move. After a scan of
a few initial guesses, the adsorption geometry of a
single water molecule was identified. Following this,
two more molecules were adsorbed with a geometry
optimization between each adsorption (Table 1). The
geometry optimization for the single water molecule
resulted in the breaking of the O-H bond on the
URc a-boron (111) surface, causing the dissociative
adsorption of the water molecule. This phenomenon
refers to the breaking of water molecules into their
constituent atoms upon contact with a boron surface.

Table 1. Optimized geometries of water clusters with one, two, and three H,O on a-boron (111): URc (a), and Rc (b), as
well as B-rhombohedral (B,,) (c) systems. The B, O, and H atoms are depicted by pink, red, and white spheres, in order.

Phase 1H,0/B Surface

2H,0/B Surface

3H,0/B Surface

(a)
a-boron (URc)

(b)
a-boron (Rc)
(111)-l ., type

(c)
B-boron (B,,)
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The water adsorption energies were calculated
from Eqg.1, and the results are listed in Table 2. The
adsorption energies were calculated as -0.75 eV,
-0.85 eV, and -1.23 eV for one, two, and three water
adsorption boron surfaces, respectively. To represent
the Rc a-boron (111) surface, some models from the
literature were considered. Amsler et al. studied the
surface reconstruction of a-boron (111) and found
several low-energy surfaces in their study [53]. The
(111)-lg ., which is a metallic Rc phase of a-boron
(111), was reported to be the most stable configuration.
Zhou et al. [54] showed that the reported (111)-IR1(Z)
type reconstruction surface is lower in energy than
the (111)-|R,(a type reconstruction phase of Amsler et
al. [53]. In our work, the (111)-|R,(z) type surface was
used to include different adsorption sites and chemical
environments for the water molecule (Table 1). Once
again, following geometry optimization, it was seen
that the water molecules adsorbed by retaining their
molecular form on the (111)-IR,(z) surface. The water
adsorption energies were calculated, and the results
for (111)-l; ,, types Rc a-boron are given in Table 2.
The adsorption energies were found to be 1.96 eV,
-0.62 eV, and -1.12 eV for one, two, and three water
molecules adsorbed by (111)'|R,(z) types Rc a-boron
systems, respectively. Overall, URc surfaces were
found to be more energetically favorable due to their
lower adsorption energy.

The boron polymorph known as (-rhombohedral,
which consists of B,, and B,, boron subunits, is then
investigated (Table 1). As a first step of our water
adsorption calculations two attached B,, cages, which

Table 2. The calculated nH,O adsorption energy of boron
surfaces.

E,. (eV)
Boron Phase acs

1H,0 2H,0 3H,0
a-boron (Rc) 1.96 -0.62 -1.12
a-boron (URc) -0.75 -0.85 -1.23
B-boron (B,,) -145 -069 -0.70
Defective a-boron (URc) -1.54 - -
Na_decorated a-boron (URc) -0.70 - -

are the building block of B-rhombohedral boron, were
explored. One, two, and three water molecules were
adsorbed on the top B,,. The water adsorption process
was performed in two different initial optimization
conditions for the B,, phase. As a first attempt, all
the boron atoms were allowed to move freely during
geometry optimization. To maintain the structural
integrity of the subunits, and to prevent them from
morphing into an amorphous entity, the bottom B,
and some lower atoms of the top B,, unit were fixed
while most of the top unit was allowed to move freely.
The optimized geometries of one, two, and three water
molecules on the B,, systems are given in Table 1.
The calculated adsorption energy results are given in
Table 3. Our calculated values are -1.45 eV, -0.69 eV,
and -0.70 eV for one, two, and three water molecules
adsorbed B,, systems, respectively. In contrast with
a-boron results, water molecules could remain in
a molecular form, and, when two and three water
molecules were adsorbed on the system (Table 1). All

Table 3. The one H,O adsorbed geometries of URc a-boron (111): one boron defected (a), one Na decorated (b) systems.
The B, Na, O, and H atoms are depicted by pink, purple, red, and white spheres, in order.

a-boron

1H,0/B Surface

H,/B Surface

(a)
Defective a-boron
(URc)

(b)
Na_decorated
a-boron (URc)
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the results showed that the unreconstructed a-boron
(111) surface is energetically more favorable than
other boron surfaces for the water adsorption process,
although dissociative water adsorption was observed
in some instances.

Furthermore, we explored one defective boron and
one Na-doped boron surfaces to form a contrast to
the perfect surface that has so far been studied. Table
3 displays adsorption geometries on defective (with
one B atom removed) and Na-doped a-boron (111)
surfaces. First, by eliminating one surface boron atom,
we created a boron vacancy on the a-boron (111)
surface and place a single water molecule directly on
the defect (Table 3). It was seen that water molecules
did not break apart and kept their molecular form.
Similarly, we decorated the pristine surface with one
Na atom (Table 3). In this case, as well, we observed
no dissociative adsorption (-0.70 eV), and the Na
atom moved away from the surface. Finally, in order
to understand the interaction of H, with imperfect
surfaces, we studied the interaction between one H,
molecule with the defective and the Na-decorated
surface. H, adsorption energies were found to be -0.24
eV, and -0.11 eV for defective and Na-decorated boron
systems, respectively. The optimized geometries of H,
adsorbed systems are given in Table. 3.

As aresult, the adsorption energies of water molecules
on boron phases were investigated in this study to
understand the nature of water adsorption on these
surfaces. The results indicate that the strength of the
bonding between water molecules and boron surfaces
is highly dependent on the phase of the boron.
Specifically, strong bonding is observed for one water
molecule adsorbed on defective a-boron and 3-boron
(B,), with adsorption energies of -1.54 eV and -1.45
eV, respectively. In contrast, weak bonding is observed
for two water molecules adsorbed on Rc a-boron and
B-boron (B,,), with adsorption energies of -0.62 eV
and -0.69 eV, respectively. These findings suggest that
the nature of water adsorption on boron surfaces is
complex and can vary depending on the specific phase
of boron. Further investigation is necessary to fully
understand the mechanisms driving these differences
and to optimize the use of boron surfaces in various
applications, such as catalysis and energy storage.

4. Conclusions

In  conclusion, our study using first-principle
calculations has ensured significant perspectives into
adsorption behavior of water molecules on different
boron surfaces. We have shown that the surface
morphology of boron plays a crucial role in defining the
water adsorption energy and configuration. Our results
suggest that the adsorption energy of water on boron
surfaces is dependent on the surface orientation,
and the URc a-boron (111) surface of boron shows
the highest affinity for water adsorption. Our findings
also indicate that the water molecule tends to form
hydrogen bonds with boron atoms on the surface,

leading to the formation of water-boron complexes.
Furthermore, we have observed that the electronic
properties of the boron surfaces significantly affect the
adsorption behavior of water molecules. The presence
of defects and impurities on the surface can cause
modifications to the electronic structure of the surface,
resulting in altered water adsorption properties.
Overall, our study provides a theoretical understanding
of the water adsorption behavior on boron surfaces,
which could have important implications for various
applications such as water purification, energy
storage, and catalysis. Our results could also inspire
further experimental studies aimed at exploring the
water adsorption properties of different boron-based
materials.
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Kuresel grafitli dokme demir

Bu galismada, borlanmig GGG-50 kiresel grafitli ddkme demirin borlama sicakligi ve
suresine bagl olarak degisen kirilma toklugu incelenmistir. Borlama islemi Ekabor 2,
ticari borlama tozu, kullanilarak 850°C, 900°C ve 950°C sicakliklarinda) ve 2, 4 ve 6
saat surelerinde kati borlama yontemi ile gergeklestiriimistir. Optik ve tarama elektron
mikroskop incelemeleri sonucunda borlama siiresinin ve sicakliginin arttiriimasinin bor
(B) tabaka kalinligini arttirdiyini gézlemlenmistir. Tabaka kalinhdindaki artis 38,7 um
degerinden 128 um degerine yikselmistir. Yapilan mikro sertlik testlerinin sonuglarina
gore FeB fazinin yogunlugunun arttigi gérilmdstir. Uzun borlama sicakligi ve siiresine
sahip olan numunede, sertlik degerinin de arttigi ancak darbe deney sonuglarinda
tokluk degerinde yaklasik %30’luk bir dusus oldugu gorulmustir. Bu deney sonuglarina
bakildiginda; borlama islemi ile kiresel grafiti dokme demir malzemenin ylizey
Ozellikleri gelistiriimis, darbe dayaniminda meydana gelmesi muhtemel disme ise,
servis kosullarinda kritik Gneme sahip olmamaktadir.
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In this study, fracture toughness of boronized GGG-50 spheroidal graphite cast iron was
investigated. Boriding process was carried out using Ekabor 2, commercial boronizing
powder, at temperatures of 850°C, 900°C, and 950°C and for 2, 4, and 6 hours by solid
boriding method. As a result of optical and scanning electron microscope examinations,
it was observed that increasing boronization time and temperature increased the boron
layer thickness. The layer thickness increased from 38.7 um to 128 ym. According to
the microhardness test results, the density of the FeB phase and the hardness value of
the sample were increased, which had a long boriding temperature and time, but there
was a 30% decrease in the toughness value in the impact test results. Considering
the results of this experiment; the surface properties of spheroidal graphite cast iron
material are improved by boriding and the possible decrease in the impact strength is
not critical under service conditions.

1. Girig (Introduction)

olarak ferritik, ferritik-perlitik veya perlitik olabilir [2].
Kiresel grafiti dokme demirlerde (sfero), grafitlerin

Glnidmizde sanayi Uretiminin biydk bir bolimand,
demir esasl malzemeler ve ozellikle gelik malzemeler
olusturmaktadir. Ancak son yillarda kiresel dokme
demirlerin mekanik 6zelliklerinin celik malzemelerle
yarigir hale gelmesi, kolay uretilebilir ve daha
ucuz olmasi tercih edilebilirligini arttirmaktadir.
Dokim endustrisinde sfero dokim olarak da anilan,
kiresel grafitli dokme demir (KGDD), demirdeki
¢ozunarliglinden daha yuksek miktarda karbon (C)
iceren (%2-5 karbon) demir esasli bir dokiim alagimidir.
Kiresel grafiti dokme demirde, demir (Fe) matrisi
icinde dagiimis saf karbon veya grafit bulunmaktadir
[1]. Ana matris, karbonun ayrisma miktarina bagl

sekli kiiresel veya yuvarlaktir. Grafitlerin kiiresel sekilde
olmasi mekanik 6zellikler agisindan énemli avantajlar
saglamaktadir. Yiksek mukavemet ve tokluga sahip
olan kuresel grafitli dokme demirler; yliksek miktarda
C ve silisyum (Si) icermektedirler [1]. Kuresel grafitli
doékme demirin dokimde son derece yuksek akicilik
ve dokulebilirlik, titresim sénimleme ve korozyon
direnci gibi bazi 6zellikleri, ¢eliklere ve diger dokme
demir turlerine kiyasla geligsmistir [2]. Bu sebeplerden
dolayi kuresel grafitli dékme demirlerin kullanim alani
genislemektedir [1]. Sfero malzemelerin &zellikleri,
matriste bulunan ferrit ve perlit fazlarinin miktarlarina
baglidir. Yapida bulunan ferrit, yuvarlak grafit kiirelerini
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cevreleyen beyaz faz iken, perlit koyu renkte goriinen
bilesendir. Ferrit, yumusak ve dusik mukavemetli
bir fazdir, bu nedenle ferrit hacmi arttikga, demirin
mukavemeti azalmaktadir. Sfero dékme demirlerin
uretiminde grafit kirelerinin sayisi ve sekli énemlidir.
Bu parametreler sirasiyla kire sayisi ve kurelesme
orani olarak tanimlanir. Kiire sayisi (mm? basina grafit
sayisl), gozenekliligi ve karbdrlerin varligini en aza
indirmek icin yeterince yuksek olmalidir. Kirelesme
orani (% grafit kuresi), 6zellikle malzemenin yiksek
akma dayanimi, maksimum ¢ekme dayanimi (UTS)
ve uzama (%EL) seviyeleri gibi 6zellikleri elde etmek
icin yeterli olmaldir [1]. Mikroyapida bulunan grafitin
varligi, aktif kesit alanini kiicllttigu ve gentik etkisine
neden oldugu icin dokme demirin mukavemetini
azaltmaktadir [2].

Makine ve ekipmanlarin kullanimi esnasinda, mekanik
aksamlarinda meydana gelen korozyon ve asinma
ekonomik olarak ciddi kayiplara sebep olmaktadir.
Bu kaybin azaltimasi amaciyla malzemelerin
yuzey oOzellikleri iyilestirilmelidir. Ylzey o6zelliklerini
iyilestirmek amaciyla uygulanan yéntemlerden birisi de
borlama islemidir [3,4]. Borlama, yiksek sicakliklarda
ana metalin ylzeyine bor atomlarinin diflizyonu ile
malzeme yuzeyindeki bor miktarinin zenginlestirilerek
bortr tabakasinin olusturuldugu termokimyasal bir
yuzey sertlestirme islemidir. Diger termokimyasal
yuzey iglemlerinde oldugu gibi, borlama islemi de
tum ortamlarda cgesitli proses ve tekniklerle birlikte
uygulanabilir. Bu ortamlara 6rnek olarak; toz veya
macun kullanilan kati bir ortam [5,6], elektrolizli veya
elektrolizsiz erimis tuzlarin sivi ortami [7,8] veya gaz
halindeki bir ortam [9,10] verilebilir.

Borlamaislemi, fiziksel ve kimyasal 6zellikler agisindan
karburizasyon ve nitrasyon gibi ylzey sertligini
arttirmak i¢cin uygulanan yoéntemler ile benzerlik
gOstermektedir. Tim demirli malzemelere, nikel
alasimlarina, titanyum alasimlarina ve sinterlenmis
karburlere  basariyla  uygulanmaktadir  [3,11].
Literattrde bilindigi Gzere borlanmig celikler ve dokme
demirler, artan ylzey sertligi ve asinma direncine
sahip olmaktadir [12]. Endustride borlama islemi
genellikle demir esasli alagimlara uygulanmaktadir
[13]. Kiresel grafitli ddkme demirlerin borlanmasi, 800-
1000°C sicakliklarinda 1 ila 8 saat arasinda degisen
surelerde yapilan isil islemdir [2]. Bor atomlari kiglk
boyutta olduklari igin demir alasimin igine ¢ok kolay
difize olup [1], malzeme ylzeyinde Fe,B+FeB fazlari
olustururlar ve olusan bu bilesikler oksit degil, seramik
borurlerdir [2]. Borlama islemi sonrasinda Vickers
sertlik degeri (HV) 2000'e kadar ¢ikabilen ve kalinlig
40-270 ym olan bir borlr tabakasi elde edilmektedir
[1]. Arayer atomu olarak ¢éziinen bor atomlari islem
sicakligi, islem yapilacak olan malzemelerin kimyasal
bilesimi, ortamin bor potansiyeli ve borlama igleminin
zamanina gore islem sonucunda tek fazli FeB veya iki
fazli (Fe,B+FeB) tabakasi olugsmaktadir [1]. Borlama
islemi diflizyon kontrolli olup, ylksek sicakliklarda
gerceklesmekte ve islem sonucu situn seklinde
demir bordrler olusmakta ve FeB/Fe,B veya FeB

matriks araylzeyinde testere disi yapisina benzer bir
yapi gozlenmektedir [1,2,13]. Bu bor tabakasi ile ana
malzeme arasinda olusan dislenme derecesi, alasim
elementlerinin konsantrasyonuna, islem sicakhgdina
ve suresine baghdir. Celik ve dokme demirlerdeki
dislenme derecesi, buyltk c¢ogunlukla alasim
elementlerinin oranina baglidir; alasim elementlerinin
oraninin artmasinin anlami, digslenme derecesinin de
bir o kadar azalacagi anlamina gelmektedir. Borid
tabakalari dis sekillerinden kaynakl olarak ana metale
daha iyi birlegir. Borlanmig tabakanin kirilganhgi, bor
tabakasinin kalinhiginin artmasi ile artar [2]. YUzeyleri
borlanmis olan kiresel grafitli dokme demirler, diger
ylzeysertlestirmeislemleriylekarsilastiriidiginda, bortr
katmaninin ¢ok sert olmasi ve strtinme katsayisinin
disUkligu sebebiyle daha yiksek asinma direncine
sahiptir [13]. Borlama sonrasinda ek bir isil isleme
gerek duyulmamasi borlama isleminin bir diger tstin
Ozelligidir. Asinma ve korozyona karsi dayanimlari
ve yukarida sayilan diger 6zellikleri sayesind ylzeyi
borlanan kuresel grafiti dokme demirler; eksantrik
milleri, kasnaklar, makine kizaklari, tanklar, silahlar ve
tarim makinelerinde kullanilabilmektedir [2].

Borlr tabakasinin  olusturulmasi  malzemelere
bircok avantaj saglamaktadir. Bunlardan bazilari;
borlr tabakasinin sertliginin 550-600°C gibi yilksek
sicakliklara kadar korunmasi, borlanmis ylzeylerin
850°C gibi vyiksek sicakliklarda orta seviyede
oksidasyon direncine ve ylUksek metal korozyon
direncine sahip olmasi, borlama iglemi uygulanan
malzemenin Ozellikle sertlesebilen celik gruplari ile
kiyaslanabilecek ylzey 6zelliklerine sahip olabilmesi
olarak siralanabilmektedir[13].

Bu ozelliklerinin  yani sira borlama igleminin
dezavantajlari da bulunmaktadir. Bunlar; diger
termokimyasal ylzey islemlerine gore islem siresinin
uzun olmasi, isciligin daha fazla olmasi ve dolayisi
ile maliyetinin yuksek olmasidir. Bu sebeple yiksek
sertlik, asinma direnci ve korozyon direncinin arandigi
durumlarda tercih edilmektedir [13]. Ayrica bilesik
tabakanin, 6zellikle FeB fazinin kirilganhgi da bir diger
dezavantaj olarak karsimiza ¢ikmaktadir [14].

Birgok farkli sekilde gergeklestirilebilen borlama islemi
temelde kutu (katl)) borlama, pasta borlama, sivi
borlama ve gaz borlama metotlarinin igerisinde oldugu
termokimyasal yontemler ve fiziksel buhar biriktirme
(PVD), kimyasal buhar biriktirme (CVD), plazma sprey
kaplama metotlarinin dahil oldugu termokimyasal
olmayan yontemler olarak siniflandiriimaktadir.
Termokimyasal yontemler daha fazla tercih edilmekte
ve kendi icerisinde dort ana gruba ayrilmakta olup,
bunlardan yaygin olan kutu borlama islemidir [13].

Kutu (katl) borlama kolayca gercgeklestirilebilmesi,
daha guvenli olmasi, faz bilesimlerindeki degisimin
¢ok az olmasi, ekipman ihtiyacinin fazla olmamasi,
dizgin ylzey elde edilmesi gibi sebeplerden dolayi
en gok tercih edilen tekniktir. islem, kaplanacak olan
malzemenin 3-5 mm kalinhktaki toz ile cevrelemesi

33



Laleci Y. et. al. /BORON 2022 OZEL SAYI, 32 - 39, 2023

suretiyle gerceklestirilir. Birbirinden farkli borlama
bilesenleri kullanilabilmektedir. Bu bilesenler; kati bor
saglayicilar, akigkanlik saglayicilar ve aktivatorlerdir
[13]. Genellikle, bor karbur (B,C), ferrobor (Fe-B) ve
amorf bor (B) bor saglayici olarak kullanimaktadir.
Bunlar disinda 6rnegin Ekabor tozu gibi bazi ticari bor
yapicilar da kullanilabilmektedir. Boraks igeren kati bor
bilesenlerinde serbest bor Es. 1’de gdsterilmistir [15].

B,C + NayB,0, » B + CO + Na,0 (1)

islem sirasinda borlama maddesi isiya dayanikli bir
potaya yerlestirimekte ve numuneler bu toz icinde
paketlenmektedir [3]. Bor atomlarinin malzeme
yuzeyine daha iyi difizyonunu saglamak igin malzeme
ve borlama maddesi arasinda genis bir temas ylzeyi
arzu edilmektedir. Bu nedenle tozun tane boyutu
borir tabakasinin olusumunda 6nemli bir faktordur
[10]. Borlama igleminin sonucunda alt malzemenin
yuzeyinde farkl borur tabakalari olusabilmektedir.

Fe-B ikili faz diyagrami incelendiginde; borun a-Fe
ve y-Fe fazlari igerisinde %0,5 B oranindagézundugu
saptanmistir. Fakat &-Fe fazi igerisinde ¢ozinurltgu
tam olarak bilinmemektedir. 1407°C sicaklikta Fe,B
fazi, 1590°C sicaklikta ise FeB fazi olusmaktadir [16].
Borlama isleminin bliyime mekanizmasi G¢ asamada
gergeklesmektedir. ilk asamada, yiiksek sicaklik
etkisiyle borlama ortami ile malzeme yilizeyi arasinda
reaksiyonlar baglamakta [14] ve demir ylzeyine bor
atomlari yayilmaktadir. Yayilma islemiyle tek fazli
Fe,B veya ferrobor (ki fazli Fe,B+FeB) tabakasi
olusur. FeB fazi borca zengin oldugundan Fe,B fazina
gbre daha kirilgan bir yapiya sahiptir. Bu sebeple,
Fe,B fazinin olusmasi FeB fazinin olusmasindan
daha fazla istenmektedir. Fe,B kristalleri metal
malzemenin yuzeyinde sekillenen ilk Grindir. FeB ve
Fe,B fazlarinin 1sil genlesme katsayilari birbirinden
farkl oldug@u icin (FeB fazinin i1sil genlesme katsayisi
daha blyUktlir) malzeme vylzeyinde c¢atlamalar
gorulebilmektedir. Catlama olmasini  engellemek
icin FeB fazi kontrol altinda tutulmahdir [15]. ikinci
asamada ise, olusan Fe,B kristalleri bigimlenerek
metal malzemenin i¢ kismina dogru ydnlenmektedir.
Uclincli ve son asamada, matrise yakin bdlgelerde
Fe,B olusurken dis ylzeye yakin bdélgelerde FeB
meydana gelmektedir. Olusan FeB fazi Fe B fazindan
daha kisa stirede blyudigu igin, FeB fazinin dokusu
Fe,B fazi kadar glgli degildir [14]. Olusan ilk bor(r
¢ekirdegi matrisin iginde buylr. Bor atomlari [001]
kafes yapisi dogrultusunda ¢ok hizl bir sekilde yayilim
gosterdikleriicin Fe,B ve FeB kristalleri bu kafes yapisi
yoénunde ilerler. BorUr taneleri diger kafes yapilarinda
daha yavas blyudiklerinden dolay! kolonsal yapi
olusturmaktadir [14].

Borlama suresinin ve sicakhginin artmasi ile olugan
bor tabakasinin kalinhgr da artmaktadir [15,17].
Borlama isleminin sicakligini sinirlayan etken Fe-B
denge diyagramindan da bilindigi gibi 6tektik sicaklik
degeridir. Borlama iglem sicakliginin otektik sicaklik
degerinin altinda olmasi gerekmektedir. Islemin

bu sicaklik degerinin Uzerinde gerceklestiriimesi
durumunda, malzemede bdlgesel ergimeler meydana
gelebilmektedir [17]. FeB faz tabakasinin kalinhdinin
artmasi ile borlr tabakasinin kinlma toklugu
azalmaktadir.

FeB faz tabakasinin buyime mekanizmasi
incelendiginde; borlanmis kiresel grafitli dokme
demirler, dért asamada incelenebilmektedir. ik
asamada olusan tabaka borlanmis ¢elik alt tabakadan
farkli olarak borlr tabakasinin altinda silisyum ve
karbon bakimindan zengindir [17]. Karbon ve silisyum,
boridlerde ¢6zinmedigi igin ara bodlgeye dogru
itiimektedirler. ikinci asamada ise karbon atomlari ise
silisyum atomlarindan daha da asagilara itilerek karbur
olusumuna yardimci olmaktadir. Silisyum atomlari
ise, karblr veya borlr olusturmadiklar igin testere
dislerine yakin bdlgelerde birikmektedir [18]. Uglincii
asamaya gegildiginde borlanmig tabakanin bliytimesi,
yuzeye yakin bdlgede borla zenginlestiriimis o-fazi
ile baslamakta ve daha sonra (Fe,Cr),B bilesigi
olusmaktadir. Iglem slresinin daha uzun olmasi
durumunda ise, (Fe,Cr)B bilesiginin olusup buyudugu
goérulmastir. Borlama sirasinda, karbon atomlarinin
yuzeyden matris igerisine dogru difize oldugu ve
bilesik bdlgelerin altinda ekstra karburler olusturdugu
tespit edilmigtir [18,19]. Bu durum oda sicakhginda
sogutulmus  numuneden  alinan  goruntllerde
gorilebilmektedir.

Borlama slresinin ve sicakliginin arttiriimasiyla birlikte
bor tabakasinin kalinhdgr ve sertligi de artacaktir.
Ancak artan borlama suresi ve sicakhgl ile kirilma
toklugu degerinin azaldigi gorilmektedir [18,20-22].
Borlama sUlresinin artmasi FeB fazinin olusumunu
arttirmaktadir, FeB fazinin sert olmasi sonucunda bor
tabakasinin ylzeyi catlamalara (FeB fazi gekme Fe B
fazi basma gerilmesi uygulamaktadir) ve tufallesmeye
daha meyilli olacaktir [20,22]. FeB fazi Fe,B fazindan
daha koyu olmasi sayesinde ayirt edilebilmektedir. Bu
fazlarin aralarindaki yizey yapisi kolonsal olup FeB,
Fe,B fazinin Gzerinde olustugundan daha fazla bor
ihtiva etmektedir.

Bu calismada, endustride yaygin olarak dretilen
ve kullanilan GGG-50 kuresel grafitli dékme demir
malzemenin borlama islemi sonucu ortaya c¢ikan
mikroyapi ile 6zellikle sertlik ve darbe dayanimi basta
olmak Uzere mekanik 6zelliklerinde meydana gelen
degisimler incelenmistir. Literatirde borlanmis kuresel
grafitli dokme demire Vickers ug¢ kullanilarak yapilan
kiriimatoklugutestgaligmalariolmasinaragmen, Charpy
veya izod darbe deneyi elde edilen darbe dayanimi
test sonuglarini ele alan galismalar bulunmamaktadir
[23]. Yaygin olarak asinma direncinin gelistiriimesi igin
uygulanan borlama islemi sonucunda, malzemelerin
darbe dayaniminda disme goézlenebilmekte, bu da
malzemelerde beklenmeyen ve yikici hasarlarin
meydana gelmesine neden olabilmektedir. Bu nedenle
borlama islemleri ile malzemenin darbe dayaniminda
meydana gelen degdisimlerin degerlendiriimesi ve
endustriyel uygulamada malzemede ortaya ¢ikan bu
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degisikliklerin dikkate alinmasi 6nem arz etmektedir.
2. Malzemeler ve Yontemler (Materials and Methods)

2.1. Malzemeler (Materials)

Bu calismada kullanilan GGG-50 sfero dokim
malzemesinin  OBLF GS 1000-1I marka model
spektrometre analiz sonuclarina gore kimyasal bilesimi
Tablo 1’de verilmis olup, Sekil 1’de gorilen formda, BS
EN 1563:2018 standardina uygun olarak a=70 mm,
b=52,5 mm, c=35 mm L=250 mm dlgulerine sahip yas
kum kaliba dékulmustdr.

Tablo 1. KGDD’nin spektrometre analizi sonucunda
agirlikga kimyasal bilesimi (Chemical composition of KGDD
in terms of weight as a result of spectrometry analysis).

% %

C 3540 P 0,040
Si 2530 Cr 0,036
Cu 0405 Al 0,016
Mn 0207 Ti 0,010
Ni 0144 S 0,009
V 008 N 0004
Mo 0,069 W 0,003
Mg 0,044

2.2. Yéntemler (Methods)

2.2.1. Numunelerin hazirlanmasi (Preparation of
samples)

Mikroyapi, sertlik ve darbe testleri icin hazirlanan
GGG-50 sfero dokim numunelerinin borlama islemi,
paket borlama yontemi ile Ekabor 2 tozu kullanilarak
gergeklestiriimigtir. Uygulanan islemler her bir numune
kodunda 4 adet numune Gzerinden gercgeklestirilmistir.
Bu numunelerden, darbe dayanimi daha yuksek olan
numune segcilerek metalografik incelemelerde, makro
ve mikro sertlik testlerinde kullaniimistir.

Borlama igleminin darbe dayanimi (zerine olan
etkisinin arastirildigi ¢alismada, Tablo 2’de belirtildigi
sekilde; farkli sicaklik ve surelerde borlama islemi
yapilmis olup, ayrica borlama islemi sonrasi firinda
sogutma islemi yapilarak, borlama sonrasi matrikste
yavas soguma sonucu meydana gelen kabalagsmanin

c
> 1

N
b

o L
Sekil 1. BS EN 1563: 2018 standardina uygun dokiim
numune formu (Cast sample form in accordance with BS
EN 1563: 2018 standard).

etkisi belirlenmeye calisiimistir. Ayrica suda ve
yagda su verme ve temperleme islemleri yapilarak,
bu iglemler ve borlamanin darbe dayanimina etkisi
incelenmis, mikroyapi, mikrosertlik, darbe dayanimi
ve X-i1sini difraktometresi (XRD) analizleri yapilmigtir.

Tablo 2. Borlama ve diger 1sil igslemlerde uygulanan
deneysel parametreler. B1, B2 ve B3: Borlama, F1:
Ostenitleme ve firinda sogutma, SS: Suda su verme,

YS: Yagda su verme (Experimental parameters applied

in boriding and other heat treatments. B1, B2, and B3:
Boriding, F1: Austenitization and furnace cooling, SS: Water
quenching, YS: Oil quenching).

u- Osteniteme  Temperleme Borlama
mune Sicaklik Siire Sicakhk Sire Sicakhk Siire
(°C) (Saat) (°C) (Saat) (°C) (Saat)
B1 - - - - 850 2
B2 - - - - 900 4
B3 - - - - 950 6
F1 850 2 - - - -
SS 900 1 200 2 - -
YS 900 1 200 2 - -
2.2.2. Optik mikroskop calismalar1 (Optical
microscopy studies)

Borlama igleminden sonra metalografik incelemenin
yapilabilmesi igin, Metkon marka Ecopress 102 model
sicak bakalit alma cihazinda numuneler hazirlanmis
ve Metkon marka Forcipol 202 model cihaz
kullanilarak sirasiyla 180, 320, 600 ve 1200 mesh
zimpara iglemi yapildiktan sonra, polisaj iglemi icin 6
pm, 3 pum elmas suspansiyon kullanilarak parlatma
islemi uygulanmigtir. Nikon marka MA100 model optik
mikroskop kullanilarak 300 dpi ¢ozUndrlikte ve farkl
blyltmelerde inceleme yapiimistir. Darbe testleri
sonucunda, en yuksek darbe dayanimina sahip olan
numune, optik mikroskop incelemeleri i¢in kullanilacak
numune olarak segilmistir.

2.2.3. Sertlik ve mikrosertlik testleri (Hardness and
microhardness tests)

Mikro sertlik testleri, darbe testi ve sonrasinda
metalografik  incelemede kullanilan  numuneler
Uzerinde ve Qness marka Q30 M model sertlik 6lgiim
cihazi kullanilarak yapilmistir. Vickers sertlik dlcimleri,
100 gr yuk altinda 10 saniye boyunca uygulanarak
Tablo 2’de numune kodlamasi bulunan B1 numunesine
6 adet, B2 numunesi 10 adet, B3 numunesine 16 adet
olacak sekilde gerceklestirilmistir. Mikro sertlik testleri
yuzeyden 5 mikron iceriden baglayarak +10 mikron
matrise dogru ilerleyecek sekilde maksimum 150
mikrona kadar yapilmigtir.

Makro sertlik (Brinell) testleri; Tablo 2’de numune
kodlamasi bulunan F1, YS ve SS numuneleri igin
Emcotest Duravision 200 Universal sertlik cihazinda
187,5 kg yuk ve 2,5 mm WC bilya uc¢ kullanilarak
gergeklestirilmigtir.
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2.2.4. Darbe testleri (Impact tests)

Darbe direncinin tespiti i¢in uygulanan testlerde
10x10x55 mm boyutlarina sahip, ¢entik bulunmayan
ve ASTM E23 standardina goére hazirlanmig
numuneler Uzerinde, oda sicakliginda darbe testleri
gerceklestiriimistir. Darbe deneylerinde MTS marka
Exceed 22.452 model 450 Joule kapasiteye sahip,
Charpy tipi test cihazi kullanilmis olup, her bir
parametre i¢in 4 adet numune kullanilarak, bu test
sonuglarinin ortalama degerleri alinmigtir.

2.2.5. XRD analizi (XRD analysis)

Borlama sonucu olusan fazlari belirlemek igin Bruker
marka D8 Advance model XRD cihazi kullaniimigtir.
X 1sini kaynagi olarak monokromatik CuKa isini
(A=1.54056 A) kullanilarak 40 kV ve 40 mAda
gerceklestiriimisti. XRD analizi, 26 acgisi 20-100°
araliginda olacak sekilde 0.02°%sn tarama hizinda
gerceklestirilmistir.

3. Bulgular ve Tartisma (Results and Discussion)

3.1.Mikroyapisalinceleme Sonuglari(Microstructural
Examination Results)

GGG-50 kuresel grafitli dokme demirin farkli borlama
sicakliklari ve slrelerinde elde edilen mikroyapi
goéruntuleri Sekil 2'de verilmistir. Tablo 2’de numune
kodlamasi ve yapilan iglemlerinin detaylari bulunan
B1 kodlu numunede borid katman kalinhgr ortalama

Sekil 2. Borlama uygulanan numunelerin a). B1, b).

B2, c). B3, d). F1, e). SS, f). YS mikroyapi goruntuleri
(Microstructure images of bornonized samples; a). B1, b).
B2, c). B3, d). F1, e).SS, f). YS).

olarak 38,7 um, B2 kodlu numunede 68 um oélgultrken,
B3 kodlu numunede borit katmaninin kalinhgi ortalama
128 um oldugu belirlenmistir. Katman kalinhgi
Olcllirken numuneler Uzerinde borit tabakalarinin
kesitlerinin farkli bélgelerinden en az 5 6lgim yapilarak
ortalamasi alinmistir.

Yalamag¢ ve arkadaslari galismalarinda, kiyaslama
amaclyla GGG-70 kuresel grafiti dokme demir
malzemesini 850°C’de 4 saat ve 950°C’de 12 saat kutu
borlama islemine tabi tutmuslardir [24]. Literatirde de
belirtildigi sekilde yiksek borlama sicakliklarinda ve
uzun borlama strelerinde dokme demirlerin ylzeyinde
Fe,B fazinin yani sira FeB fazinin da olustugunu
g6zlemlemiglerdir. Literatire gore, borlama sicakligi
ve suresi arttikga borur tabakasi kalinhdr artmaktadir.
Borr tabakasinin (Fe,B) kalinhigr arttikga bu duruma
bagli olarak borun diflizyon hizi azalmakta ve Fe,B
fazi FeB fazina donlsmektedir. Borun difiizyon
hizi azaldiginda numune ylzeyindeki bor elementi
miktari artmaktadir. Bu nedenle Fe,B fazi numune
yuzeyinde daha fazla bor ile reaksiyona girmektedir.
Sonug olarak, Fe,B tabakasinin lizerinde daha yiksek
miktarda bor igeren bir bdlge (FeB fazi) olusmaktadir.
Bdylece artan borlama sicakligi ve suresi FeB fazinin
olusumunu arttirmaktadir [24].

Literatirde yapilan ¢alismalarda da borlr tabakasi
kalinhdinin hem borlama sicakligi hem de suresinin
artmasi ile arttiyi gorilmektedir. Sfero malzemesinin
bor temperleme isleminin yapildig1 calismada borlama
suresindeki 3, 4, 5 ve 6 saatlik artisa karsilik borir
tabakasinda 800, 825 ve 850°C'de sirasiyla %64,
%59 ve %60 artis gozlenmistir [25]. 850°C sicaklikta
borlama slresinde %300 artisa karsilik, bordr
tabakasi kalinliginda yaklasik %124 artis meydana
gelirken, 950 °C borlama sicakhginda borlama suresi
%300 arttiginda borir tabakasi kalinliginda %61
artis olmustur. Ayrica borlama sicakliginin 850°C’den
950°C’e cikariimasi ile birlikte bor tabaka kalinhginin
%99'luk  bir artis sergiledigi belirtiimistir. Sfero
doékimde olusan boritlerin mikroyapisal ve mekanik
Ozellikleri borlama slresine, islem sicakhidina ve
alt tabakanin kimyasal bilesimine gugclu bir sekilde
baghdir [20]. Yapilmis olan bu calismada da mikro
yapi sonuclarina bakildidinda literatir verileri ile
paralel sonuglar elde edilmistir. Borlama islemi yapilan
dékme demirlerde, borlanan celiklerden farkli olarak
borlama tabakasinin altinda silisyumca zengin ve
ferrit bdlgesinde bulunan grafitler bulunmaktadir
[17]. Borlanmis numumelerin borid katman haricinde
yapinin ve F1 numunesinde matriks yapilarinda, grafit
kirelerinin gevresinde ferrit fazi ile perlitik matrikse
sahip oldugu goérulmektedir. Suda ve yagda su verilmis
ardindan temperlenmis malzemelerin ise grafit kireleri
ile matrikste temperlenmis martenzit yapiya sahip
oldugu gorulmektedir.

3.2. XRD Analizi Sonuglari (XRD Analysis Results)

B1 numunesi ve B3 numunesi XRD analizi sonucu
elde veriler sirasiyla Sekil 3’te gosterilmistir. XRD
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Sekil 3. a). B1 ve b). B3 numunelerinin XRD analizi (XRD

analysis of the a). B1 and b). B3 samples).

analizinde segilen bu iki numune; deneysel calisma
kapsaminda uygulanan borlama islemlerinde sirasiyla
en dusuk ve en ylksek sicaklik ve slrelere sahip
numunelerdir. Borlama igleminin sicakligi ve suresinin
etkilerinin arastinlldigr bu c¢alismada, iki u¢ noktanin
secilmesine karar verilmistir. Buna goére calismada
belirlenen dusuk sicaklikta (850°C’de) ve calisma
kapsaminda secilen kisa borlama slresinde (2
saat) borlanmis olan B1 numunesinde Fe,B fazinin,
calismada belirlenen yuksek sicaklikta (950°C) ve
calisma kapsaminda secilen uzun borlama sirelesinde
(6 saat) borlanmis olan B3 numunesinde ise baskin
olarak FeB fazinin olustugu anlasiimaktadir. Borlama
sicaklik ve suresinin artmasi ile (B3 numunesine
bakildiginda) FeB fazinin arttigi ancak Fe,B fazinin
kirinim piklerinin yogunlugunun azaldidi gérilmektedir.
Bu iki fazdan dis yuzeyde olusan fazin FeB ve bunun
altinda olusan borlr fazinin Fe,B fazi oldugu daha
onceki arastirmalarda belirtilmistir [26].

3.3. Sertlik ve Mikrosertlik Test Sonuclari (Hardness
and Microhardness Test Results)

Mikro sertlik élcimleri, Tablo 2’de yapilan iglemlerinin
aciklandigi B1, B2 ve B3 numuneleri secilerek
yapiimistir. Olusan borid fazlarinin sertliginin yiizeye
yakinlagtikca arttiyi goézlenmigstir. Literatirde FeB ve
Fe,B icin elde edilen sertlik degerlerine yakin degerler
bulunmustur. Ayrica borlama stresi ve sicakliginin
artmasi ile sertlik degerlerinde artis oldugu da

g6zlemlenmigstir. Sertlik artisinda meydana gelen
degisim sonugclari Tablo 3’te verilmigtir.

Tablo 3. B1, B2 ve B3 numunelerinden elde edilen mik-
rosertlik degerleri (HV ,) (Microhardness values (HV,,)
obtained from the B1, B2, and B3 samples).

Numune Kodu

Yiizeyden Mesafe

(um) B1 B2 B3
0 1437 1638 1918
20 1125 1495 1861
30 879 1302 1725
40 685 1212 1608
50 355 1055 1582
60 302 899 1450
70 623 1345
80 540 1210
90 438 1120
100 304 996
110 927
120 728
130 594
140 394
150 354
160 307

Birgok arastirma sonucunda Fe,B fazi igin sertlik degeri
(HV) 1400-1750 olarak kaydedilmistir. FeB fazi igin
ise 2000 HV’yi gecen sertlik degerleri kaydedilmistir
[19]. Mikrosertlik sonuglari; yizeyden i¢ kisma dogru
olan mesafenin artmasiyla dusmektedir. Buna ek
olarak, borlama suresinin arttirlldigi B3 numunesinde
goruldagu gibi FeB fazinin sertligi de artmistir [19].
XRD analizlerinden olustugu tespit edilen FeB ve
Fe,B fazlarinin sertliginin, matristen daha fazla oldugu
benzer sekilde literatirde de gézlemlenmis ve yapilan
bir calismada borlama iglemi ile AlSI 316 malzemede
muhendislik geriniminin azaldigi ifade edilmistir. Yapilan
literatlr calismasinda; borlanmis yuzeylerin sertligi, 1
kg yuUk ile Vickers indenter kullanilarak olgulmustar.
Test sonuglari, ylzey sertliginin hem borlama sicakhgi
hem de suresiile arttigini gostermistir [25]. Makrosertlik
calismalari sonucu, gerek borlanmis (B1, B2, B3) ve
gerekse firnda sogutulan (F1) numunelerin, firinda
yavas sogumalari nedeniyle matriks sertliklerinin
sahip olunan ferrit ve perlit faz karigimlarinin bir
sonucu olarak oldukga duslk bir degere sahip oldugu
gOrulmastir. Suda ve yagda su verilmis, ardindan
temperlenmis numunelerin ise, yapidaki temperlenmis
martenzit nedeniyle ylUksek sertlik degderine sahip
oldugu tespit edilmistir. Makrosertlik sonuclari Tablo
4’te verilmistir.

3.4. Darbe Testi Sonuglari (Impact Test Results)

Tablo 5’te goéruldigu Uzere borlanmis malzemelerin
(B1, B2, B3), firnda sogutulmus olan F1 kodlu
numuneye goére, daha diguk darbe dayanimina
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Tablo 4. Numunelerin matriks bolgelerinden elde edilen
makrosertlik (BHN) degerleri (Macrohardness values (BHN)
obtained from the samples from the matrix regions).

Numune BHN
B1 197,5
B2 204,2
B3 206,7
F1 201,3
YS 469,1
SS 513,2

sahip oldugu, ancak su verilmis malzemelere (SS ve
YS) gore ise nispeten daha yuksek darbe dayanimi
gosterdigi belirlenmistir. Yapilan calismada borlama
isleminin sicakhgdi 850°C’den 950°C’ye ve surenin de 2
saatten 6 saate artmasiyla birlikte, darbe dayaniminin
yaklasik olarak %30 oraninda distigu belirlenmigtir.
Deney parametreleri ve numunelerin isimlendiriimesi
Tablo 2’de belirtilmistir. B1, B2 ve B3 numunelerine
bakildiginda, borid katmaninin olusmasi, malzemenin
toklugunu o6nemli Olcide azaltmaktadir, ancak bu
azalma dogrudan borid katman kalinhgi ile iligkili
olmaktan ziyade, olusan borid katmaninin tlrG ve
fazlarinin sahip oldugu farkli kirilma toklugu degerleri
ile iligkilidir. Dolayisiyla Fe,B fazinin kirilma toklugu
5-6 MPa.m'"? iken, FeB fazinin ise 1,5-3 MPa.m'?
gibi daha dusik kirilma tokluguna sahip oldugu
belirtilmigtir [18,19]. Kirilganliklari arasinda bulunan bu
fark, FeB fazi ile Fe B fazi arasinda gerilme farklligi
olugturmaktadir. Bu durum da toklugu azaltan bir etki
olarak goérilmektedir.

Tablo 5. Yapilan islemler sonucu elde edilen darbe da-
yanimi degerleri. B1 ve B2: Borlama, F1: Ostenitleme ve
firnda sogutma, SS: Suda su verme, YS: Yag'da su verme.
(Impact strength values obtained as a result of the perfor-
med operations. B1 and B2: Boriding, F1: Austenitization
and furnace cooling, SS: Water quenching, YS: Oil
quenching).

Darbe Dayanimi

Numune (Joule)
B1 22,36
B2 15,68
B3 16,24
F1 62,64
YS 10,80
SS 6,60
Artan borlama sicakhdli ve slresi ile borlanmig

malzeme daha kirilgan bir davranis gostermektedir.
Juréi ve Hudakova tarafindan H11 sicak ¢eligi Uzerine
yapllan calismalarda su verilmis temperlenmis
numunelerde 310127 J'lik darbe dayanimi elde
edilmig, yuzeyde olusan Fe,B fazinin kalinligi sadece
60 ym olan borlanmis numunede ise 46,4+10,2 J
darbe dayanimi degeri elde edilmistir. Ayrica borlama
islemi ile darbe dayaniminda (MPa.m'2) %85 oraninda
dusUs gerceklesmistir [19]. Dusuk alagimli soguk is

takim geligi Uzerinde yapilan bir baska ¢alismada ise,
Ozellikle FeB fazinin kalinhginin artmasi ile kirilma
toklugunda azalma meydana geldigi gézlemlenmistir
[17]. Keddam ve arkadaslari tarafindan gerceklestirilen
calismada Vanadis 6 malzemesine uygulanan
borlama islemi sonucunda borlanmis malzemenin
darbe dayaniminda, borlanmamis (su verilmis
ve temperlenmis numuneler referans alinmistir)
malzemeye kiyasla (MPa.m"?) %85 oraninda diisme
meydana geldigi belirlenmistir [18]. Borlama siresinin
artmasina bagli olarak darbe enerjisinde bir dusus
goralmastar.

Borlama igleminden elde edilen katmanlarda genellikle
FeB ve Fe,B fazlari mevcut olup, FeB fazi, Fe,B fazina
nazaran daha sert ve gevrektir. Artan slireye bagl
olarak darbe enerjisindeki azalmanin muhtemelen
yuzeyde olusan FeB miktarinin artmasindan
kaynaklandigi dustndlmektedir. Ayni durum sicaklik
icin de s6z konusudur [26].

Dolayisiyla malzemelere uygulanan borlama islemi ile
darbe dayaniminin dismesi ve bu disme miktarinin
tespit edilmesi, endlstriyel manada bu oraninin
bilinmesi, beklenmedik ve yikici hasarlarin énlenmesi
agisindan oldukga blylik énem tagimaktadir.

4. Sonuglar (Conclusions)

Yapilan mikroyapi incelemeleri, kuresel grafitli ddkme
demirin borlanmasinda olusan borid katmaninin,
testere disi morfolojisine sahip oldugunu, borlama
sicakliginin ve sdresinin artmasiyla; borid katman
kalinhginda gozle gorilen bir artis meydana geldigini
ve borid katman kalinhdinda elde edilen bu artigin,
FeB faz miktarini da artirdigini géstermistir. Yapilan
mikrosertlik testleri ise borid katmanin sertliginin
olusan borid katmanina goére degisiklik gostermekte
oldugunu, mikro sertlik degerinin olusan FeB fazina
da baglh olarak dis ylzeyden matrise olan mesafenin
artmasi ile azaldigini géstermistir. Buna ek olarak artan
borlama stresi ve sicakhigin da borid katmanlarinin
sertlik degerlerini arttirdidi gézlemlenmistir. Yapilan
darbe testi ve XRD analiz sonuglari; olusan borid
katmanlarina ve oranlarina bagl olarak artan yuzey
sertligi ile darbe dayaniminda dislUs meydana
geldigini, artan borlama sicakhgdi ve suresi ile XRD
kirinim piklerinde FeB fazinda yogunluk artisi oldugunu
gOstermistir. Ayrica FeB fazinin yogunlugunun artmasi
nedeniyle, daha disuk sicaklik ve slrede borlanan
numuneye gore darbe dayaniminda %30 azalma
oldugu goézlemlenmistir. Su verilmis ve temperlenmis
numunelere yapilan iglemlere nazaran borlama iglemi
yapilmis numunelerde darbe dayaniminda azalmanin
nispeten daha az oldugu belirlenmistir.
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Nukleer teknoloji, nanoteknoloji ve uzay teknolojisi gibi kritik alanlarda kullanilan bor
karbir-silisyum karbiir kompozit malzemelerinin makroskobik nétron tesir kesitleri, MCNP6
programi kullanilarak hesaplanmistir. Noétronlarin madde ile etkilesimi, 6zellikle nétron
enerjisine ve koruyucu malzemenin yogunluguna baghdir. Bu calismada, farkl oranlarda
B,C ve SiC bilesenleri kullanilarak olusturulan 100B,C, 80B,C20SiC, 70B,C30SiC ve
60B,C 40SiC kodlu 4 farkli B,C-SiC igerikli kompozit kullaniimistir. ITU TRIGA Mark-II
nikleer reaktoriinde Notron Howitzer (Pu-Be) sayim sistemi kullanilarak elde edilmis
olan deneysel nétron sonuglari Monte Carlo similasyonlari ile karsilastiriimistir. Bu
kargilastirma, kompozit malzemelerin nétron zayiflatma o6zelliklerini deneysel ve
teorik sonugclarin birlikte degerlendiriimesini saglamistir. En ylksek nétron radyasyon
zayiflatma Ozelligine sahip olan kompozitlerin sirasiyla 100B,C>80B,C20SiC>70B,C
30SiC>60B,C40SiC olacak sekilde belirlenmistir. Ayrica, nétronlarin toplam makroskobik
tesir kesitleri 3, (cm™), elementlerin kiitlesel ayirma tesir kesiti degerleri (3,,) (cm?g™),
teorik olarak da hesaplanmig ve aradaki fark belirlenmisgtir.

Investigation of neutron attenuation properties of boron carbide-silicon
carbide composite materials by MCNP6 simulation
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The macroscopic neutron cross-sections of boron carbide-silicon carbide composite
materials used in critical fields such as nuclear technology, nanotechnology and space
technology were calculated using the MCNP6 program. The interaction of neutrons
with matter depends especially on the neutron energy and the density of the shielding
material. In this study, neutron intensities of 4 different B,C-SiC composites which were
coded as 100B,C, 80B,C20SiC, 70B,C30SiC and 60B,C40SiC. Experimental neutron
results obtained using Neutron Howitzer (Pu-Be) counting system in ITU TRIGA Mark-
Il nuclear reactor were compared with Monte Carlo simulations. Neutron attenuation
properties of the samples were evaluated by using theoretical obtained results and
compared with the experimental results in the literature. Composites with the highest
neutron radiation shielding were found to be 100B,C>80B,C20SiC>70B,C30SiC>60B,
C40SiC, respectively. In addition, the total macroscopic cross-sections of neutrons 3
(cm™), were calculated theoretically using the mass separation cross-section values of
the elements (thp) (cm?g™), and the difference was determined.

1. Girig (Introduction)

olmak uzere, nikleer malzemelerin tasinmasi ve
saklanmasi, nétron dedektorleri, nétrografi ve termal

Notronlar ndtr yike sahip olduklari icin madde ile  ndtron zirh malzemeleri gibi bir¢ok niikleer uygulamada
etkilesime girmesi acisindan gama ve x-iginlarindan  nétron absorpsiyonu amaciyla bor, kadmiyum ve
ayrilirlar. Basta nlkleer reaktdrlerin kontrol gubuklari  selenyum vb. iceren malzemeler kullaniimaktadir [1].
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Notronlar, 6zellikle nétron yakalama tedavisi (BNCT),
noétron gorintlileme, elemental analiz ve nilkleer
teknolojigibibirgokileriuygulamada kullaniimaktadirlar.
No6tron radyasyonunun viicut dokulari da dahil olmak
Uzere Kkarsilastigi ¢ogu maddede radyoaktiviteyi
indikleme yetenegdidir (nétron  aktivasyonudur)
bir diger 6nemli 6zelligidir. Noétronlar ya hicrelerin
islevlerinin degismesine ya da ¢gogalmasinin tamamen
durmasina neden olarak zamanla vicutta hasara
neden olabilirler. Gozin korneasi gibi yumusak
dokulara daha fazla zarar verirler. Ozellikle, olasi DNA
zararlari da g6z 6nunde bulunduruldugunda nétron
radyasyonunun etkilerinden kurtulmak igin zirhlama
yapilmasi gerekliligi kaginilmazdir [2].

Radyasyonun  zararli  etkilerinden  korunmanin
en temel unsurlarindan bir tanesi zirhlamadir.
Zirhlama radyasyonun tldrine ve enerjisine gore
farklihklar gostermektedir. Gama isinlari, alfa ve
betalara gore daha girici 6zelliklere sahip olan
notronlar, yuksek yogunluklu malzemeler kullanilarak
zayiflatiimaktadirlar. Notronun madde ile etkilesim
tarleri Sekil 1’de verilmistir [3]. Notronlarin agirlik
faktorinin olduk¢ca yiksek olmasindan dolayi,
moderatdr veya zirhlama goérevi gdren yapilar igin
nétron radyasyon zirhlamasi olduk¢a o6nemlidir.
Ayrica nétron zirhlamasinda, zirhlayici malzemenin
radyasyon tutuculugu yuksek ve etkilesim sonucu
meydana gelen ikincil pargacik enerjisinin ise dusik

olmasi oldukga énemlidir [4].
Notron Elektromanyetik

Etkilesim 7 (ny)
Tipleri

Esnek

— Sagiima

inelastik

Yukli
—> Pargaciklar (n.p)
(n.d) (n.a) vb.

> Sogrulma —

No6tr Pargaciklar
> (n.2n), (n.3n),
(n,4N)

— Fisyon

Sekil 1. Nétron radyasyonunun madde ile etkilesimleri (The
interactions of neutron radiation with matter).

Noétron radyasyonu dolayh iyonlastirici radyasyon
olarak adlandiriir.  Noétronlarin  yukd  olmadigi
icin atomlari, protonlar ve elektronlar gibi yukli
parcaciklarin yaptigi sekilde (bir elektronu uyararak)
iyonize etmezler. Notronlarin dogasi geredi yuk
acisindan notr oluslari, gerceklestirecekleri bir sonraki
etkilesimin konum, enerji ve dogrultusu acisindan
tahmin edilebilirligini olduk¢a karmasik ve zor bir hale
getirmektedir. Bu nedenle ndétron etkilesimlerinde
Monte Carlo yontemi baz alinarak tahminler Gretmek

oldukga guvenilir sonuglar dogurmaktadir [5].

Dogada kendiliginden nétron yayan az sayidaki
izotoptan en bilineni Cf-252’dir [6-8]. Diger taraftan
uygulamalarda nétronlar, genellikle ylUksek enerjili
parcaciklarin madde ile etkilesimleri sonucunda elde
edilirler. Bazi ikili malzeme sistemleri (Am-Be, Pu-Be
vb.) kullanilarak (a, n) reaksiyonlari neticesinde nétron
uretilmektedir. Bu calismada kullanilan Pu-Be ikili
malzeme sistemi ndtron kaynagi Sekil 2’de verilmistir.

Sekil 2. Pu-Be Howitzer notron kaynagi (Pu-Be Howitzer
neutron source).

Notron zirhlamasinda, yuksek enerjili (hizli) nétronlarin
Oncelikle enerjisinin dusurilmesi (yavaslatiimasi) ve
yeterince yavasladiginda (termal) nétronun madde
atomlar tarafindan sogurulmasi temel unsurdur [9].
Hizli noétronlar genelde kutlece kendilerine yakin
olan hafif ¢ekirdekler tarafindan elastik sacgilmalar
gerceklestirerek yavaslatiimaktadir. Bu nedenle ¢ogu
zaman hidrojen bakimindan zengin malzemeler
nétron zirhlamasinda genellikle yuksek atom
numarall elementlere goére daha etkili olabilmektedir.
Yavaglayan noétronlar (termal nétronlar) termal
notron tesir kesiti ylksek olan atomlar tarafindan
absorbe edilmektedir. Elementlerin farkl izotoplari
termal nétronlar karsisinda farkli davranabilmektedir.
Ornegin °B izotopunun termal nétron tesir kesiti 3835
barn iken "B izotopunun termal noétron tesir kesiti
sadece 0.0055 barn’dir [10,11]. Bununla birlikte, bu tir
ndtron absorpsiyon reaksiyonlarinda genellikle gama
radyasyonu uretilir, bu nedenle zirhlama yapmak icin
notronla birlikte ¢cogu zaman gama zirhlamasi da
degerlendirilmektedir. Nétron zirhlamasinda, ¢ekirdegi
fisyona ugrayan veya cekirdegi nétron yakalayarak
gama iginlari Ureten malzemelerin kullaniimasindan
kacinilmalidir. En etkilikoruma malzemeleriarasinda su
veya polietilen veya parafin mumu gibi hidrokarbonlar
yer almaktadir [12]. Bu malzemeler esnek carpigsmalar
neticesinde notron enerjilerini azaltmaktadir. Enerjisi
azalarak termal bolgeye disen notronlar icin '°B
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izotopu etkin bir noétron sogurucudur [6]. Termal
nétronlarin (E ~0,025 eV) "B izotopu ile reaksiyona
girmesi neticesinde “He ve “Li ¢ekirdeklerinin ve 2,4
MeV X-igini fotonlarinin olusumlarina dayanan bir
nétron zayiflatma mekanizmasi gergeklesir. Termal
nétronlarin °B izotopu ile etkilesim mekanizmasi Es.
1’de verilmigstir [7].

108 + n — [""B]* — *He (1,47 MeV)
+7Li (0,84 MeV)+y (0,48 MeV) (1)

Dogal bor igerisinde yaklasik %19,9 "B izotopu
bulunmaktadir [10]. Bu nedenle bor ve bor bilesikleri
nétron zirhlamada yaygin olarak kullanilan malzemeler
arasinda yer almaktadir. Dinya bor rezervlerinin
yaklasik %72'sine sahip olan Ulkemizde bor ayrica
en 6nemli yer alti kaynaklarindan biridir. Endustrinin
¢esitli alanlarinda kullanilan bor ve bor bilesikleri ayni
zamanda nukleer reaktdrlerde nétron emici olarak
kullanilir. Codu reaktérin kontrol ¢ubuklarinda Bor
karbur peletleri kullaniimakta olup reaktérin gic
kontroll bu ¢ubuklar sayesinde saglanmaktadir. Bor
karblr; yUksek noétron yutma tesir kesitinin yaninda,
yuksek ergime sicakh@i, yuksek sertligi, dusik
yogunlugu, kimyasal kararlihdi ve distk agirliga sahip
olmasi gibi gesitli avantajlari mevcuttur. Bor karburin
icerik bakimindan yaklasik %80 oraninda bor ihtiva
etmesi ise nétronlarin absorbe edilmesini saglayarak
nikleer ve balistik uygulamalarda kullanim imkani
saglamaktadir. Bu calismada kullanilan, B,C katkili
B,C-SiC kompozitlerinin genel goruntist Sekil 3'te
verilmistir.

Sekil 3. B,C katkili B,C-SiC kompozitlerinin genel gérunu-
mu B,C doped B,C-SiC composites).

Sekil 3'te verilen B,C katkili B,C-SiC kompozitlerinin
kirlma mukavemeti 122-218 MPa araliginda ve
sertlikleri 1636-1930 araliginda degismektedir. B,C
katkih  B,C-SiC kompozitlerinin ortalama 2,5 cm
uzunluk, 1 cm genislik ve 0,5 cm kalinliga sahip
numuneler kullaniimistir. Kullanilan bu malzemelerin
belirtilen Ustiin 6zelliklerinin yaninda Uretimde cesitli
sorunlar kendini gdsterebilmektedir. Ozellikle bor
karburun yuksek yogunluklarda sinterlenmesi oldukca
zor olmaktadir. Bu nedenle ylksek yogunluklara
ulasabilmek icin SiC, TiB, gibi katki malzemeleri

kullaniimaktadir. Bu c¢alismada Farkli oranlarda
SiC iceren Bor karbir ve Bor karbur-silisyum karbur
kompozit malzemelerin nétron zayiflatma oOzellikleri
incelenmisgtir.

2. Malzemeler ve Yontemler (Materials and Methods)

2.1. MCNP6 (Monte Carlo N-Pargacik Tasinim) Kodu
(MCNP6 (Monte Carlo N-Particle Transport) Codes)

Bu calismada; foton, nétron, proton ve elektron gibi
Ozellikle iyonize edici enerjiye sahip parcaciklarin
transportunu simule eden, Monte Carlo ydntemi tabanli
MCNPG6 programi kullaniimigtir. Bu paket kod sistemi
Los Alamos Laboratuvarlarinda gelistiriimis olup,
etkilesim geometrisini 3-boyutlu olarak modellememize
olanak saglamaktadir [13]. Radyasyondan Korunma
Ulusal Konseyi tarafindan hazirlanan raporda (NCRP
Report) belirtildigi Gzere standart malzemenin,
geometrinin ya da uygulamalarin disina c¢ikildiginda,
Monte Carlo yontemleri kullanarak guvenli istatistiksel
hesaplamalarin deneylerle birlikte yapilmasi gerektigi
belirtimektedir [14]. Bu agidan, kaynaktan c¢ikan
parcaciklar takip edebildigi gibi ikincil pargaciklarin
katkisinin da ele alinabildigi literatirdeki en genis
tesir kesiti kutlphanesine sahip olmasi, MCNP
programini diger programlarin bir adim ilerisinde
konumlandirmaktadir.

MCNP6 programi, butin pargaciklari kullanarak
(foton, nétron, proton, elektron gibi) butlin enerjilerde
genellestiriimis-geometri  kullanarak zamana bagli
etkilesimleri sanal ortamda olusturan genel amagcli
bir koddur. Bu ylzden, Monte Carlo yontemi ile
radyasyon etkilesimlerinin gercede uygun bir
bicimde hesaplanmasi, tesir kesiti degerlerini (hedef
cekirdege ve gelen radyasyonun enerjisine bagh
olarak) dogru sekilde modelleyebilecek geometrilerin
kurulmasina baghdir [15]. Nétron dedeksiyon sistemi
icin oncelikle uygun zirh malzemesi ve daha sonra
da bu zirh malzemesi igin uygun zirhlama kalinhiginin
arastiriimasi gerekmektedir. Olduk¢a maliyetli ve riskli
olan bu prosedir i¢in bu pargacik davraniglarinin en iyi
izlenecegdi simllasyon geometrilerini deneysel olarak
olusturmaktan oldukga pratik ve ekonomiktir [16].

Bu calismada; Sekil 2’de verilen Pu-Be Howitzer
kaynagi gercek boyutlarinda bir nétron dedektorl
sisteme eklenerek, 3-boyutlu olarak MCNP6 programi
kullanarak Sekil 4’te verildigi gibi modellenmigtir.
Radyasyon kaynagi olarak ortalama 4 MeV enerijili
notronlar kullaniimig olup, F4 tally karti kullanilarak
noétron akisi hesaplanmistir [17]. Similasyonlarin
genel bir Ozetini yapacak olursak; malzeme
konulmadan yapilan similasyon ile /, kaynak akisi
bulunmus ve daha sonra malzeme yerlestirilerek / akisi
hesaplanmistir. /I, orani deneysel verilerle kiyaslama
adina bagil sonuglari vermistir. MCNP programi
Monte Carlo yéntemini kullanan bir istatistik programi
oldugu igin istatistiksel hatayi en aza indirmek icin
her bir simllasyon 108 sayida pargacik Oykisu igin
incelenmistir.
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2.2. Toplam Makroskobik Tesir Kesiti (3, ) (Total
Macroscopic Cross-Section(y, )

Noétronlar dogasi geregi nétr yike sahip olmalari
ve Kkutlelerinden dolayi, foton radyasyonuna gore
etkilesimleri de farkhdir (Sekil 1). Ancak genel
itibariyle madde igerisinden gegen nétronlarin
olasi etkilesim sayisi arttikga giriciligi de giderek
azalmaktadir. Buradan hareketle noétronlar igin,
etkilesim olasiliklarinin bir 8l¢isl olarak verilen Toplam
makroskopik tesir kesiti (3, ) tanimlanmaktadir [18].
Tesir kesiti arttikca etkilesme olasiligi da artmakta ve
bu sayede nétronlarin madde icerisindeki gegisinin bir
Ol¢Usu olarak degerlendirilmektedir. Farkli kalinliklarda
bir maddeden gecgen noétronlarin Toplam makroskopik
tesir kesiti degerleri bilesik ve homojen karigimlar igin
Es. 2 kullanilarak hesaplanabilmektedir. Esitlikte, w, (g/
cm?) bilesigi veya homojen karisimi olusturan her bir
atomun agirlik ylzdeleridir ve ¥/p (cm?g) i'inci atomun
kitlesel ayirma tesir kesiti degerleri (X_/p) (cm*g”),
kesitini gostermektedir.

20t =3 Wi (2 /p)i (2)

3. Sonuglar ve Tartisma (Results and Discussion)

Elde edilen simulasyon sonugclarinin
degerlendiriimesinde; deneyde kullanilan 100B,C,
80B,C20SiC, 70B,C30SiC ve 60B,C40SiC
materyallerin, similasyon geometrisinde homojen ve
kusursuz kabul edilmesi oldukga dnemlidir. Kullanilan
malzemenin icerikleri Tablo 1’de verilmistir.

Tablo 1. B,C ve B,C-SiC kompozit malzemelerin ktle frak-
siyonlari (%). (B,C and B,C-SiC mass fractions of composi-
te materials).

Yo- 100B,C 80B,C20SiC 70B,C30SiC 60B,C40SiC
gun- 2177 2,244 2,373 2,409
luk  (g/lem®)  (glcm?) (g/cm®) (g/cm?)
B 078263 0,6621 0,59714 0,52749
C 021737  0,23003 0,23685 0,24416
s 0 0,10787 0,16601 0,22835

Bu calismada kullanilan kompozit malzemeler Biylk
ve arkadaglari [17,19] tarafindan deneysel olarak elde
edilen sonuglarin MCNPG6 similasyon karsilastirmalari
Tablo 2’de verilmigtir. Kullanilan deney geometrisi ve
MCNPG6 simiilasyon geometrisi Sekil 4’de gosterilmigtir.

Notron etkin uzaklastirmakesiti Y R, nétron pargaciginin
maddeden etkilesime girmeden gegme olasiligini ifade
eder. Bu galismada, secilen malzemelerin nétronlara
karsi radyasyon zayiflatma Ozellikleri Sekil 5'te
karsilastiriimistir. Sekilden gorilebilecegi gibi 100B,C
en ylksek R degerine 60B,C40SiC kodlu kompozit
malzeme en disuk >R degerine sahiptir. Kompozit
malzemeler icin hesaplanan tim } R degerleri Tablo
3'de verilmigtir. Ayrica Sekil 5'te >R degerlerinin
kompozit malzemelerin fiziksel ve kimyasal

bilesenlerine bagli olarak degistigi goralmustar.

Tablo 2. B,C ve B,C-SiC kompozit malzemelerin Pu-Be
No6tron Howitzer kaynagi icin kalinlik-bagil sayim degerleri-
nin MCNPG6 ile karsilastiriimasi. (Comparison of thickness-
relative count values for Pu-Be Neutron Howitzer sources
of B,C and B,C-SiC composite materials with MCNPG6).

Kalinhk ::;?:1 MCNP
0,5968 0,7335 0,9012
100B,C 1,1858 10,5849 0,8072
1,7819 0,4845 0,7250
0,5968 0,7509 0,9002
80B,C20SiC 1,1858 0,6173 0,8180
1,7819 0,5234 0,7390
0,611 0,7529 0,8986
70B,C30SiC 1,2117 0,6597 0,8078
1,813 0,557 10,7264
0,5776 0,803 0,9020
60B,C40SiC 1,1284 0,6796 0,8131
1,6775 0,6051 0,6589
() (b)
Dedektor Dedektor Kaynak — Kaynar
Kolimatérii  Yolu Yolu Kolimatori
I t
[ ®
}

Dedektér Numune Kaynak
Sekil 4. a). Deney geometrisi, b). MCNP6 Pu-Be Howitzer
kaynaginin similasyon geometrisi (Simulation geometry of
MCNP6 Pu-Be Howitzer source).

o
iR
<

7 0,054

Hizli N6tronlarin Makroskopik Etkin
Ayirma Tesir Kesiti (3R, cm™)

0,00 3 C
@Y Y o
AS ¢ C S
%Q%D‘ I\QQ’D‘ Q,Q%b‘
Sekil 5. B,C ve B,C-SiC kompozit malzemelerin 3|
roskobik etkin ayirma tesir kesitleri (3, , macroscopic cross
sections of B,C and B,C-SiC composite materials).

mak-
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Tablo 3. B,C ve B,C-SiC kompozit malzemelerin
values of B,C and B,C-SiC composite materials).

tot

makroskobik tesir kesiti degerleri. (The macroscopic cross section Y

tot

Agirlikga  Yogunluk 2o
Element Element (%) (g/cm?) (cn'rt1)

B 0,0575 0,78263 1,703786

C 0,0502 0,21737 0,473214
100B,C .

Si 0,0285 0 0

Toplam 0,121723

B 0,6621 1,441392 0,08288

. C 0,23003 0,500775 0,025139
80B,C20SiC .

i 0,10787 0,234833 0,006693

Toplam 0,114712

B 0,59714 1,299974 0,074748

. C 0,23685 0,515622 0,025884
70B,C30SiC .

i 0,16601 0,361404 0,0103

Toplam 0,110933

B 0,52749 1,148346 0,066030

. C 0,24416 0,531536 0,026683
60B,C420Si .

i 0,22835 0,497118 0,014168

Toplam 0,106881

Literatirde, TRIGA Mark-Il nikleer reaktéri NOtron
Howitzer (Pu-Be) sayim sistemi icin farkli yontemler
dnerilmektedir. Ornegin Topuz ve arkadaslarinin
yaptigi calismada nikleer cihazlarin glivenli calismasi
icin radyasyon dozunun izlenmesi i¢in yalnizca ana
radyoaktif kaynaktan gelen nétron emisyonlari degil,
ayni zamanda noétron yakalama gama- isinlari ve
elastik olmayan noétron sacilimindan gelen gama
Isinlarini da tesis personeli tarafindan alinan toplam
doza katkida bulundugu icin MCNP5 similasyon kodu
kullanarak esdeger doz oranlarini takip etmiglerdir
[20]. Topuz ve Reyhancan tarafindan yapilan bir diger
galismada ise 5-Ci 2°Pu-Be nétron kaynagina sahip
bir Nuclear-Chicago NH, Howitzer kaynaginin nétronik
analizini gerceklestirmek icin MCNP5 similasyon
kodunu kullanmiglar ve bdylece nétron aktivasyon
analizi i¢in genis bir enerji spektrumu kullanmiglardir
[21]. Bir diger calismada Tekin ve arkadaslari, SiO,-
PbO-CdO-Ga,0, camlarinin alfa, proton, nétron
ve gama radyasyonu karsi davranisini inceleyerek
nikleer performanslarini incelemiglerdir [22]. Elde
edilen similasyon sonuglarin deneysel calismalarla
desteklenmesi ile literatire blyuk katki saglanacagi
ongorulmektedir.

4. Sonuglar (Conclusions)

Bu calismada temel hedefimiz degisen oranlarda elde
edilen B,C kompozit malzemeleri i¢in nGtron zirhlama
parametrelerinin  deneysel d&lgumlerle simulasyon
sonuglarinin kiyaslanmasidir. Monte Carlo yontemi
ile radyasyon etkilesimlerinin gercege uygun bir
bicimde hesaplanmasi, hedef cekirdege ve gelen
radyasyonun enerjisine bagll olan tesir kesitinin
dogru sekilde modellenebilmesine baglidir. Bdyle
gercekgi bir modelleme igin bilgisayar ortaminda
olusturulmus veri tabanlarina ihtiya¢c vardir. Bu

yuzden bu calismada slrekli enerjiye sahip ve
nukleer/atomik veri kutiphanelerini kullanan MCNP
yazilimi kullaniimistir. Bu c¢alismada daha 6nce
Blyuk tarafindan deneysel olarak B,C ve B,C-SiC
kompozit malzemelerin Pu-Be Notron Howitzer (NH3)
kaynagi icin dlgulen kalinlik-bagil sayim degerlerinin
MCNP6 ile kargilastiriimasi yapilmistir. 100B,C,
80B,C20SiC, 70B,C30SiC ve 60B,C40SiC kodlariyla
Bor icerikli malzemelerin noétron  zirhlayiciligina
bakilmistir. Radyasyon zayiflatma oranlari artan
siraya goére 100B,C>80B,C20SiC>70B,C30SiC>60B,
C40SiC olarak belirlenmistir icerik olarak Bor element
yuzdesinin ylUksek oldugu malzeme en yiksek
zirhlamaya sahip oldugu gorulmustur. Bu galismada
kullanilan iceriklerden en iyi zirhlama 6&zelligine
sahip olan materyalin bor igerigince zengin sert bir
malzeme ve dusuk atom agirhigi olmasindan dolayi,
100B,C kodlu bilesenin oldugu belirlenmistir. Mersin
Akkuyu Ndukleer santralinin, ulkemize kurulumuyla
birlikte artik belirtilen tim bu olasiliksal ndtron
etkilesimlerin ¢iktilarina hazirlikli olmak ve uygun zirh
malzemesinin Uretilmesi icin cesitli similasyonlarin
onceden gerceklestiriimesi Ulkenin kaynaklarinin
dogru kullaniimasina katki saglamasi beklenmektedir.
Elde edilen sonuglar nétron radyasyonun deneysel
ve teorik sonuglari arasindaki farki goOstererek,
simulasyon calismalarinin yapilmasinin ne derece
onemli oldugunu ispatlamaktadir..
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