0 m,

Hoxpawenns excnayamauivinux eaacmusoc-
meil enoKCuUOHUX KOMNOIUMIE 00360JIAE POIUUPU-
mu cepy zacmocyeanms. O0num iz cnocooie nio-
SUWEHNHA MIUHOCMI MA 006208TUHOCMI eNOKCUOHUX
KOMNO3UMi6é € 3aCMmocy8anHs MazHimmozo oopo-
onenns.

Jnsa modudpixyeanns nonimepnux KomMnouuii
nio enau6om maznimmnozo noJs Heo6xiono dompu-
MYBAMUCL ONMUMATILHUX PeEHCUMIE 00podKu ma
memnepamypHo-4aco8ux Ymoe, 6USHAMEHHA AKUX
€ Memoro 00CaioceHD.

B pesyavmami npoeedenns excnepumenmanv-
HUX 00CNI0NHCEHb 6CMAN06IEHO 6NIUE NAPAMEMPIE
3MIHHO020 MAzZHIMHO020 NOJA HA PI3UKO-MeXAHIUHI
xapaxmepucmuxu Moouixosanux enoxcuxom-
nosumie. Jlocnioxceno 3axoHoMipHoCcmi enausy
Koe@yiyienmis nponopuyiunocmi, inmezpyeanus ma
Jupepenyirosannsa aneopummy pezyramopa maz-
HimHo20 00pobnenns na yoapny 6’s3xicme ma
menyocmiiixicmo MOOUQIK0BAHUX €NOKCUKOMNO-
3umie. Buznaueno onmumanvhi3navennsauacmomu
3MIHHO020 MAZHIMHO020 NOASL NPU 006POOUL enoxcu-
xomnozumie. [Jocaidceno 3anexcnocmi emicmy
0pibnoducnepcHozo pepomaznimnozo HanoeHI06a-
A HA 3ATTUWK 06T HANPYHCEHHSA MA MeMnepamypy 6
30mi maznimnozo o6poonenns. Ilpu docnioxcennsx
ENOKCUOHUX KOMNO3UMIE NAPANETbHO NPOBOOUNU
eunpoodyeanms eaacmusocmeil 6i0 6nauey memne-
pamypu ananoziunii npu mazHimmomy o0poodaen-
Hi. 3aKOoH 3MIHU MeMnepamypHux napamempis
0e3 maznimnozo 06podnenna 3adasanu maxum
ace, ax i npu maznwimmomy oopooaenni. Haseoeno
pe3yavmamu Mamemamu1nozo NAAHYE8AHHS eKC-
nepumenmy ma xopeaauiuni sanexcnocmi inoyx-
Uil MaeHIMHO20 NONS Ma 8MiCmy HANOBHI0BAUA HA
menyocmitixicmo MoOUPiKo6anoz0 enoxcuKomno-
sumnozo mamepiany. B pesynvmami docnioxcens
BU3HAYMEHO ZPAHUYHI 3HAMEHHS 8MICMY HANOBHIO-
eaua ma pexcumié 00poOKU enOKCUKOMNOIUM-
HUX mamepianié, wo 3adesnevumov ni0GUUEHHS
excnayamauiiinux eaacmusocmeii. Ilpoeedeni 0o-
CHI0NHCEHHA 8ANCAUBT 011 600CKOHAIEHHA MEXHO-
JN02iun0z0 npoyecy MoouiKyeanns enoxcuoHux
KOMNOZUYIH MAZHIMHUM 00POONEHHAM

Kmouogi crosa: maznimna o6poodxa, menaonpo-
gionicmb enoxcuonuil onizomep, noJiemuieHno-
Jamin, 3anUmK06i Hanpyicenns, yoapua 6’sa3-
Kicmo, indyxuis, III/]-peeyasmop

0 =,

1. Introduction

The development of modern industry implies the re-
duction of metal consumption in the production of mecha-
nisms and machines. Resolving this task is possible when
applying polymeric composites. The most effective are the
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composites based on epoxy dianeic resins. Such material is
used in the form of coatings, including the surfaces with a
complex profile, to protect metallic articles against corrosion
and the influence of aggressive environments. In addition,
epoxy composites are applied as structural materials for
parts of mechanisms and machines. However, the strength
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indicators of polymeric composites that are offered from
industrial production do not always match the set of oper-
ational requirements. Improving the strength indicators of
epoxy-composite materials and coatings is a relevant task
of modern materials science. In this field of research, it is
interesting from a scientific and practical point of view to
modify the epoxy-composite materials using force fields
as the methods to improve operational characteristics. It
should be noted that the effect of modification using the
force fields on the strength indicators of epoxy composites
has not been investigated sufficiently. Specifically, it relates
to treating with magnetic fields. Particularly, the application
of treatment with a variable magnetic field at solidifying
epoxy compositions can improve strength indicators of the
formed polymeric material at the expense of changing the
degree of cross-linking in the material of a binder [1].

2. Literature review and problem statement

It should be noted that the modification of epoxy com-
positions using the magnetic treatment leads to a number of
difficulties:

— selection of optimal magnetic treatment regimes. Study
into duration of the treatment, the intensity of a magnetic
field, temperature in the treatment zone [2];

— establishment of the optimal content of components
in an epoxy composition (binder, hardener, filler) that are
exposed to the action of a magnetic field [3].

In this case, selecting the optimal dispersion of a filler
has an important role that is associated with a specific sur-
face area of the filler’s particles [4]. The specified factor af-
fects the volume of outer surface layers (OSL) when forming
an epoxy composite. A material with the OSL structure is
different from the base material of a binder in its structure.
A significant effect on the volume of OSL formation is ex-
erted by the nature and activity of the filler relative to the
components of the composition [5]. It is possible to intensify
the process of structuring at the interface of phases “binder—
filler” when using magnetic fields [6].

Given the complexity of studying the entire range of a
filler, a hardener, as well as the concentration and modes of
magnetic treatment, the preliminary stage implied math-
ematical modeling of results of experiments. It should be
noted that at certain modes of magnetic treatment, when ap-
plying the ferromagnetic fillers, there are phenomena when
a jump-like rise in temperature in the treatment zone was
observed. In this case, when changing the content of a filler,
they observed both a significant improvement of the physi-
cal- mechanical characteristics of a material and a change in
the temperature conditions in the treatment environment.
This relates to the fact that in this case the treated material
with the ferrite filler is the electromagnet core, and the value
of the filler’s content affects the induction magnitude of the
magnetic field. Theoretically, while applying a method of
mathematical planning of the experiment, it is difficult to
consider it. Therefore, experimental studies into the influ-
ence of optimal ratios of a filler and treatment modes must
continue.

Treatment using a magnetic field is applied to polymeric
composites of various magnetic nature [7]. Formation of a
composite under the influence of a magnetic field remains
insufficiently investigated. When applying such a type of
treatment, there are problems associated with the difficulty,

and often the impossibility, to form the shape of parts with
surfaces that have a complex profile. This relates to the fact
that it is necessary for different shapes of parts to fabricate
a separate solenoid for magnetic treatment so that the influ-
ence of the magnetic field on a material remains the same
throughout the entire part’s volume.

At the same time, the formation of a polymeric composite
material under the influence of a magnetic field typically
employs a continuous mode of treatment with a certain spec-
ified duration [8, 9]. In this case, it remains to examine the
influence of a magnetic field with a controlled intermittent
intensity that could be derived based on the proportional-in-
tegral-differential (PID) algorithm.

An analysis of the scientific literature revealed [2—11]
that most research in the field of magnetic treatment of
polymeric composites addressed rendering or changing the
dielectric and magnetic properties of a material. Changing
the strength indicators of a material in the formation of ar-
ticles in an alternating magnetic field remains insufficiently
explored.

3. The aim and objectives of the study

The aim of this work is to establish the effect of the
content of a ferromagnetic filler in an epoxy material and
the modes of its magnetic treatment on the heat resistance,
impact strength, and residual stresses of composites for ma-
terials for electrical purposes. That would make it possible to
improve the technological process of magnetic treatment and
enhance operational properties of articles.

To accomplish the aim, the following tasks have been set:

— to determine the optimal frequency of an alternating
magnetic field when treating an epoxy composition in order
to form a material with enhanced physical-mechanical char-
acteristics;

— to establish the influence of coefficient of proportional-
ity, integration and differentiation of the PID-algorithm for
magnetic treatment on the physical-mechanical characteris-
tics of an epoxy-composite material;

— to explore the effect of the content of a ferromagnetic
filler and temperature in the zone of magnetic treatment on
residual stresses of the modified epoxy-composite material.

4. Materials and methods of research

It is proven that the effect of magnetic field on the char-
acteristics of composite materials (CM) strengthens with
the use of ferromagnetic fillers owing to the larger value
of magnetic perceptibility of environment [12]. The most
effective for the magnetic treatment of epoxy compositions,
and affordable at that, is to use the filler of ferrite grade
1500 NMZ that has high ferromagnetic properties. It was
established at the previous stage that the optimal content of
such afiller is g=30—40 mass share and the optimal dispersion
is D=5-0 pum. We used as the epoxy matrix the epoxy dianeic
oligomer ED-20 (GOST 1087-84), which is characterized
by high specific indicators of strength, low shrinkage, high
adhesive and cohesive strength. The macro molecules of this
oligomer represent domains that are capable of orienting due
to the effect of electromagnetic fields along its force lines.
The magnetic field intensity must be sufficient to overcome
the resistance of orientation, induced by the viscosity of



the material, which constantly increases until the material
is completely solidified. To cross link the binder, we ap-
plied the low-temperature hardener polyethylene polyamine
(TU 6-05-241-202-78). Significant advantages of choosing
the specified hardener is the possibility of forming a material
at ambient temperatures, technological affordability, and the
possibility of application onto the long-dimensional surfaces
with a complex profile.

To determine the change in strength indicators of the
modified composite material, we have chosen the impact
strength. Tests of the samples were conducted in 24 hours
after treatment with the magnetic field. This is explained
by the need to stabilize the structural transformations in
the material after its shrinkage as a result of hardening.
Impact strength by Sharpe was determined according to
GOST 4647-80. The value of residual stresses was defined
using the console method. The heat resistance (by Martens)
of epoxy-composite materials was determined according to
GOST 21341-75. To mathematically plan the experiment, we
employed the software STATISTICA 6.0.

Magnetic treatment was performed at a specially de-
signed device [13]. The device includes a solenoid that gener-
ates an oscillating magnetic field. The examined composition
was placed in the solenoid. To maintain the optimum tem-
perature conditions in the treatment zone, we used a cooler
and a microcontroller with a temperature sensor and the
PID-controller. Given the nonlinearity and non-stationarity
of the system, the values for the coefficients of proportionali-
ty, integration and differentiation of the PID-controller were
determined experimentally. Temperature measurement was
carried out using a thermocouple, positioned beyond an elec-
trical magnet, in the region of air discharge from the cooling
system. By adjusting the voltage in the solenoid winding,
we purposefully changed the intensity of the magnetic field
within the experimentally determined optimal range. At an
excessive increase in temperature, a PWM regulator in the
device decreased the value of voltage in the solenoid winding
and thus lowered the intensity of the magnetic field. The op-
timal treatment modes that were established experimentally
at the previous stages of research are: induction V=0.8...2 TI,
duration of the treatment 1=3 hours.

It should be noted that the principal technological ob-
jective was to maintain a stable temperature (within the
operating temperature of the hardener) in the area of mag-
netic treatment. The introduction of an epoxy composition
with a ferromagnetic filler leads to an increase in the value
of magnetic induction in the device’s electrical magnet. Eddy
currents carry out additional heating of the composition. In
addition, the hardening reaction of an epoxy polymer is, as a
result of the introduction of the hardener, is exothermic, and
varies over time. Without the use of treatment with force,
the temperature at solidification smoothly increases initially
and gradually reduces until the composite material is fully

solidified.

5. Results of studying the physical-mechanical
characteristics of epoxy composites modified by magnetic
treatment

It was experimentally proven that the solidification of
composites in an alternating magnetic field leads to the ad-
ditional heating of compositions in the course of treatment,
which enables a faster process of material cross-linking.

A solidification that is accompanied by the exothermic
effect leads to the increased values of residual stresses
[14]. To study the influence of the temperature component
on residual stresses in composite materials, the samples
were made without treating them with force fields. The
temperature-time law complied with the law of change in
these characteristics when modifying with an alternating
magnetic field. We investigated experimentally (Fig. 1) the
dependences of residual stresses o3 of composite materials
on temperature of the environment 7, K in the region of
cross-linking and concentration q of the ferromagnetic
filler. The residual stresses in composite materials formed
in an alternating magnetic field using the para- and dia-
magnetic fillers were not examined. Previous studies found
that the use of such fillers does not significantly affect a
change in the temperature of a composition in the process
of cross-linking [15].

t,K 360 345 330 35

Fig. 1. Dependence of residual stresses o, in epoxy-
composite materials on temperature T and content of filler g

It was established that an increase in temperature in the
zone of treatment with an alternating magnetic field con-
tributes to the growth of the absolute magnitude of residual
stresses o,in the obtained material. Thus, for a non-modified
epoxy matrix under normal conditions (#=295+2 K), the
absolute magnitude of residual stresses is 6,=1.8 MPa, and
increases depending on the content of a ferromagnetic filler,
6,=2.2 MPa at 80 mass shares. It was proven that cross-
linking the compositions at additional heating reduces the
time of composite hardening and leads to the growth in the
absolute magnitude of residual stresses to c,=4.2 MPa. In
this case (Fig. 1), o, grows much larger in the plane 6,=¢(¢)
rather than c,=¢(q). Thus, it was proven that temperature
exerts a more significant influence to the growth in values
of 6,. And in all cases, when the temperature increased above
t>360 K, we observed destruction processes with the emer-
gence of pores (Fig. 2).

When carrying out experimental research into the val-
ues of residual stresses, it was found that changing the con-
tent of a ferromagnetic filler changes the modes of treatment
because the result is the changed magnetic perceptibility of
the environment. Therefore, the next stage involved a math-
ematical modeling of the experiment in order to determine
the influence of the entire range of values for the content of
a filler and magnetic induction on the CM physical-mechan-
ical characteristics. The chosen characteristic for an epoxy
composite was heat resistance. In a correlation analysis, the
independent variables were represented by the value of the



frequency logarithm (In v), induction of the magnetic field
(V, Tl) and the content of a ferromagnetic filler (¢, mass
share). Results of studying the correlation dependence are
shown in Fig. 3.

pores

Fig. 2. Porous defects in a material

The marked correlations are significant at level p < 0.5000,
Variable N=180
LnV V, Tl [q, mass sh| T, K
LnV 1.0 -1.0 -0.00 0.27
V, Tl -1.0 1.0 -0.00 -0.27
q, mass share -0.0 -0.0 1.00 -0.03
T, K 0.3 -0.3 -0.03 1.00

Fig. 3. Correlation analysis of influence of independent
variables on heat resistance

It was established experimentally that the heat resistance
of the examined CM correlates with the frequency of the
magnetic field (v, kHz), since 0.25</r/<0.75, and is 0.27. With
an increase in the frequency of treatment from v=0.02 kHz
to v=0.2 kHz, the heat resistance of the examined compos-
ites also increases from 7=380 K to 7=406 K. The content
of a ferromagnetic dispersed filler does not significantly af-
fect heat resistance, the correlation in this case is 0.25</r/
and is —0.03. When increasing the magnetic induction, we
observed a decrease in heat resistance. It should be noted
that the impact strength and bending resistance increase
with an increase in the induction of the treated field. This
can be explained by the fact that at the higher values of
frequency of the alternating magnetic field the ferromag-
netic particles in a filler interact more actively with an
alternating magnetic field. Optical microscopy has proven
that with an increase in the frequency of the field, particles
of the filler are denser arranged in a CM. There is also an
increase in the CM density.

Thus, it was established experimentally that increasing
the frequency of an alternating magnetic field from v=20 Hz
tov=10 kHz ensures a growth in heat resistance by AT=10 K.
The presence of an alternating magnetic field leads to the ac-
tivation of domains of macromolecules, which in turn alters
conditions for cross-linking, and in the presence of dispersed
particles of the filler affects in a greater extent the modulus
of elasticity, and increases the creep of a polymer. Changing
these characteristics leads to the increased heat resistance.
With an increase in the content of a filler from g=20 mass
shares to g=50 mass shares the heat resistance grows by
30-40 K compared with an unfilled composite, and at the
content exceeding 50 mass shares — by 20-30 K. It was
proven that at such a content of dispersed particles in the
volume of a polymer, the material is formed with the insuffi-
cient particle wetting by oligomer, which leads to a decrease
in the physical-mechanical characteristics, including heat
resistance.

The result of processing the data obtained in the course
of research is the polynomial regression (Fig. 4) and the de-
rived regression equation.

Summary of regression for a dependent variable: T, K

R=0,88289283 R2=0,77949974 Correct. R2=0,77052589

F(7,172)=86,863 p<0,0000 Estimation standard error:3,4333
St. Err. St. Err.

N=180 BETA BETA B B t(172) p-level
Free Term 391.2936|0.799949| 489.1480 0.000000
LNV 0.0852|0.143029| 0.4308|0.722850| 0.5960 0.551954
q, mass share 6.2079(0.288036 0.9702[0.045017| 21.5526 0.000000
V2**2 0.2981]0.210577| 1.1357|0.802193| 1.4157 0.158661
V2**3 0.5511]|0.224219| 0.6954(0.282914| 2.4579 0.014967
V2**4 -0.8050|0.292717| -0.5486(0.199481| -2.7502 0.006593
V4**2 -14.6716|0.738413| -0.0151]|0.000760]| -19.8691 0.000000
V4**3 8.7172]10.486361| 0.0001)|0.000003| 17.9234 0.000000

Fig. 4. Results of the polynomial regression of
experimental data

The regression equation takes the form:

a(Inv,q)=391,29+0,97-q +
+0,69-Inv* —0,55-Inv* —0,01-¢*. )

The resulting equation makes it possible to calculate
the value of heat resistance at a predefined frequency of the
magnetic field and the content of a ferromagnetic dispersed
filler. An analysis of residues revealed that an error in the
regression model when calculating the impact strength does
not exceed 2.23 %.

Thus, it was experimentally proven that the dependence
of heat resistance on the content of a ferromagnetic filler and
frequency of an alternating magnetic field is extreme in char-
acter. The optimum content of disperse particles in a filler is
q=30...40 mass shares, at a frequency of the alternating mag-
netic field of v=1...10 kHz, which ensures the value of heat
resistance 7=415 K. An increase in the specified factors in
the process of cross-linking the composite leads to the heat-
ing of the composition, which, as noted above, compromises
the heat resistance. It was established that decreasing the
content of disperse particles in a filler to g<30 mass shares
and the frequency of an alternating magnetic field to v<1
kHz does not lead to an increase in heat resistance.

6. Discussion of results of studying the physical-
mechanical characteristics of the modified epoxy
composites

It is established that the largest effect of magnetic
treatment can be achieved by forming an epoxy composite
containing a ferromagnetic filler. The mechanism of the
influence of the magnetic field is as follows: sufficient induc-
tion enables the orientation along the force lines of the mag-
netic field of a polymer’s macromolecules that constitute the
domains. In addition, there occurs the uniform arrangement
of the ferromagnetic particles of a filler in a material. In this
case, a material acquires the anisotropy of properties.

Temperature of the composition during treatment must
not exceed 7=333-335 K. In order to ensure such treatment
conditions, we applied the PID control algorithm. Coeffi-
cients for the PID-algorithm were selected experimentally.

It was established that for the content of a ferromagnetic
filler g=30 mass shares, the optimal value of the coefficient
of proportionality is K,=3. When increasing the content of



a filler above g>30 mass shares, the value for the coefficient
of proportionality should be reduced to K,=2. When in-
creasing the coefficient of proportionality K,>3, we observed
a short-term temperature increase in the treatment zone, above
T>353 K. In this case, the resulting material was characterized
by the elevated values of residual stresses 6=3.7£0.1 MPa.
This can be explained by the fact that at the elevated values
for K, the PID-controller ensures a rapid increase in voltage
in the electromagnet winding and reacts too late on the tem-
perature rise. In such a material, we observed the presence
of pores. It was established that at small values K,<2 the
resulting composite material is characterized by the lower
values of impact strength a,=9.5-10 kJ/m?2. This is due to
the excessive time required for the device to reach operating
voltage. In the treated composition, viscosity grows as a
result of hardening. The particles of a filler failed to fully
orient along the force lines of a magnetic field. Therefore, we
subsequently treated the samples of epoxy compositions con-
taining ferrite in the amount of =30 mass shares and K,=3.

The next stage involved studying the influence of inte-
grating coefficient K on the physical-mechanical charac-
teristics of the treated material. We observed the maximum
values of impact strength a,=11.3 kJ/m? at K=0. At value
K=0.2, temperature in the treatment zone was constant and
amounted to 7=333 K, which is the upper permissible limit
for the applied selected hardener. The result is the fact that
the treated material is characterized by the elevated values
of residual stresses (6=3 MPa) and the low value of impact
strength (a,=9+0.5kJ/m?). At value K=-0.3, temperature
in the treatment zone did not exceed 7=315 K, and the value
of impact strength was a,=9.5£0.5 kJ/m?.

Next, we investigated the influence of differentiation
coefficient K; on physical-mechanical characteristics of the
treated material. It was established that the optimal value
for the coefficient of differentiation is K;=0.2. At value
K;<0, we observed a short-time increase in temperature in
the treatment zone. When increasing K;>0.25, the system is
unstable, we observed the system leaving the equilibrium in
5...8 min from the start of treatment.

Therefore, taking the above into consideration, it can
be argued that the advantage of the specified technique for
treating the epoxy compositions with an alternating mag-
netic field using the PID-control algorithm is the possibility
to modify the composite material at the higher values of

magnetic induction without overheating the material. This
ensures the elevated orientation of the filler’s particles along
the force lines of the magnetic field and the resistance of
the material to the sedimentation of a filler. However, the
shortcoming is the complexity to control the technological
process, as well as energy consumption of the magnetic
treatment.

The research results will make it possible to improve
the operating properties of epoxy-composite materials in
order to obtain parts and components for electrotechnical
purposes with the elevated structural strength. This work is
one of the stages in our research into epoxy composite mate-
rials modified by force fields. In the future, it is planned to
conduct a study that would make it possible to stabilize the
temperature-time processes when fabricating products from
epoxy composites.

7. Conclusions

1. It was determined that the highest indicators of physi-
cal-mechanical characteristics of epoxy composites for a giv-
en method of treatment are demonstrated by those formed
at frequency of the magnetic field of v=1...10 kHz and at a
temperature in the treatment zone to t<360 K. In this case,
the impact viscosity of the treated material is a,=11.3 k] /m?,
heat resistance 7=415 K.

2. It was established that the selection of optimal values
for the PID-control algorithm’s coefficients in the process
of magnetic treatment makes it possible to ensure stability
of the environment temperature in the treatment area. That
makes it possible to perform treatment at the higher values
of the magnetic field induction than those during treatment
without using the PID-algorithm. In this case, the highest
strength characteristics are demonstrated by the material,
which was formed under the influence of an alternating mag-
netic field with the following control parameters: coefficient
of proportionality K,=3, integration coefficient K=0, and
differentiation coefficient K;=0.2.

3. It was established that the material modified with an
alternating magnetic field possesses the smallest residual
stresses with a magnitude of 6,=3...3.5 MPa. The optimum
content of a ferromagnetic filler is g=30...35 mass shares per
100 mass shares of the binder.
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