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ABSTRACT

The physical, and mechanical properties as well as chemical and corrosion resistance of hybrid
coatings comprising polyurethane/acrylic hybrids (PUA/AC) and acrylic polymers (AK) were
investigated. Polyurethane (PUA) was synthesized through polyaddition polymerization of
isocyanates [Isophorone diisocyanate (IPDI) and hexamethylene diisocyanate (HDI)] with polyols
(GP 2000 and GP 4000) at an NCO/OH ratio of 0.85 and a temperature of 100°C. The acrylic
copolymer (AC), based on methyl methacrylate (MMA) and butyl methacrylate (BuMA), was
produced via bulk polymerization with benzoyl peroxide as a catalyst. The acrylic copolymer (AK)
was prepared by grafting xanthan gum with styrene in various ratios (XG: St = 1:1.6, 1:5, and 1:8
w/w%). The results revealed that hybrid coatings demonstrated optimal chemical and corrosion
resistance when PUA/AC hybrids were combined with AK. Enhancing both mechanical properties
and corrosion resistance was achieved by integrating PUA/AC-10 with AK containing 8% styrene,
resulting in superior anticorrosion performance including chemical and solvent resistances for the
hybrid coating.
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Introduction

Metal corrosion in the oil and gas industry
shortens equipment lifespan, causing financial
losses and safety risks [[1], [2], [3], [4], [5]].
Polyurethane polymers (PUs), known for their
renewable and versatile nature, are widely used in
coatings to protect metals from corrosion,
maintaining their critical role in this application [[6],
[7], [8], [9], [10], [11], [12], [13], [13]]. Polyurethane
polymers (PUs) are synthesized through the
polymerization reaction between isocyanates and
polyols [14].

Polyurethanes (PUs) have found immense
success in the coating industry due to their
enhanced mechanical and physical properties [10].
However, the emergence of new water-based
polymers with lower volatile organic compounds
(VOCs) has lessened the prominence of
polyurethane resins in coatings, primarily for
environmental reasons. Despite their eco-friendly
nature, water-based coatings often suffer from high
surfactant concentrations, which negatively impact
surface characteristics [[1], [8], [15], [16], [17], [18]].
Additionally, both water-based and solvent-based
polyurethanes exhibit low mechanical and physical
performance. To address these limitations, modified
polyurethane resins are developed by integrating
modifiers into the polyurethane fiber structure
through a hybrid process. Combining acrylics with
PUs is expected to deliver significant performance
enhancements in the resulting materials [[19], [20],

[21], [22], [23]].
Acrylics and polyurethanes (PUs) offer notable

advantages, such as excellent mechanical properties
and strong chemical resistance [24]. Styrene and
(meth)acrylates are commonly utilized to create
hybrid materials with PUs, aiming to merge the
benefits of different polymers for enhanced
functionality.  Polyurethane-acrylic latex has
emerged as a promising alternative to PU-based
coatings. By combining the unique features of PUs
and polyacrylates, the resulting copolymer can
exhibit desirable traits like rapid drying, strong
substrate adhesion, high gloss associated with PUs,
oxidative drying capabilities, efficient film
formation, and the chemical resilience characteristic
of acrylic latexes. However, the incompatibility
between hydrophobic PU polymer units and the
aqueous dispersions of acrylic polymers poses a
challenge, limiting their effectiveness as blends in
certain applications.

PU-acrylate hybrids often lead to reduced gloss
and haze formation in films. To address this,
polyurethane and acrylates are chemically bonded
to produce PU-acrylic copolymer latexes. Negim et
al. (2024) [25], however, explored an alternative
approach by hybrid PU with 2-hydroxy ethyl acrylate
to develop polyurethane-acrylic hybrids featuring an
NCO/OH ratio of 2.2. Their findings revealed that,
compared to pure PU, these hybrids' physical and
mechanical properties improved as the proportion
of 2-hydroxy ethyl methacrylate increased. The
integration of acrylic components into the hybrids
significantly altered the structure of the pure
polyurethane and enhanced its final characteristics.
PUA-acrylic hybrids were formulated by hybrid PUA
with varying amounts of acrylic polymer to examine
the impact of acrylic content on the hybrid films'
mechanical and physical properties, as well as their
chemical and corrosion resistance [26]. As a result,
the hybrids demonstrated enhanced tensile
strength, adhesion, hardness, and contact angle
compared to the pure PUA and acrylic monomers.
However, increased acrylic polymer content in the
hybrid further elevated tensile strength, adhesion,
hardness, and contact angle while reducing
elongation at break. This was primarily attributed to
the polymeric network formed by the cross-linking
between PUA and acrylic polymer. Interestingly,
hybrids with a PUA/acrylic hybrid composition
containing 10% acrylic polymer displayed optimal
chemical and corrosion resistance, making them
particularly effective as coating materials [26]. The
hybrid coating demonstrates an environmentally
friendly profile, exceptional durability, and robust
resistance to solvents and chemicals, along with
superior mechanical properties. Additionally, the
coating can be produced effortlessly without the
need for specialized equipment. The work was
further extended to include the application of the
obtained acrylic copolymer based on xanthan and
styrene compositions (XG: St - 1:1.6, 1:5, and 1:8
w/w%) to modify physicomechanical and anti-
corrosion properties of the hybrid coating.

Experiments

Materials

Polypropylene glycol variants—GP-2000 (Mw =
2000 g/mol, OH number = 56 mg KOH/g), GP-4000
(Mw = 4000 g/mol, OH number = 29.5 mg KOH/g),
GP-3000 (Mw = 3000 g/mol, OH number = 37 mg
KOH/g), and GP - 2100 (Mw = 3000 g/mol, OH
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Table 1 — Fee composition of polyurethane polymer (PUA)

Wt (g) Wt (%)
Polyols, OH
GP 2000 168.5 82.2
GP 4000 21.6 10.5
Total 190.1 92.7
Mole of OH (gm/ mole) 0.0896
Isocyanate, NCO
IPDI 8.5 4.1
HDI 6.4 3.1
Total 14.9 7.3
Mole of NCO (gm/mole) 0.0762
NCO/OH 0.85

number = 56 mg KOH/g)—were sourced from Korea
PTG, Korea. These were dried at 80°C and 1-2 mm
Hg for 2 hours before use. Dibutyltin dilaurate
(DBTDL), isophorone diisocyanate (IPDI), and
hexamethylene diisocyanate (HDI) were procured
from Bayer AG, Germany. Methyl methacrylate
(MMA), butyl methacrylate (BuMA), Styrene (St),
potassium persulfate(K;S;0s), and biopolymer
xanthan gum (XG) were purchased from Sigma-
Aldrich Chemical Co. (USA). Various solvents were
utilized, including xylene, methyl ethyl ketone (MEK,
purity > 99.9%), hydrochloric acid (ACS reagent,
37%), sulfuric acid (ACS reagent, 37%), ethanol (ACS
reagent, 20%), and sodium chloride (ACS reagent,
10%), all obtained from Sigma Aldrich, USA. MOCA,
a curing agent from TPUCO, Taiwan, was employed
alongside ESOL N100 plasticizer from VISTALINE,
Russia, and BYK-054, a defoamer from BYK, USA.
Fillers such as calcium carbonate and pigments like
TiO»-R-996 were acquired from Elementis, Malaysia,
and utilized without further purification.

Polyurethane polymer (PUA) Synthesis

The polyurethane (PUA) based on isophorone
diisocyanate (IPDI), hexamethylene diisocyanate
(HDI), and polyols (GP 2000 and GP 4000) were
added to the reactor, and the mixture was heated at
100°C for 3 hours until the theoretical NCO value
was attained, as evaluated by the di-n-butylamine
titration technique (ASTM D 2572-19, 2019) [27].
The preparation of PUA and the methods of analysis
have been previously described in a previous
investigation [26]. Table 1 displays the samples that
were made. The resulting PUA was clear and liquid,
with viscosities of 120 mPa-s and 464.4 mPa-s at 5
and 50 rpm, respectively.

Synthesis of poly (methyl methacrylate-co-
butyl methacrylate) (AC)

The preparation of copolymer based on methyl
methacrylate (MMA) and butyl methacrylate
(BuMA) in feed (5/5) and the methods of analysis

have been previously described [26]. The MMA-co
BuMA was liquid and transparent in appearance
with viscosities of 432 mPa-s and 600 mPa-s at 5 and
50 rpm, respectively.

Synthesis of poly (xanthan gum -g- styrene)

(AK)

The preparation of grafted copolymer based on
xanthan (XG) and different ratios of styrene (St)
(1:1.6 AK1, 1: 5 AK2, and 1: 8 AK3 w/w, %)
respectively and the methods of analysis have been
previously described [28].

Preparation of polyurethane/acrylic hybrids

(PUA/AC)

PUA/AC hybrid was prepared by mixing process
90 % PUA and 10% AC at temperatures 60 °C and 600
rpm and labeled as PUAC-10.

Preparation of polyurethane/acrylic hybrids

(PUACK)

Polyurethane/acrylic hybrids (PUACK) were
prepared by mixing PUA/AC-10 and AK process at
temperatures 60 °C and 600 rpm. Further details
about the PUA/AK1 hybrids are given in Table 2.

Table 2 — Fee composition of the PUACK hybrids

Samples PUAC-10 PolyXG-g-St (AK)
Wt., (gm) Wt., (gm)
PUACK1 90 10 (AK1)
PUACK2 90 10 (AK2)
PUACK3 90 10 (AK3)

Preparation of PUACK hybrid films

PUACK films were prepared by casting the
solution onto a flat surface, followed by a curing
process that lasted five days at room temperature.
The cured films were then stored in a desiccator at
ambient conditions to ensure proper preservation
before undergoing characterization and
measurement

— 31
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Preparation of the PUACC and PUACK coatings

The preparation of PUACC (based on PUAC-10)
and PUACK coatings followed specific formulations,
with the weight percentages of the components
detailed in Table 3. Across all formulations, the solid
content of PUA or PUA/AC accounted for 27% of the
total composition. Xylene and polyols (GP-3000 and
GP-2100) were first combined in a vial and mixed for
10 minutes at 500 rpm. The plasticizer ESOL N100
and the defoamer BYK-054 were then incorporated
into the mixture, followed by five minutes of stirring.
Next, calcium carbonate (filler) and TiO,-R-996
(pigment) were added, and the blending process
continued for 30 minutes at a higher speed of 1200
rom. Finally, the catalyst DBTL was introduced
during the application of the coating onto the metal
surface.

Table 3 — Anti-corrosion polyurethane/acrylic hybrid
coatings (PUACC) and (PUACKC) formulations

Raw materials Weight percent

PUAC-10 or PUACK 27
Xylene 6.45
GP-3000 9.24
GP-2100 4.5
ESOL N100 4.5
BYK-054 0.35
Calcium carbonate 40.16
TiO2-R-996 4
DBTDL 0.4
Total 100

Application of the PUACC and PUACKC as
coatings

Before coating application, metal samples
measuring 9.0 cm x 0.9 cm x 15 cm were abrasively
blasted and thoroughly cleaned. The PUACC and
PUACKC-based coatings were applied using a film
applicator, ensuring a wet film thickness of 75 um.
The coated samples were then left to cure at room
temperature for 6 days.

Tests
The viscosity (n) of PUA/AC-10 and PUACK
hybrids was determined using a Brookfield

viscometer (Spindle 2) at rotational speeds of 5 and
50 rpm, maintained at a temperature of 25°C. The
thixotropy index was calculated based on Equation
1.

Thixotropy index (Tl) = n5/n50 (1)

The contact angle between water droplets and
the sample surface was measured using a CAHN
DCA-322 contact angle measuring device. The
measurement was conducted at 25°C with a water
droplet applied at a velocity of 100 Im/s. A small
syringe was utilized to deposit the water droplet
onto the surface being analyzed, and the contact
angle was determined by observing the droplet
formation on the monitor. The findings were derived
by averaging three measurements conducted on
distinct portions of the film. The tensile properties of
the cast films were assessed using an MTS 10/M
tensile testing system, operating at a crosshead
speed of 50 mm/min with a 1-kN load cell. At least
four values were averaged for accuracy.
Additionally, the hardness of the films was
determined using an indentation Barcol hardness
tester by ASTM B648-10 [29]. Adhesion between the
metal and hybrid polymers was evaluated using pull-
off testing, as outlined in ASTM D4541-22 [30].
Corrosion resistance tests were performed on
coated panels under various conditions, including
exposure to salt (10% NaCl), base (10% NaOH), acid
(37% HCl and H,S0,), and solvents (xylene, MEK, and
ethanol), following ASTM D5402-93 [31] standards.
Water resistance was assessed in compliance with
ASTM D1647-89 [32]. Dry times were recorded at a
stable temperature of 25°C.

Results and discussion

To enhance the mechanical properties of
polyurethane/acrylic hybrid (PUA/AC-10) and
improve their anticorrosion coating capabilities,
copolymers derived from xanthan gum and styrene
were prepared through grafting polymerization.

Viscosity and thixotropic index (TI) of PUA/AC-
10 and PUACK

Figure 1 illustrates the effect of acrylic
copolymer (AK), derived from xanthan gum (XG) and
styrene (St), on the viscosity of polyurethane/acrylic
hybrids (PUA/AC-10). The viscosity of PUA/AC-10
increases when combined with copolymer AK. As the
content of styrene in AK increases, the viscosity of
PUA/AC-10 increases from 476 mPa-s to 1105 mPa-s
at 5 rpm and increases from 135 mPa-s to 290 mPa-s
at 50 rpm which is attributed to the behavior of XG
as a fluid [33]. Factors such as particle deformation,
orientation of non-spherical particles, polymer chain
alignment in the flow direction, and chain
deformation contribute to this increase in viscosity
[34]. Consequently, polyurethane/acrylic hybrids
(PUACK) incorporating (XG-g-St) exhibit higher
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viscosity than PU/AC-10, due to the branched, cross-
linked, and three-dimensional network structure of
XG-g-St  [35]. PUACK3, with 8% styrene,
demonstrates the highest viscosities at 5 and 50
rpm, exceeding those of other polyurethane-acrylic
hybrids [26]. The thixotropic index (Tl) of polymer
solutions is influenced by several factors, such as the
type of copolymer, composition ratios, and polymer
concentration [36]. Figure 2 shows the Tl of PUACK
across different ratios of St content. The results
indicate that PUACK3, containing 8% of St, exhibited
the highest Tl value of 3.8, whereas PUACK2, with
5% of St, had the lowest Tl value of 3.5. Thixotropy
plays a significant role in shaping the formulations
and preparation processes of coatings, which in turn
affects their rheological properties [36]. These

polyurethane hybrids with acrylic polymers
formulated using a 5:5 feed ratio of methyl and butyl
methacrylate [26].

Adhesion

The adhesion of polyurethane to metal results
from adsorbate layers and chemical bonds formed
between isocyanate groups and the metal surface.
Several factors influence polyurethane adhesion,
including isocyanate content, polyol composition,
and acrylic polymer properties [[37], [38]]. Figure 3
demonstrates the effect of AK on the adhesion of the
PUA/AC-10 hybrid to metal. Results show that
incorporating AK into the PUA/AC-10 hybrid
enhances adhesion. While the adhesion strength of
PUA/AC-10is 6.9 MPa, the PUACK hybrid, formed by
combining AK with PUA/AC-10, exhibits increased
adhesion from 6.9 to 10.7.

PUACK2 PUACK3

Figure 1 — The viscosity of PUA/AC-10 and PUACK hybrids

results are lower compared to those of
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Figure 4 — The cross-linking between PUA, AC and AK in the PUACK hybrids

However, increasing the styrene  (St)
concentration in AK from 1.6% to 8.0% boosts
adhesion strength from 7.5 MPa to 10.7 MPa. This
improvement is attributed to crosslinking between
PUA, AC, and AK, as depicted in Figure 4, which
highlights the crosslinking between PUA and AK and
the functional (NCO) groups on the substrate
responsible for enhanced adhesion [[39], [40], [41]].
These results are lower compared to those of
polyurethane hybrids with acrylic polymers
formulated using a 5:5 feed ratio of methyl and butyl
methacrylate [26].

Mechanical Properties

Table 4 shows the effect of acrylic copolymer AK
with varying St compositions on the mechanical
properties of the PUA/AC-10 hybrid. The results
reveal that mixing AK with PUA/AC-10 significantly
enhances the mechanical properties of PUACK,
driven by crosslinking among PUA, AC, and AK and

influenced by the side chain lengths forming
hydrogen bonds between PUA, AC, and AK, as
depicted in Figure 4. Increasing the St concentration
in AK further boosts the mechanical properties of
PUACK hybrids. For instance, the tensile strength of
PU/AC-10 was 164 MPa, whereas PUACK improved
tensile strength to 187.5 MPa for PUACK1 (St, 1.6%)
and 245.1 MPa for PUACK3 (St, 8.0%). Additionally,
hardness (shore D) increased from 53 for PU/AC-10
to 83.6 for PUACK3. All samples passed the impact
test and crosshatch test, with PUACK displaying
superior mechanical properties compared to
PUA/AC-10 due to its dual crosslinking mechanism.
Among PUACK hybrids, PUACK3 exhibited the best
mechanical properties. Studies have consistently
demonstrated that crosslinking the polymer
backbone is an effective strategy for improving the
mechanical properties of polymer films [42], [43],
[44], [45]].

—— 34 ——
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Table 4 — Mechanical properties of the PUA/AC-10 and PUA/AK hybrids

Tensile Elongation, % | Hardness, Contact angle | Impact test Cross Hatch
strength, MPa shore D
PU/AC-10 164 125 53 132 Pass Pass
PUACK1 187.5 105 65 135 Pass Pass
PUACK2 195.9 91.8 71 149 Pass Pass
PUACK3 245.1 88.2 83.6 151 Pass Pass

Table 5 — The effectiveness of the hybrid coating against corrosion and chemical resistances reduced when the amount

of St in AK in the hybrids increased.

Contact angle PUACC-10 PUACKC1 PUACKC2 PUACKC3
Corrosion resistance
NaCl (10%) (0] (0] 0] (0)
NaOH (10%) (0] (0] (0] (0]
HCl  (37%) (0] (0) (0] (0]
H2S04 (37%) A A (0] (0]
Water (0] O O O
Chemical resistance
MEK A A (0] O
Xylene (0] O O O
Ethanol (20%) (0] O O O
Ethylene glycol (@) O (0] O
Wine A A (0] (0]
Acetone A A A (0]
Butyl alcohol A A A O
O: Suitable

A: Slight Suitable

Chemical and corrosion resistance

Table 5 demonstrates the chemical and
corrosion resistance of hybrid coatings formulated
with PU/AC-10 and AK to create anti-corrosion
coatings (PUACKC). The chemical resistance of all
coating samples was evaluated using MEK, xylene,
ethanol (20%), ethylene glycol, wine, acetone, and
butyl alcohol. Additionally, their corrosion resistance
was assessed against NaCl (10%), NaOH (10%), HCI
(37%), H2S04 (37%), and water. The results indicate
that hybrid coatings (PUACKC) based on AK exhibit
superior chemical and corrosion resistance
compared to hybrid coatings (PUACC-10) based on
AC. Notably, PUACKC3, derived from AK3 with 8.0%
St content, displayed the best anti-corrosion
properties among the tested samples, attributed to
the influence of the styrene ring on the mechanical
properties of the polyurethane hybrid (PUACK).

Conclusions

Anti-corrosion coating hybrids were developed
by combining PUA/AC-10 with AK to produce
polyurethane/acrylic hybrids (PUACK) and examine
how the AK content influenced the hybrid films'
mechanical and physical properties, as well as their
resistance to chemicals and corrosion. The inclusion
of AK and PUA/AC-10 improved the mechanical and
physical properties of the coating hybrids due to the
functional groups present in PUA, AC, and AK, such
as NCO, NH, carbonyl, styrene, and ester groups,
which facilitate cross-linking among PUA, AC, and
AK. The PUACK hybrids exhibited enhanced tensile
strength, adhesion, hardness, and contact angle
compared to PUA/AC-10. However, as the styrene
(St) concentration increased, properties such as
tensile strength, adhesion, contact angle, and
hardness improved, while elongation at break
decreased. This is attributed to the polymeric
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network formed through cross-linking among PUA,
AC, and AK in the hybrid structure. Incorporating
AK3 (St, 8.0%) into PUA/AC-10 further enhanced
chemical and corrosion resistance compared to
coatings based on PUA/AC-10.
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MyHal-ra3 ceKTopbiHAA KOPPO3uAFa KapcCbl KONAAHYFa apHaifaH
rmbpuari xkabboiHaapAabl a3ipney

'Aiinakynosa A.T., *EceHosa M.[A., : }kanubekos P.B., > Kyweposa N.T., 3Mykartaesa }.C.,
“Baiipynnaesa A.K., Mowepa Camu, }focbimbek A.A.

1 MamepuanmaHy #aHe ¥acbian mexHono2usanap mekmebi, Kazak-bpumaH mexHUKanslK yHugepcumemi, Aamamel, Kazakcmax
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3 MapamelnbicmaHy #aHe 2eoepagus uHcmumymel, Abali ameiHdarel Ka3¥I1y, Aamamel, Kazakcmarx
4 C. [. AcpeHOusapos ameiHOarel Kazak yammelk meduyuHa yHusepcumemi, Anamamsi, Kazakcmaw
> ¥ammolk 3epmmey opmansifel, Jokku, [usa, E2unem

TYWIHAEME

MonunypetaH

Makana kengi: 24 Haypei3 2025
CapantamagaH eTTi: 28 Haypei3 2025
Kabbinganapl: 11 cayip 2025

MbpuAaTi »KabbiHaapablH, GU3MKANbIK KOHE MexaHWKainblk Kacuettepi 3eptrendi. OnapablH
KypambiHga nonuypetaH/akpun rmbpuarepi (PUA/AC) skaHe akpun nonumepsnepi (AK) 6ap.
(PUA)
rekcametuneHgmmsoumaHat (HDI)] nonvongapmen (GP 2000 skaHe GP 4000) 0,85 NCO/OH

n3oumaHaTTapablH, [w3odoporanumaHaT (IPDI) KaHe

KaTblHacbiHAa XaHe 100°C TemnepaTypaga nonv BipikTipeTiH noanmepaey apKblibl CUHTE3AeNAi.
MeTtunmetakpunat (MMA) kaHe 6yTunameTakpunat (BuMA) HerisiHaeri akpun cononvmepi (AC)
6eH30M NepoKcuAj KaTanmsatop peTiHAE KOAAaHbLIFaH Kenemai nommepaey aficimeH anbiHapl.
Akpun cononmmepi (AK) KcaHTaH cafbl3bl MEH CTUPOAbI 3PTYPAi KaTbiHacTa (XG:St = 1:1,6, 1:5
aHe 1:8 mac.%) apanacTtbipy apKbiabl anbiHapl. HaTuxenep kepcetkeHaeir, PU/AC rubpuarepi
meH AK yiineckeH Kesae rubpuaTi sabblHAAP OHTaWAbl XMMUANBIK, XKaHe Koppo3usaFa Tesimainik
KepceTTi. MexaHUKablK KaceTTep MeH KOppo3uaFa Te3iMAiNIKTIH, KoFapbinaybiHa PU/AC-10-abl
KypambiHaa 8% ctupon 6ap AK-meH BipiKTipy apKblabl KO KeTKi3ingj, 6yn rubpuaTi abbiHHbIH,
AHTUKOPPO3MANBbIK KAaCUETTEPIHIH, ¥KOFapbl 60ybiHa SKenaj.

TyiiiH ce30ep: nonnypetaH, akpua, rMbpPUATI, KOPPO3UAFa KapCbl KabbiH.
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1 lIkona mamepuanosedeHus u 3eneHbix mexHonoaull, KazaxcmaHcko-bpumarckuli TexHuyeckuli YHusepcumem, Aamamel, Kazaxcma
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AHHOTAUMA

MccneposaHbl ¢uU3MYeckMe U MeXaHUYEeCcKMe CBOMCTBA MMOPUAHbLIX MOKPbLITUI, COAEpPKaLMX
nosnypeTtaHosbie/akpunosble rmbpuabl (PUA/AC) n akpunosblie nonmmepst (AK). MonnyperaH
(PUA) cuHTesMpoBaH nyTemM MNOAMMNPUCOEAMHWUTENbHON  MOSMMEPU3ALMM  M30UMAHATOB
[n3odopoHaumnsoumanata (IPDI) u rekcameTuneHgumnsoumanata (HDI)] ¢ nonmonamum (GP 2000 un
GP 4000) npu cootHoweHnn NCO/OH, pasHom 0,85, n Temnepatype 100°C. AKpuWIOBbIi
cononumep (AC) Ha ocHoBe meTunameTakpunata (MMA) n 6ytunmertakpunata (BUMA) nonyyeH
MeTogoM 06bEMHOM MNOAMMEPM3ALLMM C MCNOAb30BaHMEM MepoKcuaa GeHsomna B Kayectse
KaTanmsatopa. AKpuaosblit cononnmep (AK) noayyeH nytem cMewwmMBaHUA KCAHTAaHOBOW Kameam
CO CTUPOJIOM B Pa3/IMUHbIX COOTHOWeEHMAX (XG:St = 1:1,6, 1:5 n 1:8 mac.%). Pe3ynbTaTbl NoKasanu,

MNoctynuna: 24 mapma 2025
PeueH3nposaHue: 28 mapma 2025
MpuHAaTa B Nneyvatb: 11 anpens 2025

4YTO r’MBPUAHbBIE NOKPLITUA NPOAEMOHCTPUPOBAIN ONTUMA/IBHYIO XUMUYECKYIO U KOPPO3UOHHYHO
CTOMKOCTb Npu couyeTaHun rmbpuaos PU/AC ¢ AK. [MoBbilleHWE MeXaHWYECKUX CBOMCTB W
KOPPO3MOHHOWM CTOMKOCTM 6bIN0 AOCTUIHYTO 3a cyeT codetanma PU/AC-10 c AK, cogepskalmm 8%
CTUPONA, YTO NPUBENO K NPEBOCXOAHBIM aHTUKOPPO3UHBIM CBOMCTBAM MMBPUAHOTO NMOKPbITUA.

Knrouessie cnosa: nonnypeTaHoBoe, akpunoeoe, FMGDMAHOG, aHTVIKOppO3Mi;IHOE noKpbITHE.

UHdopmayus o6 aemopax:

PhD dokmopaHm, MamepuanosedeHus U MEXHOAO02UU HOBbIX MAMepPUanos, Hay4YHbIl
compyOHUK  nabopamopuu  nepcrekmusHelx — Mamepuanos U mexHosoauli, Lkona
mamepuanosedeHus U 3eneHbiX mexHonozul, KazaxcmaHcko-bpumaHckuli mexHu4yeckul
yHusepcumem, yn. Tone 6u, 59, 050000, Aamamei, KazaxcmaH. Email:
dana.ainakulova@gmail.com; ORCID ID: https://orcid.org/0000-0002-5335-6102

AliHaKynoea flaHa TynezeHKbI3bl

KaHdudam xumuveckux HayK, Hay4Helli compyOHUK nabopamopuu nepcrnekmusHbiXx Mamepuanos
EceHnosa Mapan flyliceH6aiiKbi3bl u mexHonoeull, Llllkona mamepuanosedeHus U 3eseHblx mexHonoaull, KazaxcmaHcko-
BbpumaHckuli mexHuveckuli yHusepcumem, ya. Tone 6u, 59, 050000, Anmamel, KazaxcmaH. Email:
maral2375@mail.ru; ORCID ID: https.//orcid.org/0009-0000-6223-3131

PhD dokmopaHm xumuveckoli UH#eHepuu, Hay4Hblli compyOHUK Aabopamopuu nepcrieKmueHbix
mamepuanos U mexHonoeul, LUKona mamepuanosedeHus U 3eseHblx mexHoao2ul,
KasaxcmaHcko-bpumaHckuli mexHu4eckuli yHusepcumem, yn. Tone 6u, 59, 050000, Aamamel,
Kasaxcman. Email: rin_zhanibeko@kbtu.kz; ORCID ID: https://orcid.org/0009-0004-2453-4768

MaHubekoe PuHam BakbimHyposu4

PhD dokmopaHm xumu4veckoli uHmceHepuu, Pu3uKo-mexHu4Yeckuli uHcmumym Aaamay, yn.
Kywepoea Mapacam TynezeHoeHa Ubpazumos 11, 050032, Anmamel, Kasaxcmad. Email: partykush@mail.ru;  ORCID ID:
https.//orcid.org/0000-0001-9412-3818

KaHOudam xumuyeckux HayK, ACCOUUUPOBAHHbILU MPOgheccop UHCMUMYmMa ecmecmeo3HaHUA U
Mykamaeea *a3upa CazambekosHa eeoepagpuu KasHI1Y umeHu Abas, Aamamel, KasaxcmaH. Email: jazira-1974@mail.ru; ORCID ID
https://orcid.org/0000-0002-1584-5810

Kagpedpa uHrmeHepHbix ducyunauH u nepedosoli npakmuku, ®apmayesmuyeckuli pakysnemem
Baiidynnaeea Alinaw KailipamoeHa Kasaxckozo HayuoHasnbeHo20 MeduyuHcKo20 yHusepcumema umeru C.[. AcgpeHouspos, Anmamel,
KazaxcmaH. Email: ainasha.kz@list.ru; ORCID ID: https.//orcid.org/0000-0002-6918-6320



mailto:partykush@mail.ru
https://orcid.org/0000-0001-9412-3818
mailto:ainasha.kz@list.ru
mailto:moshera_samy1984@yahoo.com
mailto:maral2375@mail.ru
https://orcid.org/0009-0004-2453-4768
mailto:partykush@mail.ru
https://orcid.org/0000-0001-9412-3818
mailto:jazira-1974@mail.ru
https://orcid.org/0000-0002-1584-5810
mailto:ainasha.kz@list.ru
https://orcid.org/0000-0002-6918-6320

2026; 338(3):29-39 ISSN-L 2616-6445, ISSN 2224-5243

Kagedpa nonumepos u nuemeHmos, HayuoHanwbHell uccnedosamensckuli yeHmp, ya. Ine-
Mowepa Camu boxym, 33, [lokku, lu3a, 12622, Eeunem. Email: moshera_samy1984@yahoo.com; ORCID ID:
https://orcid.org/0000-0002-7272-4134

UH#eHep  nabopamopuu  NepcriekmueHblX — mamepuanoe u  mexHosoaul,  Llkona
Aoceimbek AkHuem [locbimbeKy bl mamepuanogedeHus U 3eneHbiX mexHosnozul, KazaxcmaHcko-bpumaHckuli mexHu4eckul
yHusepcumem, yn. Tone 6u, 59, 050000, Anmamel, KazaxcmaH. Email: akontl@icloud.com

References

[1] Marathe RJ, & Gite V V. Encapsulation of 8-HQ as a corrosion inhibitor in PF and UF shells for enhanced anticorrosive
properties of renewable source based smart PU coatings. RSC Advances. 2016; 6(115):114436-114446.
https://doi.org/10.1039/C6RA21684F

[2] Bender R, Féron D, Mills D, Ritter S, BdRler R, Bettge D, De Graeve |, Dugstad A, Grassini S, Hack T, Halama M, Han E, Harder
T, Hinds G, Kittel J, Krieg R, Leygraf C, Martinelli L, Mol A, ... Zheludkevich M. Corrosion challenges towards a sustainable society.
Materials and Corrosion. 2022; 73(11):1730-1751. https://doi.org/10.1002/maco.202213140

[3] Lawal SL, Afolalu SA, & Ogedengbe TS. Overview of Corrosion and its Consequences in the Oil and Gas Industry. In 2023
2nd International Conference on Multidisciplinary Engineering and Applied Science (ICMEAS). 2023 2nd International Conference on
Multidisciplinary Engineering and Applied Science (ICMEAS). 2023. https://doi.org/10.1109/ICMEAS58693.2023.10429890

[4] Solovyeva VA, Almuhammadi KH, & Badeghaish WO. Current Downhole Corrosion Control Solutions and Trends in the Oil
and Gas Industry: A Review. Materials. 2023; 16(5):1795. https://doi.org/10.3390/ma16051795

[5] Vakili M, Koutnik P, & Kohout J. Addressing Hydrogen Sulfide Corrosion in Oil and Gas Industries: A Sustainable Perspective.
In Sustainability. 2024; 16(4):1661. https://doi.org/10.3390/su16041661

[6] Jiang F, Zhao W, Wu Y, Dong J, Zhou K, Lu G, & Pu J. Anti-corrosion behaviors of epoxy composite coatings enhanced via
graphene oxide with different aspect ratios. Progress in Organic Coatings. 2019; 127:70-79.
https://doi.org/10.1016/j.porgcoat.2018.11.008

[7] Kenzhaliyev BK, Surkova TYu. Azlan MN, Yulusov SB, Sukurov BM, Yessimova DM. Black shale ore of Big Karatau is a raw
material source of rare and rare earth elements. Hydrometallurgy. 2021; 205:105733.
https://doi.org/10.1016/j.hydromet.2021.105733

[8] Negim E-S, Omurbekova K, Bekbayeva L, & Abdelhafiz A. Effect of NCO/OH ratio on the physico-mechanical properties of
polyurethane-polyurea hybrid spray coatings. Egyptian Journal of Chemistry. 2020; 63(11):4503-4508.

[9] Deng Y, Bai W, Chen J, Zhang X, Wang S, Lin J, & Xu Y. Bio-inspired electrochemical corrosion coatings derived from
graphene/natural lacquer composites. RSC Advances. 2017; 7(71):45034-45044. https://doi.org/10.1039/C7RA08536B

[10] CaoYY, LiuZ, Zheng B, Ou R, Fan Q, LiL, Guo C, Liu T, & Wang Q. Synthesis of lignin-based polyols via thiol-ene chemistry for
high-performance polyurethane anticorrosive coating. Composites Part B: Engineering. 2020; 200:108295.

[11] Maurya AK, de Souza F M, & Gupta RK. Polyurethane and Its Composites: Synthesis to Application. Polyurethanes:
Preparation, Properties, and Applications. 2023; 1:1-20. http://doi.org/10.1021/bk-2023-1452.x001

[12] Patil CK, Jung DW, lJirimali HD, Baik JH, Gite VV, & Hong SC. Nonedible Vegetable Qil-Based Polyols in Anticorrosive and
Antimicrobial Polyurethane Coatings. Polymers. 2021; 13(18):3149. https://doi.org/10.3390/polym13183149

[13] Alshabebi AS, Alrashed MM, El Blidi L, & Haider S. Preparation of Bio-Based Polyurethane Coating from Citrullus colocynthis
Seed Oil: Characterization and Corrosion Performance. Polymers. 2024; 16(2):214. https://doi.org/10.3390/polym16020214

[14] Ramezanzadeh B, Ghasemi E, Mahdavian M, Changizi E, & Mohamadzadeh Moghadam MH. Characterization of covalently-
grafted polyisocyanate chains onto graphene oxide for polyurethane composites with improved mechanical properties. Chemical
Engineering Journal. 2015; 281:869-883. https://doi.org/10.1016/j.cej.2015.07.027

[15] Negim ES, et al. Effect of polyol on physico-mechanical properties of polyurea film. AIP Conference Proceedings. AIP
Publishing. 2019; 2124:020051. https://doi.org/10.1063/1.5117111

[16] ZhangJ, Ge D, Wang X, Wang W, Cui D, Yuan G, Wang K, & Zhang W. Influence of Surfactant and Weak-Alkali Concentrations
on the Stability of O/W Emulsion in an Alkali-Surfactant—Polymer Compound System. ACS Omega. 2021; 6(7):5001-5008.
https://doi.org/10.1021/acsomega.0c06142

[17] Kurpanik R, Lechowska-Liszka A, Mastalska-Poptawska J, Nocuri M, Rapacz-Kmita A, Scistowska-Czarnecka A, & Stodolak-
Zych E. Effect of lonic and Non-lonic Surfactant on Bovine Serum Albumin Encapsulation and Biological Properties of Emulsion-
Electrospun Fibers. Molecules. 2022; 27(10):3232. https://doi.org/10.3390/molecules27103232

[18] Bartman M, Balicki S, Hotysz L, & Wilk KA. Surface Properties of Graffiti Coatings on Sensitive Surfaces Concerning Their
Removal with Formulations Based on the Amino-Acid-Type Surfactants. In  Molecules. 2023; 28(4):1986.
https://doi.org/10.3390/molecules28041986

[19] Zhang X, Kim Y, Kim D, Liu M, Erramuspe IBV, Kaya GB, Wang X, Kim T, Via BK, & Cho H. Shape-Stabilized Phase Change
Material by a Synthetic/Natural Hybrid Composite Foam with Cell-Wall Pores. ACS Applied Energy Materials. 2020; 4(1):416-424.
https://doi.org/10.1021/acsaem.0c02341

[20] Wang G, Zhou Z, Chen M, Wang J, & Yu Y. UV-Curable Polyurethane Acrylate Pressure-Sensitive Adhesives with High Optical
Clarity  for Full Lamination of  TFT-LCD. ACS  Applied Polymer Materials. 2023; 5(3):2051-2061.
https://doi.org/10.1021/acsapm.2c02092

[21] Lovato MJ, del Valle L, Puiggali J, & Franco L. Performance-Enhancing Materials in Medical Gloves. Journal of Functional
Biomaterials. 2023; 14(7):349. https://doi.org/10.3390/jfb14070349

[22] BichuY M, Alwafi A, Liu X, Andrews J, Ludwig B, Bichu AY, & Zou B. Advances in orthodontic clear aligner materials. Bioactive
Materials. 2023; 22:384-403. https://doi.org/10.1016/j.bioactmat.2022.10.006

[23] Yan T, Balzer AH, Herbert KM, Epps TH, & Korley LTJ. Circularity in polymers: addressing performance and sustainability



mailto:moshera_samy1984@yahoo.com
https://doi.org/10.1039/C6RA21684F
https://doi.org/10.1002/maco.202213140
https://doi.org/10.1109/ICMEAS58693.2023.10429890
https://doi.org/10.3390/ma16051795
https://doi.org/10.3390/su16041661
https://doi.org/10.1016/j.porgcoat.2018.11.008
https://doi.org/10.1016/j.hydromet.2021.105733
https://doi.org/10.1039/C7RA08536B
http://doi.org/10.1021/bk-2023-1452.x001
https://doi.org/10.3390/polym13183149
https://doi.org/10.3390/polym16020214
https://doi.org/10.1016/j.cej.2015.07.027
https://doi.org/10.1063/1.5117111
https://doi.org/10.1021/acsomega.0c06142
https://doi.org/10.3390/molecules27103232
https://doi.org/10.3390/molecules28041986
https://doi.org/10.1021/acsaem.0c02341
https://doi.org/10.1021/acsapm.2c02092
https://doi.org/10.3390/jfb14070349
https://doi.org/10.1016/j.bioactmat.2022.10.006

Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

challenges using dynamic covalent chemistries. Chemical Science. 2023; 14(20):5243-5265. https://doi.org/10.1039/D3SC00551H

[24] Bui TMA, Nguyen TV, Nguyen TM, Hoang TH, Nguyen TTH, Lai TH, Tran TN, Hoang VH, Le TL, Dang TC, et al. Investigation
of crosslinking, mechanical properties and weathering stability of acrylic polyurethane coating reinforced by SiO2 nanoparticles
issued from rice husk ash. Mater. Chem. Phys. 2020; 241:122445. https://doi.org/10.1016/j.matchemphys.2019.122445

[25] Negim E, Yelighayeva G, Al Azzam KM, et al. Synthesis, characterization, and application of polyurethane/2-hydoxyethyl
methacrylate hybrids as additives to unsaturated polyester resins. Polym. Bull. 2024; 81:4459-4475.

[26] Negim E, Shalash M, Al Azzam KM, Sagatbekovna MZ, Kairatovna BA, Konstantinovich AT, Adlikhanovna NA, Ermekovna KA,
Ravindran B. Synthesis, Characterization, and Application of Polyurethane-Acrylic Hybrids as Anticorrosion Coatings. International
Journal of Technology. 2024; 15(6):2009-2023. https://doi.org/10.14716/ijtech.v15i6.7044

[27] ASTM D 2572-19, Standard method of test for isocyanate group in urethane materials or prepolymer, 2019.

[28] Kusherova PT, Negim El-Sayed, Al Azzamd Khaldun M, Mukatayevae Zh S, Baidullayevaf A K, Moshera Samy. Modification
of Xanthan Gum with Styrene and Investigation of its Rheological Properties, Egyptian Journal of Chemistry. 2024; 67(4):1-6.

[29] ASTM B648-10, Standard Test Method for Indentation Hardness of Aluminum Alloys by Means of a Barcol Impressor. 2015.

[30] ASTM D4541-22, Standard Test Method for Pull-Off Strength of Coatings Using Portable Adhesion Testers. 2022.

[31] ASTM D5402-93, Standard Practice for Assessing the Solvent Resistance of Organic Coatings Using Solvent Rubs. 1999.

[32] ASTM D1647-89, Standard Test Methods for Resistance of Dried Films of Varnishes to Water and Alkali. 2017.

[33] Madbouly SA, & Otaigbe JU. Rheokinetics of Thermal-Induced Gelation of Waterborne Polyurethane Dispersions. In
Macromolecules. 2005; 38(24):10178-10184.

[34] Kozakiewicz J. Developments in aqueous polyurethane and polyurethane-acrylic dispersion technology. Part I. Polyurethane
dispersions. Polimery. 2015; 60(09):525-535. http://dx.doi.org/10.14314/polimery.2015.525

[35] Wang X, Xu Q, Yu H, & Xu J. Synthesis of high-solid, low-viscosity hydroxy acrylic resin modified with TBCHA. In Journal of
Saudi Chemical Society. 2019; 23(7):992-998. https://doi.org/10.1016/j.jscs.2019.04.005

[36] Sinha D. Structural modifications of gamma irradiated polymers: An FT-IR study. Adv. Appl. Sci. Res. 2012; 3(3):1365.

[37] Sahoo S, Chakraborti CK, Behera PK, Mishra SC. FTIR and raman spectroscopic investigations of a norfloxacin/carbopol 934
polymeric suspension. J. Young Pharm. 2012; 4(3):138.

[38] Chhabra RP, Richardson JF. Non-Newtonian flow and applied rheology, 2nd Edition. Butterworth Heinemann, Oxford. 2008.

[39] Patel J, Maji B, Moorthy NSHN, Maiti S. Xanthan gum derivatives: review of synthesis, properties and diverse applications.
RSC Advances. 2020; 10(45):27103. https://doi.org/10.1039/DORA04366D

[40] Wang W, Hu Y, Li L, Zeng J, & Yao Y. Effect of various polymer additives on the rheology and thixotropy of organic vehicles.
Journal of Materials Science: Materials in Electronics. 2022; 33(15):12002-12015.

[41] Nacas AM, Ito NM, De Sousa RR, Spinacé MA, and Dos Santos DJ. Effects of NCO:OH Ratio on the Mechanical Properties
and Chemical Structure of Kraft Lignin—Based Polyurethane Adhesive. The Journal of Adhesion. 2017; 93(1-2):18-29.
https://doi.org/10.1080/00218464.2016.1177793

[42] Nathalie MI, Julia RG, Suel EV, Mathilde JGCF, Demetrio JS. Interplay of polyurethane mechanical properties and practical
adhesion of flexible multi-layer laminates. The Journal of Adhesion. 2020; 96(14):1219-1232.
https://doi.org/10.1080/00218464.2019.1580580

[43] Lei L, Xia Z, Ou C, Zhang L, & Zhong L. Effects of crosslinking on adhesion behavior of waterborne polyurethane ink binder.
In Progress in Organic Coatings. 2015; 88:155-163.

[44] Gomez-Lopez A, Panchireddy S, Grignard B, Calvo |, Jerome C, Detrembleur C, & Sardon H. Poly(hydroxyurethane) Adhesives
and Coatings: State-of-the-Art and Future Directions. ACS Sustainable Chemistry &amp; Engineering. 2021; 9(29):9541-9562.
https://doi.org/10.1021/acssuschemeng.1c02558

[45] Negim E-S, Yeligbayeva G, Al Azzam K M, Irmukhametova G, Bekbayeva L, Kalugin S N, & Uskenbayeva S. Synthesis,
characterization, and application of polyurethane/2-hydoxyethyl methacrylate hybrids as additives to unsaturated polyester resins.
In Polymer Bulletin. 2024; 81(5):4459-4475.



https://doi.org/10.1039/D3SC00551H
https://doi.org/10.1016/j.matchemphys.2019.122445
https://doi.org/10.14716/ijtech.v15i6.7044
http://dx.doi.org/10.14314/polimery.2015.525
https://doi.org/10.1016/j.jscs.2019.04.005
https://doi.org/10.1039/D0RA04366D
https://doi.org/10.1080/00218464.2016.1177793
https://doi.org/10.1080/00218464.2019.1580580
https://doi.org/10.1021/acssuschemeng.1c02558

