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Abstract

Objectives. To obtain polymer composite materials (PCM) with enhanced physicomechanical properties using the vacuum assisted resin
transfer molding (VaRTM) method, binders must have a viscosity of up to 500 mPa-s. In some cases, this leads to restrictions on the
use of certain materials or requires the use of temporary diluents. This is closely related to the deterioration of other required composite
characteristics, such as increased flammability. Three phosphorus-containing oligoester(meth)acrylates PhOEM-1, PhOEM-2, and
PhOEM-3 were synthesized with significant differences in viscosity characteristics in the series PAOEM-1 << PhOEM-2 << PhOEM-3. The
polymer based on PhOEM-1 exhibits inferior physicomechanical properties despite having lower viscosity. Hence, the aim of the study was
to investigate the viscosity characteristics of mixtures of methacrylate binders of the same nature but different structures and functionalities.
This was done by studying the rheological properties of the original oligoester(meth)acrylates and their mixtures taken in various ratios.
The method used was to optimize compositions via a simplex lattice (Scheffe’s plan), in order to obtain PCM using the VaRTM technology.

Methods. The study of rtheological properties of phosphorus-containing oligoester(meth)acrylates and their mixtures was conducted using
the method of rotational viscometry on a Brookfield LVDV-II + Pro viscometer with a spindle 27 at different shear rates ranging from 0 to
70 s~ and temperatures from 30 to 70°C. Rheological studies were also conducted on a Lamy Rheology GT300 PLUS (GEL TIMER)
viscometer in the same range of shear rates and temperatures.

Results. It was established that the objects under investigation can be characterized by viscosity values ranging from 96 to 2137 mPa-s
depending on the temperature. The nature of the viscous flow of phosphorus-containing oligoester(meth)acrylates and their mixtures
is similar to that of Newtonian liquids only at certain shear rates. The effective activation energies of the viscous flow of binders and their
mixtures were calculated, and the influence of temperature on the viscosity of binders was determined.

Conclusions. The study identified the features and nature of the flow curves of phosphorus-containing oligoester(meth)acrylate binders
of the same nature but different structures and functionalities, as well as of their mixtures. The optimal composition ranges of three-
component mixtures of phosphorus-containing oligoester(meth)acrylates for use in the VaRTM technological process in producing
polymer composite materials within the temperature range of 30 to 70°C were defined. The optimal compositions and temperature
conditions for obtaining polymer composite materials using the VaRTM technology were also identified. This enables the production
of polymer products with complex geometric shapes and varying sizes.
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AHHOTaUuS

Lesn. {151 moxydeHUs TOTMMEPHBIX KOMIIO3UIIMOHHEIX MaTeprao (ITKM) ¢ moBEIIIEHHEIM ypOBHEM (DH3HKO-MEXaHHUECKUX CBOUCTB
MeTonoM Oe3aBTOKIIaBHOM TexHomornu (vacuum assisted resin transfer molding, VaRTM) cBs3yronue TOMKHBI 00/1a1aTh BI3KOCTHIO
1o 500 mITa-c. B pane cirygaeB 3TO IPUBOAUT K OTPAHMUYCHUIO [0 MPUMEHEHHIO TeX MIIM MHBIX MaTepHaioB, TH00 TpeOyeT NCIIOIb30-
BaHMS BPEMEHHBIX pa30aBHUTeNeH, UTO HEpa3phIBHO CBSI3AHO C yXyAIICHHEM APYTHX TPeOyeMbIX XapaKTepHUCTHK KOMIIO3UTa, HAIpUMep,
yBeIHdIeHHeM roprodectd. Hamm Obutn cuHTe3mpoBaHb! Tpu (ochopcopepxamux omurodpup(mer)akpmwiara PhOEM-1, PhnOEM-2,
PhOEM-3, o6nafgaomux 3Ha9IUTEIbHBIMA OTIHUYHMAMHE 110 XapaKTepUCTHKaM BA3KOCTH B psigy PhOEM-1 << PhOEM-2 << PhOEM-3,
mpu 3ToM nonuMep Ha ocHoBe PhOEM-1, o6agast MeHbIIeH BSI3KOCTBIO, XapaKTEPU3YETCs XYAUIMMH (H3NKO-MEXaHHIECKUMHU CBOI-
cTBaMH. B CBSI3M ¢ ATHM, IETIBIO MCCIIEOBAHUS SIBUIOCH H3yUeHHE BI3KOCTHBIX XapaKTePHCTHK CMecell MeTaKpUIIAaTHBIX CBSI3YIOIINX
OJIMHAKOBOH IPHPOJIBI, PA3HOTO CTPOCHNUS U (PyHKIIMOHAIBHOCTH ITyTE€M H3yUEHHs PEOJIOTHUSCKIX CBOUCTB HCXOIHBIX OTHT03(Up(MeT)-
AKPUJIATOB M UX CMECEH, B3SATHIX B PA3IMIHBIX COOTHONICHUSX, C IIPIMEHEHNEM METO/Ia ONTUMU3AIUH COCTABOB IO CHMILICKC-PEIIeT-
ke (tany Ilepde) s noryuenust [IKM mo 6e3aroknasuoi (VaRTM) texHomorum.

MeToasl. VccnenoBanme peoJorndeckux CBOUCTB hocdopcomepkammx oaurodGup(MeT)akpuiIaToB U HX CMecei IPOBOIMIN METOIOM
poTanMoHHOW BHCKO3UMeTpHH Ha BHckozuMmeTpe Brookfield LVDV-II + Pro ¢ ucnonb3oBannem mmuHAeNsS 27 MpU CKOPOCTAX CABUTA
B qmarasone ot 0 10 70 ¢! u Temneparypax ot 30 1o 70°C. TlapaniensHO NPOBOIMIIH PEOTOTHYECKHE HCCTIEN0BAHMS Ha BUCKO3HUMETPE
Lamy Rheology GT300 PLUS (GEL TIMER) B TOoM e Anama3oHe CKOpPOCTEH CABHTa U TEMIIEPATyD.

PesysnbTarhl. YCTaHOBIECHO, YTO HCCleayeMble OOBEKTHI, B 3aBUCUMOCTH OT TEMIICPATypPbl, XapaKTEPHU3YIOTCS 3HAYCHUSMHU BA3KOCTH
ot 96 1o 2137 mlla-c. ITo xapakrepy Bsizkoro TedeHust Gpocopcopepxaiiie oaurodGup(MeT)akpuaaTbl © UX CMECH BeayT ceOs aHa-
JIOTHYHO HBIOTOHOBCKUM JKMAKOCTSIM TOJILKO IIPH ONPE/ICTICHHBIX CKOPOCTSX caBura. Paccuntanbl 3((GEKTUBHBIC SHEPIUH AKTHBALIMI
BSI3KOTO TEUEHHS CBS3YIOIIUX U UX CMECEH, YCTAaHOBJICHO BIMSHUE TEMIIEPATYpPhl HA BA3KOCTb CBA3YOIIHX.

BeiBoasl. OnperienieHsl 0COOSHHOCTH M XapaKTep KPHUBBIX TeueHHs ocdopcopeprraniux onurodpup(MeT)akpuilaTHbIX CBS3YIOIHMX OJIU-
HAKOBOM HPHUPOIBI, PA3HOTO CTPOCHHMS ¥ (DYHKIMOHAIBHOCTH, a TAK)KEe UX CMeceil. YCTaHOBIICHBI 00JIACTH ONTUMAIIBHBIX COCTABOB TPEX-
KOMITOHEHTHBIX cMeceid (ochopcomepkaimx oauro3hup(MeT)akpruaaToB Ui HCIIONB30BaHK UX B TEXHOJIOTHYECKOM mporiecce VaRTM
npu nonyyenuu IIKM B quanasone temneparyp ot 30 no 70°C. OnpezeneHs! ONTHMaJIbHbIE COCTaBbl M TEMIIEPATypHbIE YCIOBUS AL IO-
nyuenust [IKM merogom VaRTM, uTo 1103BOJISIET MOTyYaTh MOJIUMEPHBIE U3EINS CIIOKHON reoMeTprIecKkor GOopMbI U pa3HOTO pasMepa.

KnioueBble cnoBa MocTtynuna: 16.05.2024
peosorusi, moMUMepHbIe KOMIO3UITMOHHBIC MaTepraisl, VaRTM-texHomorus, HAopa6oTaHa: 17.07.2024
(bocdopconepxarmine onurodpup(MeT)aKpuiIaTHbIe CBA3YIOIINE, MATEeMaTHIECKOe MpuHsTa B neyats: 10.09.2024
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INTRODUCTION

Over the past decade, the market for polymer
composite materials (PCM) based on thermosets
has been growing rapidly. This is due to the unique
properties of the polymers obtained: resistance to
wear and chemicals, including in a wide temperature
range, and the ability to process material using
modern energy-saving and environmentally friendly
methods, such as vacuum assisted resin transfer
molding (VaRTM) [1-3].

In addition to a wide range of choice of binders for
obtaining PCM, methods for their processing are also
being developed. Examples include manual laying out,
spraying, injection and autoclave molding. As a rule,
the above methods for obtaining PCM are relatively
expensive  processes  requiring  simultaneously
increased manufacturability and reduced production
cost! [4, 5].

One promising technology in terms of cost and
manufacturability is a relatively new non-autoclave
technology: the vacuum infusion method VaRTM [6, 7].
However, when producing composites in this way, one of
the most important technological characteristics limiting
the use of the binder is its viscosity. The authors [8—11]
found that the optimal viscosity of the binder for vacuum
infusion should not exceed 500 mPa-s.

Colleagues previously synthesized and patented
a phosphorus-containing trifunctional oligoester(meth)-
acrylate (PhOEM-1) [12]. Later, we obtained and
patented  tetrafunctional  oligoester(meth)acrylates
containing spacers (PhOEM-2, PhOEM-3) [13, 14]. All
of the oligoester(meth)acrylates under consideration are
capable of curing in the presence of a peroxide initiator,
while possessing different levels of initial viscosity
and physical and mechanical properties. Synthesized
tetrafunctional ester(meth)acrylates, unlike trifunctional
ones, are characterized by relatively high viscosity values
at temperatures up to 40°C. These temperatures limit their
use under standard production conditions. We selected
the above compounds, in order to study the rheological
properties of their mixtures in the temperature range of
30-70°C.

Taking the above into account, the aim of this work
is to study the features of the flow curves of phosphorus-
containing oligoester(meth)acrylates and their mixtures
at temperatures of 30—70°C, in order to determine the
optimal compositions of three-component mixtures that
satisfy the processes of obtaining PCMs by the VaRTM
method.

1
Diss. Cand. Sci. (Eng.). Moscow: VIAM; 2016. 146 p. (in Russ.).

EXPERIMENTAL

The objects of the study were phosphorus-containing
polymerizable oligoester(meth)acrylates (PhOEM) with
different molecular weights and relative unsaturation,
with and without a spacer in the structure.

The compounds were synthesized according to the
method described in [15].

The rheological properties of the binders and their
mixtures were studied using rotational viscometry.
For this purpose, a Brookfield LVDV-II + Pro
spindle 27 viscometer (Brookfield, USA) and a Lamy
Rheology GT300 PLUS (GEL TIMER) viscometer
(Lamy Rheology, France) were used. The results obtained
on the Lamy Rheology GT300 PLUS (GEL TIMER)
viscometer showed similar trends in the change in the
properties of the binders.

In order to determine the region of optimal
compositions  of  oligoester(meth)acrylates,  the
STATISTICA program (StatSoft, Russia) was used.
It implements a graphically oriented approach to the
analysis of experimental data [16].

RESULTS AND DISCUSSION

Figures 1-3 presents the structures of the compounds
studied and synthesized in accordance with work [15].

Generalized structural formulas are presented in
Fig. 4.

Figure 4 shows the difference in the structure of the
compounds: different numbers of unsaturated groups;
and the presence or absence of a spacer (the fragment
of the structure contains an insert between the reactive
centers in one molecule) [15].

CH3

CH3; “CHy

| Fig. 1. Structure of PhAOEM-1

Veshkin EA. Technologies of non-autoclave molding of low-porous polymer composite materials and large-sized structures made from them.
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The viscosity of the synthesized compounds was
studied at different shear rates and temperatures. The
results of the studies of the rheological properties in the
form of flow curves are presented in Figs. 5-7.

Fig. 5. Share rate versus shear stress for PhOEM-1 depending
on temperature: T is shear stress, Pa; y is shear rate, s~

444
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Fig. 6. Share rate versus shear stress for PhnOEM-2 depending
on temperature: T is shear stress, Pa, y is shear rate, s~ !
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Fig. 7. Share rate versus shear stress for PNOEM-3 depending
on temperature: T is shear stress, Pa, v is shear rate, s~!

The study of the rheological properties of
PhOEM-1 is limited to the temperature range of
30-50°C. This is due to the insufficient sensitivity of
the device and the low viscosity of the oligomer at
these temperatures. In this case, the developer of the
device recommended using a spindle of a different
size. However, measurements of liquid viscosity using
different geometric spindle sizes are not recommended
for comparative studies.

In order to compare the viscosity properties of the
oligomers under study, we used a range of shear rates
at which the liquids behaved similarly to Newtonian
ones. As temperature increased, the study was
continued at higher shear rates to ensure the specified
conditions.

Based on the results obtained, the effective activation
energies of the viscous flow of the objects under study
were calculated using Eq. (1) [17].

B =g ()
1742 M
wherein £, is the effective activation energy of viscous
flow, J/mol; R is the gas constant, J/(K-mol); 7; is the test
temperature, K; 1. is the viscosity, mPa-s.
The results obtained are presented in Fig. 8.

26 -
25 | 24.8
24 | 23.9

23 -
22 A 21.5
21 -
20
19

E,, kJ/mol

PHOEM-1 PHOEM-2 PHOEM-3

Fig. 8. Flow activation energy in PhnOEM-1, PhOEM-2,
PhOEM-3

The data presented shows that the effective activation
energy of viscous flow depends on the compound
structure (Fig. 4) and the presence of spacers of various
structures in it. This must be taken into account when
developing the process for obtaining PCM using VaRTM
technology.

Studies were carried out using the mathematical
planning method of an experiment using a simplex
lattice (Scheffe’s plan) with the construction of a fourth-
order polynomial model [18]. The objective was to select
the optimal compositions of oligoester(meth)acrylate
mixtures which provide the necessary conditions for the
technological criteria for vacuum infusion. The essence
of the method consists in constructing a regression
dependence of the mixture properties on the content of
components. The use of this method makes it possible to
establish the dependence of the properties of binders on
their composition [19, 20].

The study area of the PhOEM-1, PhOEM-2,
PhOEM-3 system includes mass fractions from 0 to 1.
This study area is presented in the form of an equilateral
Gibbs concentration triangle. Figure 9 shows the position
of the experimental points of the compositions, i.e., the
points of quantitative ratios of the dosages of the given
compounds which form the basis of the experimental
planning matrix table.
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Fig. 10. Share rate versus shear stress for mixtures
at a temperature of 30°C: 1 is shear stress, Pa; y is shear rate, s™!

Figure 10 presents the results of the studies of
the rheological properties of the binder mixtures in
accordance with mathematical planning using Scheffe’s
plan (see Table) in the form of flow curves. As in the
above study, regions of viscous flow were selected
where the mixtures behaved similarly to Newtonian
fluids.

The rheological dependencies presented in Fig. 10
show that the mixtures behave similarly to Newtonian
fluids [21] and are satisfactorily described by Eq. (2):

@

wherein 7 is the dynamic viscosity, Pa-s; t is the shear
stress, Pa; v is the shear rate, s .

Using the results obtained, we then calculated the
values of the effective activation energy of viscous flow
for the oligomer mixtures.

The ratio of components, viscosity values at
temperatures of 30-70°C and the values of the effective
activation energy of viscous flow for the mixtures studied
are presented in the table.

In order to determine the region of optimal
compositions  of  oligoester(meth)acrylates  using
a graphical method, the STATISTICA program was used.
This program implements a graphical-oriented approach
to the analysis of experimental data. Diagrams of the
nature of the change in properties from the composition of
phosphorus-containing binders are presented in Fig. 11.

Figure 11 shows that there are ranges of viscosity
values at temperatures of 30 and 40°C, below which

=N,

Table. Planning matrix and corresponding viscosities and activation energy of viscous flow (10 rpm)

Composition PhOEM Viscosity, mPa-s
number 1 2 3 30°C 40°C 50°C 60°C 70°C £y KJ/mol
1 1 0 0 162 89 48 - - 215
2 0 1 0 1460 612 434 401 373 23.9
3 0 0 1 1856 776 368 248 155 24.4
4 0.5 0.5 0 445 232 127 66 - 232
5 0.5 0 0.5 661 408 220 124 94 203
6 0 0.5 0.5 2231 1035 530 304 178 24.2
7 075 | 025 0 284 150 96 56 34 19.7
8 025 | 0.75 0 926 436 239 124 71 24.4
9 0.75 0 0.25 349 202 131 89 67 16.6
10 0.25 0 0.75 1987 984 661 506 363 16.6
11 0 0.75 | 0.25 1652 764 361 195 129 25.9
12 0 025 | 0.75 2137 932 438 255 148 25.8
13 05 | 025 | 025 694 347 195 114 74 21.9
14 025 | 05 | 025 1347 668 328 192 102 23.7
15 025 | 025 | 05 1699 905 530 312 227 20.6
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Fig. 11. Composition—property diagrams of mixtures at temperatures:

(a) 30°C, (b) 40°C, (c) 50°C, (d) effective £, kJ/mol

the ratio of mixture components is optimal. Note that at
temperatures above 50°C, the initial binders and their
mixtures meet the requirements for processing polymer
materials using the VaRTM technology, since their
viscosity values do not exceed 500 mPa-s.

The mixture PhOEM-1 : PAOEM-3 =1 : 1 has the
minimum value of the effective activation energy of
viscous flow. The introduction of PhOEM-2 into this
mixture leads to an increase in the effective activation
energy of viscous flow. This is probably due to the
intermolecular interaction of the oligomers and their
thermodynamic compatibility.

CONCLUSIONS

The paper studies the features of flow curves of
phosphorus-containing oligoester(meth)acrylates and
their mixtures. The areas of optimal compositions of
three-component mixtures for their use in the VaRTM
process for producing PCMs at temperatures from 30 to
70°C were determined.

The difference in the obtained flow curves of
methacrylates was determined by the molecular weight
of the compounds and their structure, as well as the
presence of a spacer in the structure. The flow curves
become linear at certain shear rates, above which, within
the studied range of rates, the behavior of the studied
liquids is similar to a Newtonian fluid.

Compounds with a spacer (PhOEM-2, PhOEM-3)
can be characterized by significantly higher viscosity
values of 1460 and 1856 mPa-s at 30°C, which
is two or more times higher than the viscosity of
PhOEM-1 (162 mPa-s). The same tendency remains at
high temperatures.

It was established that at temperatures above 50°C,
the viscosity of both the initial components and their
mixtures in any ratio meets the conditions of the VaRTM
technology for obtaining PCM with improved physical
and mechanical properties.

By using the composition—viscosity and composition—
activation energy diagrams together, the region of
optimal technological conditions (temperature, pressure
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difference) for obtaining PCM by the vacuum infusion
method can be determined.
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