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Abstract

Objectives. To improve the technology for obtaining polymer spray coatings based on
polycarbodiimides (polyureas) by studying changes in the process and operational parameters
due to the introduction of aspartic acid derivatives (AADs) into the composition.

Methods. The process of the production of sprayed and contact polyureas involves a number of
difficulties, not least in terms of the cost of the components and high-pressure equipment. For this
reason, mathematical modeling was used to optimize experimental design. The curing time of the
composition was measured under conditions simulated to be close to actual. After thermostating and
mixing Components A and B in predetermined ratios, the gelation time was measured to represent
the curing time of the composition. The hardness of the material was determined by the Shore method
according to GOST 24621-91. Tensile strength and relative elongation were determined according
to a standard method (GOST 30436-96).

Results. The effect of three AADs on the properties of the finished polyurea was studied.
It was found that the introduction of two of them (AAD-1 and AAD-2) into polyurea in an amount of
up to 40 wt % produces slow-curing (>250 s) polyureas capable of manual application. The finished
products have physical properties on par with machine-poured materials (breaking strength >73 MPa;
tensile strength >23 MPa; elongation >500%). Compiled regression equations were used to construct
graphs of equal levels showing the possible areas of directed modification of the studied compositions.
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Conclusions. AAD can be used as a modifying component for polyurea systems to obtain slow-
curing polyureas with high performance properties, which can be purposefully controlled by
mathematical modeling. The resulting products have commercial value due to their combination
of valuable physical and mechanical properties.
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AHHOMaAyust

IMenu. CosgepuieHcmeogaHUEe MEXHONI02UU NOAYUEHUS. NOJUMEPHBIX HANbBLASIEMbIX NOKpbimuil
HA OCHO8E NOAUKAPOOOUUMUOO0E (NOAUMOUEBUH), NYyMmeM USYUeHUS 3aKOHOMepHOCMmell usmeHe-
HUSL MEeXHON02UUECKUX U IKCNAYAMAYUUOHHBLX C80UCME8 npu 88edeHuUll 8 cocmas KOMNO3UuyuU
npouseooHsblx acnapazurosoil kucriomet ([1AK).

Memoobut. IIpouecc npouseodcmed HANLUIAEMbIX U KOHMAKMHBLIX NOAUMOUEBUH CONPSIIKEH
¢ psitoom mpyoHocmeti, 21a8HOT U3 KOMOPbLLX SI8SLeMCst CMOUMOCMb UCNONb3YeMblX KOMNOHEH-
mo8 u paboma ¢ 8blLCOKONPOU3B00UMENbHBIM 000pYO08aHUEM BbLCOK020 OA8NEeHUSl, NOIMOMY
asmopamu 66L10 NPeONoIKEeHO UCNOABL308AMb MEeMOo0 MAMEMAMUUECKO20 MOOEAUPOSAHUSL ONsL
OUEeHKU ONMUMAIbHO20 NAAHA NnposedeHUst sKkcnepumeHma. HamepeHrue epemeHu HKUHU
KOMNO3UYUL NPOBOOUNU 8 YCA08USIX, NPUONUIKEHHBIX K PeanbHbiM YCI08USM HAHECEeHUSL.
Komnonernmuolr A u B mepmocmamupo8anu, cmMeuusani 8 3a0aHHbIX COOMHOUWeEeHUsX. 3amem
3amepsiiu  8pemst 2eseobpasoeaHusl, KOmopoe CUUMANU BPEeMEeHeM IKUSHU KOMNOSUUUU.
Teepoocms mamepuana onpedensiiu no memody Illopa no I'OCT 24621-91. IIpourHocmo
U omHocumesibHoe YONUHEeHUEe NPU PACMSIKEHUU ONnpedesisii No CmaHOapmHoil memoouke
(I'OCT 30436-96).
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Pesynomamel. lHccneoosaro enusHue mpex IIAK Ha ceolicmea 20moeoll noAuMOUe8UHbL
U NOKAa3aHO, Umo egedeHue 8 cocmag noaumouesuHsl 0syx uz Hux (ITIAK1 u ITAK2) e konuuecmee
0o 40 mac. % daem 803MOIKHOCMb NOAYUUMb NOJUMOUEBUHBL CO BpemeHem HKUsHU >250 ¢, umo
noseosisiem nepegecmu Ux 8 paspsi0 «MeoOleHHbLX, MO eCcmb CNOCOOHBLIX HAHOCUMbBCS. 8PYUHYHO.
TI'omossble npodyxkmul obradarom usuuecKuMmu C8oUCMeamMu, AHAN02UUHBIMU MAMEPUATAM,
NONYUEHHbIM MEeMOOOM MAUUHHOU 3a1uU8KU (NpouHoCcmbio Ha paspwule >73 MIla, npouHocmsro
npu pacmsokeruu >23 MIla u omHocumensHbom yoaureHuem >500%). CocmaeneHvl ypagHeHUst
pezpeccuu, HA OCHOBAHUU KOMOPbLX NOCMPOEHblL 2PApUKU PA8HbLLX YpO8Hell, nokasvlearouiue
B803MOXKHbLEe obiacmu HaNPAagaeHHOU MOOUPUKAUUU UCCAe0YEeMbLX KOMNOZUUUL.

Buteoout. [Ipumererue ITAK & kauecmsee MOOUPUUUPYIOULE20 KOMNOHEHMA OJst NOJTUMOUECEUH-
HblX cucmem no3eossiem NnoAYyuums «medleHHbler NOJUMOUEBUHBL C 8bICOKUMU IKCNAYAMAUUOH-
HbLMU C80UCMB8AMU, KOMOpble MOXKHO UENeHANPABAEHHO pe2yiupo8ams, UCNONL3YSL Memoo
MaMeMamuueckozo Mooeauposarust. ITIomumo npouez2o, noayueHHsle Npooykmul Hecym & cebe
KOMMepUeckyro UeHHOCMb, mak Kak obnadarom cCO80KYNHOCMbI HYMKHBLIX (PUIUKO-MEXAHU-

yecKkux ceoticma.

Knroueeble cnoea: noiumouesuHda,

epemst XKU3HU,

noAuMepHvle NOKpolMUsl, PUIUKO-

mexaHuuecrKue ceozicmea, mamemamuuecKoe Modeﬂupoeanue

Jlna yumuposanun: Pomanos C.B., borsunosa O.A., TumakoB E.A., Pamynkuna JI.A., ITanos FO.T. MeuieHHbIe OJIMMO-
YEBHHHBIC KOMITO3UIIMU C BHICOKUMHM IKCIUTYaTAl[MOHHBIMU CBOWCTBaMU. ToHKue xumudeckue mexvonoeuu. 2023;18(6):549-558.
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INTRODUCTION

In order to compete in the production of high-
performance finished coatings used as construction
and finishing materials, it is necessary to combine
operational simplicity with process rapidity. Polyurea
coatings are widely used as electrical insulating,
lining, and anti-corrosion materials. However, such
coatings require the use of expensive high-pressure
equipment operated by highly qualified personnel.
While these difficulties do not present a major
hurdle when applying coatings to large surfaces, they
quickly become insurmountable if it is necessary to
apply coatings to small surfaces, e.g., during repair work.
For this reason, there is a demand for compositions
having a curing time of more than 5 min, which can be
manually mixed and applied. Preliminary experiments
showed that the known methods of reducing the
reaction rate (increasing the curing time of the system)
can be used only with the simultaneous reduction
in the performance properties of the finished coatings [1].

The use of aspartic acid derivatives (AADs) as the
amine component for polyurea coatings has recently
been proposed [2—4]. Thus, the present work set out
to study the possibility of obtaining slow-curing high-
performance AAD-based polyurea elastomers.

EXPERIMENTAL

Many studies have shown the potential of
AADs as modifiers for the synthesis of polymers used
to improve the physical and mechanical properties
of finished products. Currently, a large number
of AADs are produced on an industrial scale. This
work used AADs synthesized by the interaction of
unsaturated bisimides with aliphatic and aromatic
diamines. Figure 1 and Table 1 present the AADs
used in this work along with their general formula
and reactivity.

O\C CH,-CH C/O
-CH,-CH-C_
RO | OR
II\IH
X
I
NH
RON | _or

C-CH,-CH-C
7
o/ \O

Fig. 1. General formula of an aspartic acid
derivative (AAD).
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As shown in Fig. 2, AADs react with isocyanates (e.g., polyols and polyetheramines), which are
to form polyurea, which does not contain hydroxyl- collectively called component A of the system.
containing components [3]: Component B of the system comprises substances

The main components of the polyurethane—polyurea belonging to the class of isocyanates, which are
system are hydroxyl- and amine-containing substances responsible for the reaction of urethane formation.

Table 1. Structure of the main chain of AADs and their reactivity

Notation Structure of main chain (X in Fig. 1) Gelation time, h

Methylenebis(2-methylcyclohexane-4,1-diyl)

AAD 1 \ />cH,””

AAD 2 /_\
_/

2-Methylpentane-1,5-diyl

CH,
AAD 3 | 0.1

\/\/\/

0 0
o ol owow b |l
n 0—C=N—R—N=—=C=—=0+1nR0——C—C—N—X—N—C—C—OR —»

R'o—ﬁ—CH2 Hzc—ﬁ—OR'
| n g |l
> —C— —R—N—C—N—X—I|\I— "
“Ne—C—tn He—C— P
ro” | Nor
R'O—C C—OR'

Fig. 2. Reaction to produce polyurea from AADs [3].
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In the experiment, AADs were added to
component A of the system in different ratios,
provided that the index of the system would be in
the range of 1.1-1.2.

The curing time of the composition was
measured under conditions similar to the actual
application conditions. Components A and B were
thermostated and mixed in specified ratios. Then,
the gelation time was measured, which represented
the curing time of the composition. The hardness
of the material was determined using the Shore method
according to GOST 24621-91' with a TVR-A durometer
(VOSTOK-7, Russia). Strength and relative tensile
elongation were determined according to a standard
method (GOST 11262-2017*) with an RKM 2.1
tensile testing machine (Etalon-profit, Russia). Table 2
presents the curing time and main performance
properties of polyureas based on various AADs.

Table 2 shows that the addition of AAD-1 and
AAD-2 makes the compositions capable of being
applied manually. Moreover, the coatings based
on AAD-2 are comparable to classical polyurea in
hardness, and the coatings based on AAD-1 are superior
to classical ones in elasticity. The addition of AADs
in an amount of more than 40 wt % is unjustified
since, in this case, the curing time exceeds several times
the values convenient for work with them. Because
of this, the performance characteristics of the finished

coating are reduced, and the cost of the composition
increases. In order to improve the properties of
polyurea coatings, it was proposed to combine the
two types of AADs.

Since studying the effect of the initial components
in a polyurea composition is known to involve complex
factors and expensive equipment operating at high
pressure for long experimental times [5], it is most
convenient to use mathematical modeling when taking
such factors into account. While there are many methods
of mathematical analysis for processing experimental
data, the active experiment approach is useful for
obtaining accurate data due to the possibility of
processing several input factors simultaneously [6].
The active experiment approach was used in the present
work to reduce the number of necessary experiments
and visually represent the results of the analysis for
further design of the synthesis of products that meet the
specified requirements. Processing of experimental data
to obtain a mathematical model was carried out the methods
of classical regression and correlation analyses [7, 8].

The regression analysis method can be used
if the following conditions are met [6, 8]:

1) the observation results are
normally distributed random variables;

2) the input variables are measured with a small
error in comparison with the error in determining
random variables and are nonrandom;

independent,

Table 2. Properties of coatings based on polyurea in the presence of various AAD

q Curing Shore A Tensile Relative
o
Dutiios £ L) G T time, s hardness, units strength, MPa extension, %
20 850 65 18.5 580
AAD 1
40 3600 58 15.0 615
20 250 75 23.4 531
AAD 2
40 300 73 26.1 505
20 25 85 25.8 520
AAD 3
40 50 92 26.5 390
Without AAD 0 10 78 22.1 550

1 GOST 24621-91. State Standard of the USSR. Plastics and ebonite. Determination of indentation hardness by means of a
durometer (Shore hardness). Moscow: Izdatelstvo standartov; 1992. URL: https://progost.com/gost/001.083.080/gost-24621-91/.

Accessed November 08, 2023.

2 GOST 11262-2017. Interstate Standard. Plastics. Tensile test method. Moscow: Standartinform; 2018. URL: https://docs.

cntd.ru/document/1200158280. Accessed November 08, 2023.
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3) the estimates of the variances of input
parameters obtained under the same conditions are
homogeneous.

To find analytical dependencies between the
main performance characteristics (abrasion, tensile
strength, relative elongation) and the contents of
components of the composition, the experimental
data were processed by the least squares method.

In the work, the mathematical description was
made using a complete square polynomial

- . . o o2 2
Y=b,+bx +b,x, +b,xx, +bx’+box?

where b, b, b,, b,, b,, and b, are regression coefficients;
x, and x, are dimensionless input variables calculated
by the equation

where X, is the dimensionless jth input variable; X is
the dimensional jth input variable; hj is the variation
range of the jth input variable, which is calculated
by the equation

max min
— Xj Xj .
- b

h; 5

X, is the average value of the dimensional jth input

variable, which is calculated by the equation:
Xtrlax + Xr.nin
X 0 = - J ,
2

Table 3. Input data for calculating the regression equation

where X™* and X" are the maximum and minimum
values of the dimensional jth input variable,
respectively.

In the work, a two-factor experiment was carried
out: X, is the content of AAD-1 and X, is the content

of free NCO groups, %. Table 3 presents the values
of these factors for all levels of variation.

RESULTS AND DISCUSSION

The optimal design of experiment was developed
using the MATLAB software (MathWorks, USA)>.
Table 4 presents the extended design matrix and
the experimental values of the properties of the
composition.

To characterize these dependencies, a MATLAB
program was developed, whose input data set
comprises:

1) extended experimental design matrix, the
dimension of which is determined by the number
of input variables and the order of the regression
equation (Table 4);

2) experimental values of output variables in
accordance with the design matrix, which is written
into the program in the form of a column vector;

3) ranges for each input variable.

The input data block comprises:

1) calculated values of the regression coefficients
of the required equation;

2) table of comparison of experimental and
calculated data using the obtained regression equation;

3) variance of the relative mean of the output
variable;

Input variables Input factors
AAD 1 content in component A Fraction of NCO-groups, %
R shifasLton X, wt % X,, dimensionless units X,, % X,, dimensionless units
Upper level 100 15 +1
Lower level 0 10 -1
Zero level 50 12.5 0
Variation step, h 50 2.5 -

3 MATLAB. https://www.mathworks.com/. MathWorks, USA. Accessed November 08, 2023.
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Table 4. Extended planning matrix in coded variables and property values

No. of experiment | x, X, x, | x,xx, | x? | x} (tjll;f:lsg Tensil;/lslt’;ength, Elongation at break, %
1 1 -1 1 -1 1 1 8 22 550
2 1 -1 -1 1 1 1 16 13 1050
3 1 -1 0 0 1 0 14 15 850
4 1 1 1 1 1 1 150 20 580
5 1 1 -1 -1 1 1 280 17 700
6 1 1 0 0 1 0 240 19 650
7 1 0 1 0 0 1 90 19 620
8 1 0 -1 0 0 1 260 16 720
9 1 0 0 0 0 0 210 17 680
4) residual variance; F was assessed with respect to the mean Syf of the
5) Fisher’s exact test; output variable and the residual variance S, :
6) graphic material, including the response

surface obtained from the found regression equation
and the isoline map.

The regression coefficients were calculated using
the developed MATLAB program. The obtained
regression equations are the following:

— for curing time,

Y1 =200.44 + 105.33x1 —51.33x, +

2

+30.5x,x, + 68.67x] + 20.67x; ;

— for tensile strength,
Y2=16.78+1.0x, + 2.5x, +

+1.5x,x, +0.33x] + 0.83x3;

— for relative elongation at break,

Y3 =688.89 —86.67x, +120x, +
+ 95x,x, +56.67x —23.33x;.

The adequacy of the equations was assessed
using the Fisher’s exact test. The adequacy estimate

S?
Feg

where the residual variance was found by the equation

S T\2

Z(yi _y[)

i=1 .
N-K

2 _
res

The variance of the mean of the output variable
was calculated by the formula

> —2

D (=)

Sr=4il
y N-1

where N is the total number of experiments, K is
the number of significant coefficients in the
regression equation, and y are the means.

The calculated values of the Fisher’s exact test
are the following: strength is 191.1; relative elongation
is 54.55; curing time is 32.15. The tabulated value

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(6):549-558

555



High-performance slow-curing polyurea compositions

241
g

02

|
o]
s

N

L

0.8

-1.0
-10 08 06 -04 02 0 02 04 06 08
X,

(a)

0.8

0.6

0.4

0.2 4

X

17.3

&
>

187

144

-10
0 08 06 04 02 0

(b)

02 04 06

e |

0.8

0.6

0.4

0.2

763
+

937

06
93 hd
.

980

-1.0 i
-10 08 -06 04 02

(©)

02 04 06

Fig. 3. Isoline maps of the main performance characteristics of polyurea coatings based on a mixture
of AAD-1 and AAD-2: (a) for curing time, (b) for tensile strength, and (c) for relative elongation.

of Fisher’s exact test under the corresponding
conditions is 8.8 [7]. As can be seen, the calculated
values of the Fisher’s exact test exceed the tabulated
value; consequently, the equations adequately describe
the process.

Figure 3 presents the isoline map of the
constructed regression functions for the selected factors.

The isoline maps depicted in Fig. 3 demonstrate
the possibility of optimizing the process under study.
The wide variation in the studied properties allows
the composition developers to vary the performance
parameters of the finished product depending on
customer requirements. Importantly, throughout the
studied range of properties, coatings of satisfactory
quality were obtained.

CONCLUSIONS

This study showed that the use of AADs
can increase the curing time to the 5 min required
by the consumer. By introducing two of them
(AAD-1 and AAD-2) in an amount of up to 40 wt %,

it is possible to obtain polyurea compositions with
a curing time >250 s, a breaking strength >73 MPa,
tensile strength >23 MPa, and a relative elongation
>500%.

According to the two-factor experimental design,
regression equations were compiled for each of the
studied properties. The adequacy of the equations was
determined by the Fisher’s exact test. Isoline maps
constructed on the basis of the equations are used to
form to model polyurea compositions over a wide
range of performance properties in accordance with
customer requirements.
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