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ABSTRACT

The paper presents the results of studies of adhesive strength under shearing, thermal stability, and the content of
the gel fraction of adhesive materials and enamels based on modified phenol-formaldehyde resins. Epoxy resin
and polyvinylpyrrolidone were used to modify the phenol-formaldehyde resin. The influence of the content of
components in the phenol-formaldehyde composition and the curing conditions on the properties of the obtained
adhesive materials and coatings is analyzed. The effect of polyvinylpyrrolidone on internal stresses in adhesive
joints has been established. By mathematical planning, the isolines of the characteristics of composite materials
based on modified phenol-formaldehyde resin depending on their component’s compositions are plotted, and the
regression coefficients are found, enabling one to get materials with predicted properties. From a technical and
economic point of view, the following content of additives in modified phenol-formaldehyde resin is most optimal:
epoxy resin from 25 to 50 wt%, polyvinylpyrrolidone from 0.5 to 1.0 wt%, curing catalyst from 1 to 2.5 wt%.

Keywords: phenol-formaldehyde resins, epoxy resin, polyvinylpyrrolidone, adhesion strength, regression equa-
tion, Scheffe’s method.

INTRODUCTION

Phenol-formaldehyde resins (PFR) are used
in various industrial applications requiring a
durable, smooth, and flawless coating. The phe-
nolic coating provides long-lasting, high-qual-
ity protection against corrosion, scratches, and
cracks [1, 2]. Heat-treated phenolic coatings can
be used in a wide range of acidic environments,
even highly acidic environments, as they have
excellent acid chemical resistance even at high
temperatures [3, 4]. Thus, phenolic coatings are
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optimal for various industrial applications such
as fume hoods, pumps, pipes, and tank linings.
These coatings have an optimal balance between
flexibility, elasticity, strength, wear resistance,
chemical resistance, film stiffness, and impact
resistance [5].

Other applications for PFR include foamed
phenol-formaldehyde resin for insulation and
various applications in the rubber industry, in-
cluding tires. Phenolic resins are a safer alter-
native to resorcinol when used as crosslinkers
in rubber products such as tires. Phenolic resins
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help reinforce rubber structures and improve
adhesion [6, 7].

Therefore, at the moment, the primary heat-
resistant coatings will continue to be coatings
based on phenol-formaldehyde or epoxy resins
(ER) [8]. Thus, developing new types of enamels
based on PFR is an urgent task.

Studies [9] on the effects of nano-SiO, par-
ticles on the tensile properties and tensile fracture
face morphology of the phenolic amine/epoxy
resin system show that the uniform dispersion
of SiO, nanoparticles plays an important role in
promoting the tensile performance of nanocom-
posites. Additionally, increases of 184.1% and
217.2% were achieved by adding 1.5% weight
parts of nano-SiO, in composites for the tensile
strength and tensile modulus, respectively.

In work [10] found that the thermal conduc-
tivity was increased by 6.5% in the phenolic res-
in by adding 0.45 wt% graphene and 0.15 wt%
single-wall carbon nanotubes (maintain the mass
ratio 3:1). It is shown that if graphene and carbon
nanotubes are added in proportion, the thermal
conductivity of phenolic resin will be improved
significantly, which is better than only carbon
nanotubes or graphene. Graphene oxide/phenolic
formaldehyde resin composites show good me-
chanical, electrical, thermal, and frictional prop-
erties, as well as dielectric and flame retardant
properties [11].

In work [12] showed that adding phenolic into
epoxy could improve the mechanical performanc-
es of epoxy resins and epoxy-based composites
at room temperature, and the phenolic influenced
epoxy-based plain-woven laminated composites
more than epoxy matrix at room temperature.
However, at high temperatures, the addition of
phenolic decreased the mechanical performanc-
es of epoxy resins and epoxy-based composites,
and the adverse effect of phenolic became more
severe with the increase of phenolic content at
high temperatures. In addition, the thermogravi-
metric analyses were also conducted from 30°C
to 800°C on phenolic modified epoxy resins. The
results showed that the phenolic modified epoxy
resin had an earlier loss in weight than unmodi-
fied epoxy resin. The earlier loss in weight meant
that the addition of phenolic into epoxy resin led
to the formation of unstable molecules at high
temperatures.

In work [13], phenolic resins were modified
with functionalized silica sols, and materials with
high resistance to ablation in an acetylene-oxygen

flame were obtained. Ethylenediamine was used
as a hardener for epoxy-functionalized sols.

In work [14], cardanol-based epoxidized re-
sole resins were synthesized by reacting resole
type phenolic resin and epichlorohydrin in an
alkaline environment at 120°C. Resole-type phe-
nolic resins were synthesized by reacting carda-
nol and formaldehyde in the presence of sodium
hydroxide as a catalyst. These prepared samples
were hardening using 15% polyamide as a cur-
ing agent at 120 £ 2°C for 1 h. Mechanical and
chemical resistance characteristics of prepared
samples were evaluated to assess the possibility
of using such thermosetting resins as a new eco-
friendly material for engineering applications. It
was found that the prepared resin systems exhibit
better properties compared to commercial epoxy
resin in terms of increase in tensile strength, elon-
gation-at-break, impact strength, castings and
gloss, scratch hardness, adhesion, and flexibility
of the films. The anticorrosive properties of the
prepared resin systems’ chemical resistance are
superior to unmodified epoxy resins.

The development of a technology for obtain-
ing a new material consists in creating an optimal
technological process for molding products with
controlled properties based on the use of data on
the technical properties of the feedstock [15]. The
composition of the initial mixture has a versatile
effect on the properties of polymers, which makes
it challenging to choose the ratio of components
for its synthesis [16]. In this regard, the composi-
tion of the initial mixture to obtain compositions
with optimal properties for a particular case was
found using the method of mathematical planning
of the experiment, which significantly reduces the
proportion of experimental costs. In this case, the
result of the research is a multifactorial mathe-
matical model in the form of a polynomial of a
given degree — a regression equation [17].

The previous work [18] developed a method
of obtaining non-toxic composite materials based
on modified phenol-formaldehyde resin with im-
proved adhesive properties and heat resistance.
Epoxy resin and polyvinylpyrrolidone (PVP)
were used to modify PFR and N,N-dimethylan-
iline (DMA) as a curing catalyst. It is shown that
the main properties of the obtained composites
significantly depend on the ratio of the compo-
nents of the polymer mixture and the hardening
parameters. Therefore, this work aimed to opti-
mize the composition of the developed phenol-
formaldehyde composites using mathematical
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planning of the experiment, to determine the
values of the regression coefficients, and to plot
isolines of their essential characteristics. This will
make it possible to choose the optimal composi-
tion of the mixture to obtain material for a spe-
cific purpose.

Research methods

The compositions were prepared by the previ-
ously described method [18].

To study the process of structuring compo-
sitions, prepared the specimens of compositions
in the form of films in molds of polytetrafluoro-
ethylene with 55 mm in diameter. Samples were
hardening at 150—160°C for 25-30 min. The con-
tent of gel fraction was found by the extraction
method of preliminarily crushed films with etha-
nol in a Soxhlet device.

The adhesion strength of metal-glass glued
joints at uniform shearing was performed on a
TiraTest 2200 tensile-testing machine (Germany)
with an extension rate of 50 mm/min. Samples
were hardening at 150—160°C for 25-30 min.

Internal mechanical stresses in adhesive
joints were determined by the cantilever method,
which is based on measuring the bending height
of the cantilever plate with the polymer composi-
tion applied to it concerning the base plate. Due
to internal stresses in the film, the substrate bends,
and the free end of the console deviates from its
initial state.

Internal mechanical stresses o (MPa) were
calculated using the formula [19]:

3 E-t3-h
T 30-12-A8 - (8 + AS)

g

(M

where: E — modulus of elasticity of the substrate
plate, MPa;
6 — the thickness of the substrate plate, m;
h — deviation of the console from the ini-
tial position, m;
1 — the length of the plate with a polymer
composition, m;
A6 — the thickness of the polymer film, m.

Thermal stability of composites was de-
termined by the Vicat method according to the
ASTM D1525 [20]. Samples were made in Teflon
molds and hardened at 85-90°C for 2 hours.

Five samples of each composition were pre-
pared to test the characteristics mentioned above
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of the modified PFR. Conducted at least three
parallel measurements and determined the mar-
ginal deviations of the results.

To plot the isolines of the main technical
characteristics of the modified PFR and promptly
select the optimal composition of adhesives and
enamels based on them, mathematical planning of
the experiment was carried out using the Scheffe
complex lattice plan method [17].

RESULTS AND DISCUSSION

The developed composite materials based on
PFR can be used as heat-resistant adhesive ma-
terials and enamels for various purposes, as well
as a binder for obtaining press powders. There-
fore, one of the main properties of such materials
is adhesive strength and thermal stability, which
significantly depend on the degree of hardening
of the compositions (gel fraction content). The
results of studies of these three properties of com-
posites depending on the ratio of components are
presented in Table 1.

Composite samples were tested for adhesive
strength of metal-glass glue joints under uniform
shear. An increase in the amount of ER and the
hardening catalyst in the compositions increases
the adhesive strength of the glue joint as a result
of the complete hardening of the compositions
(Table 1).

The increase in the adhesion of the adhe-
sive joint based on the modified PFR can be ex-
plained, according to the molecular (adsorption)
theory of polymer adhesion [21], by the presence
of highly polar NCO groups in the PVP molecule
[22], which can form hydrogen bonds with the
metal. Epoxy and hydroxyl groups of the modi-
fied oligomer and the appearance of new polar
groups during the hardening of the compositions
also contribute to the formation of additional che-
misorption bonds with the surfaces to be glued,
as a result of which the adhesion of glue joints
increases. The strength of the adhesive seam also
increases due to the formation of a dense com-
bined network (interpolymer complex) during the
interaction of PFR with ER and PVP in the pres-
ence of DMA, as well as PFR with PVP [18].

However, the effect of the amount of PVP on
adhesion is limited — adhesion increases notice-
ably when the PVP content increases to 1.0 wt%
and then decreases. Therefore, the optimal PVP
content in the composition is 0.5-1.0 wt%.
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It is known [23] that internal stresses sig-
nificantly affect glue joints’ adhesive strength.
In the formation or operation of glue joints, sig-
nificant internal stresses cause their spontaneous
destruction. Glue joints based on PFR modified
with ER are characterized by an adhesive pro-
tection mechanism [24]. Therefore, determining
these connections’ adhesive strength and internal
stresses is extremely important when evaluating
their protective capacity.

In this regard, the effect of PVP content in
modified compositions on internal stresses in ad-
hesive joints was studied (Fig. 1). The values of
the internal stresses agree well with the results
of the adhesive strength measurement. PVP-con-
taining compositions have significantly lower in-
ternal stresses. Compositions with PVP content of
0.5-1 wt% have the lowest internal stresses.

The thermal stability of the modified compo-
sitions (Table 1) also increases with increasing
EC and DMA content. The effect of PVP on ther-
mal stability is extreme, with a maximum at PVP
content of 1 wt%. An increase in the PVP content
in the composition above one wt% leads to a de-
crease in thermal stability. This is explained by
the fact that the addition of PVP in small quanti-
ties is accompanied by the formation of chemi-
cal cross-linking nodes in the resin hardening
process. With a further increase in the PVP con-
tent, the orderliness in the packing of the chains
is destroyed, and a more defective structure with
physical bonds is formed.

To facilitate the search for compositions of
glue materials and coatings with predetermined
properties, mathematical planning using the

0.8 -
0.7 1
0.6 -
0.5
0.4 -
0.3 -
0.2 1

Internal stresses, MPa

o .

method of Scheffe’s simplex lattice plans was
carried out.

Influence the ratio of the components of the
polymer mixture (PFR, ER, PVP) to the proper-
ties of the compositions were studied. The ratio of
other components of the system was assumed to
be constant. In particular, the content of the hard-
ening catalyst DMA was one wt%.

When studying the properties of a mixture
that depends only on three components, the factor
space is a regular two-dimensional simplex — an
equilateral triangle (Fig. 2). For the system, the
ratio is:

Xi+ X, + X5 =1 )

where: X.> 0 — the concentration of the i-th com-
ponent in the mixture, wt%;
X, — PFR content, wt%o;
X, — ER content, wt%o;
X, — PVP content, wt%.

The triangle’s vertices correspond to pure
substances, the sides to dual systems. The opti-
mization was carried out for the most important
properties of the compositions — shear adhesive
strength (MPa), Vicat thermal stability (°C), and
gel fraction content (%). Not the entire concentra-
tion triangle was studied, but only its local part,
which is a simplex with vertices 4,(100 wt%
PFR); 4,(50 wt% PFR; 50 wt% ER); 4,(95 wt%
PFR; 5 wt% PVP) (Fig. 2).

The upper limit of PVP content is 5 wt%
caused by technological complications — with a
higher content of PVP, the duration of preparation

0 0.05 0.1

0.5 1

PVP content, wt%

Fig. 1. Dependence of internal stresses in PFR-based glue joints on PVP
content. Hardening conditions — 150—160°C for 25-30 min
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Table 1. Technological and operational characteristics of the composites based on PFR*

Composition, wt%. Adhesion shearing Gel-fraction Vicat thermal

PFR ER PVP DMA strength, MPa content, % stability, °C
74.25 25 0.5 0.25 1.940.2 74.28 8012
74 25 0.5 0.5 3.8+0.3 83.38 8812
73.5 25 0.5 1.0 5.7+0.3 99.4 120£2
72 25 0.5 2.5 6.6+0.3 99.8 130£2
74 25 0 1 4.8+0.3 98.4 11542
73.5 25 0.5 1 5.7+0.3 99.4 12012
73 25 1.0 1 6.4+0.3 99.6 125+2
71.5 25 25 1 4.8+0.3 98.5 1102
69 25 5.0 1 3.1+£0.3 95.2 1002
97.5 1 0.5 1 0.940.2 2.05 8612
93.5 5 0.5 1 1.64+0.2 17.73 8212
88.5 10 0.5 1 2.840.2 69.93 1002
73.5 25 0.5 1 5.7+0.3 99.4 12012
48.5 50 0.5 1 7.5+0.3 99.9 13012

Note: *Adhesion strength and gel-fraction content — samples were hardening at 150-160 °C for 25-30 min; Vicat
thermal stability — samples were hardening at 85-90°C for 2 hour

and the cost of the composition increase signifi-
cantly, and its viscosity increases.

The ER content is more than 50 wt% increas-
es the composition cost without improving its
properties.

To use in this case, the plans used for the study
of complete diagrams renumbered and accepted
the compositions at the vertices of 4(X,", X,
X9), where i = 1, 2, 3, by independent pseudo-
components of Z.. At the same time, the condition
must be fulfilled:

Zl+Zz+Z3=1 (3)

The planning of the experiment was carried
out in the coordinate system of pseudo-compo-
nents relative to the new variables Z,72,Z.

The value of Z? (k, i = 1, 2, 3) was found by
solving two systems of equations:

xMz® 4 xP .z 4 xP 29 =1
xB . z® 4+ xP . 2P +xP .z =0
X220+ %7 L)+ xY 0 =0
XP-A”+X§WA”+XQ-A”=0;()
xB .z +xP 2P +xP 27 =1
xPzP +xP 2P +xP 2P =,

142

: Z® — the content of the pseudo-com-

ponent Z, in the vertices of the original

simplex;

X @ — the content of the k-th component in

the vertices of Z(4):
xP=1  xP=0  xP=0
xP =05 xP =05 xP =0
x® =095 xP =0, xPF =005

The following values were obtained:

zMW=1  zV=0
7P =-1; 7z =2
z®=-19;, z =0
0,1.0
AV'\

1.0 TAVAVAVAYAVAYA.
0.005 e 1.0
—_—

Fig. 2. The field of PFR-compositions
properties research
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We also received formulas for transferring co-
ordinates from one system to another:

Z =720+ X, (2P - 20) + X, (29 - 2V);
Z,=2" + X, (2" - 2°) + X, - (2 - 2{°); (5
Zy=1- (2 + 7).

Next, formulas (6) for the transition from
pseudo-components to real concentrations were
determined. For this, the obtained values of Z
were substituted into relation (5).

Zl =1- 2X2 - 20X3;
Zz = ZXZ; (6)
Z3 = 20X3.

To obtain the regression equations, a Schef-
fe’s simplex lattice plan was drawn up concern-
ing the pseudo-components Z, Z,, Z,. We used
the reduced polynomial of the second order for
the ternary system:

V' =P1Zy + PaZy + B3Zs + ™

+ B12Z1Z;5 + P13Z1Z3; + Br3ZzZ3

The minimum number of experimental points
for determining the coefficients of this polyno-
mial is 6 (C24,_; = C} = 6).

Three levels of each factor (0; 1/2; 1) influ-
encing the experiment were used to create the
planning matrix. After registering the coordinates
of the simplex grid points, we will obtain a plan-
ning matrix (Table 2).

The coordinates of all six points (Table 2) of
the planning matrix were successively substituted
into equation 7 to obtain the coefficients of the
polynomial:

Y1 =B1; Y2 = Ba; Y3 = PB3;
P13 = 4y13 — 2(y1 + ¥3);

Biz = 4y12 — 2(y1 + ¥2); ()
B2z = 4ya3 — 2(y2 + ¥3).
Table 2. Experiment planning matrix
e | 2 z, Z | e
1 0 0 Y,
2 1 0 Y,
3 0 0 1 Vs
4 112 112 0 Vi
5 112 0 112 Vs
6 0 112 112 Vi

In our case, y', (MPa) is the regression equa-
tion of adhesive strength of the composition, y’,
(°C) is the regression equation of Vicat thermal
stability, and y, (%) is the regression equation of
the gel fraction content.

Table 3 presents the conditions and results
of experiments in pseudo-components and on a
natural scale. The average results of adhesive
strength, thermal stability, and gel fraction con-
tent were obtained from 3 parallel experiments.
Experiments 7, 8, and 9 were used as control
points.

Next, the coefficients of the regression equa-
tions were calculated according to formulas (8),
and the regression equations in pseudo-compo-
nents were obtained:

fory’:

£1=0.69; ="17.53; f=0.78;
Pi2=3.08; fi3=0.78; Pz =2.74,
Yl = 0697, + 7532, + 07825 + )
+3.082,Z, + 0.787, 75 + 2.747,75;

fory’:

b,=75; b,=130; b,= 80;
b,=50;b,=30; b, =20,

Vi =757, + 130Z, + 80Z5 + (10)
+ SOZ:LZZ + 302123 + 202223;

fory':

b,=1.65;b,=99.9; b,= 1.80;
b,=190.5;b,=13;b,,=190.6,

y4 = 1.65Z, + 99.9Z, + 1.80Z; + (1D
+ 1.80Z5 + 190.5Z,Z, + 1.3Z,Z5 + 190.6Z,Z.

To obtain the regression equation in the initial
variables, dependencies (6) were used:

y, = 0.69 + 19.84X, + 17.4X; —

5 5 (12)
— 44.8X,X; — 12.32X2 — 312X%;
— 2400X,X5; — 200X% — 12000X2; )
= 1.65 + 577.5X, + 29X; —
V3 2 3 (14)

— 48X,X; — 762X2 — 520X2.
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Table 3. Conditions and results of experiments

Pseudo-components Real variables
No 2 5 2 X X X Yo Yo Yien
1 2 3 1 2 3
1 1 0 0 1 0 0 0.69 75 1.65
2 0 1 0 0.5 0.5 0 7.53 130 99.9
3 0 0 1 0.95 0 0,05 0.78 80 1.80
4 112 1/2 0 0.75 0.25 0 4.88 115 98.4
5 1/2 0 12 0.975 0 0,025 0.93 85 2.05
6 0 112 12 0.725 0.25 0,025 4.84 110 98.5
7 2/3 0 13 0.983 0 0,017 0.97 83 2.28
8 2/3 113 0 0.833 0.167 0 3.18 105 78.2
9 0 2/3 13 0.8 0.167 0.033 2.95 100 75.6

Three points were used to check the adequacy
of the obtained equations (Table 3, experiments
7-9). The t-ratio was found for each control point:

Ay\n
(= (15)
Sy 1+¢
n — the number of testings at each point
(n=3);

) . o
sy — variance of reproducibility.

w

§=)a+ ) & (16)

i=1 1(=i(=3
a; = x;(2x; — 1); a;; = 4x;x;.  (17)

u=10n =)
g2 —Lu=1u 7 18
5 —— (18)
m
— u=1Yu

=—— 19
y — 19)

where: m — the number of testings at each point
(m=23).

Table 4. Checking the model for adequacy

The obtained results are presented in Ta-
ble 4. At the level of significance p =1 — f =
=1-10.95=0.05 (where p is the confidence prob-
ability, £ =0.95) and the number of degrees of fluen-
cyf=6:t, =2451e.,t <t . Therefore, all re-
gression equations are adequate for the experiment.

The obtained regression equations make it
possible to determine such properties of the com-
position as shear adhesive strength, Vicat thermal
stability, and yield of the gel fraction for any com-
position of the initial mixture. MathCad Prime

TAVAVAVATAVAVAV-Y
A, “WAVAVAVAVAY AN v
YA VAVAAYavavayatas mnVAAAAVAVA 0.1

AT NNNINNINN
AVAVAVAVGY;'#VerV#VAVAVA 90 V AVAVAV/

/\/\/\

0.02 X3003
—_—

0 0‘01 0.04 0.05
Fig. 3. Lines with equal composite materials
property values. Solid line — adhesion strength in
shear, MPa; dashed line — Vicat thermal stability, °C;

dash-dotted line — content of the gel-fraction, %

No | yao | vy | Ay, | S0 | ¥a | vy, | 4y, | e |y |y, | ay, | e | &l | @ | ©
0.97 | 0.90 | 0.07 | 012 | 83 | 83.43 | 0.43 | 1.08 | 2.28 | 1.99 | 0.29 | 0.64 | 0.83 | 0.64 | 1.02 | 0.35
318 | 3.66 | 0.48 | 1.18 | 105 | 104.49 | 0.51 | 1.16 | 78.2 | 76.84 | 1.36 | 1.48 | 0.83 | 0.95 | 1.48 | 0.81
295 | 364 | 069 | 1.22 | 100 | 101.30 | 1.30 | 140 | 75.6 |76.97| 1.37 | 149 | 0.83 | 1.22 | 1.33 | 0.98
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6.0 PC program was used to calculate the prop-
erties mentioned above at various concentrations
of components. Based on the calculations, lines
of equal values of the properties of the modified
PFR were plotted (Fig. 3). This will significant-
ly reduce the experimental search for the ratio
of components to obtain adhesive materials and
enamels with predetermined properties.

CONCLUSIONS

By mathematical planning, the isolines of the
characteristics of composite materials based on
modified PFR depending on their component’s
compositions are plotted, and the regression coef-
ficients are found, enabling one to get materials
with predicted properties.

The effect of the ratio of the components of
the modified phenol-formaldehyde composition
on the adhesive strength, Vicat thermal stability,
and the yield of the gel fraction of the hardened
materials was studied. The adhesive strength of
the joints increases with an increase in ER content
up to 50 wt% and PVP content —up to 1 wt%. Ac-
cording to the PVP content in the modified PFR
from 0.5 to 1.0 wt%, glue joints based on it have
the lowest internal stresses.

The developed material’s thermal stability
depends mainly on its hardening degree. There-
fore, with an increase in the content of DMA, it
increases.

From a technical and economic point of view,
the following content of additives in modified
PFR is most optimal: ER from 25 to 50 wt%,
PVP from 0.5 to 1.0 wt%, DMA from 1 to 2.5
wt%. The conditions of hardening of glue joints
or coatings based on such materials can be varied
in a wide range by adjusting the content of the
hardening catalyst, as well as the temperature and
duration of the process.
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