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Abstract. The aerospace industry is currently undergoing a major trend of transitioning to composites. This study exanines the
utilization of the magnetic field of rotating dipoles to produce high-strength iron powder-containing composites. The physical
and mechanical properties of the modified epoxy composites were investigated through the use of SEM to analyze their
microstructure and elemental composition, and a component distribution map was developed for the samples. Results indicate
that the application of the magnetic field of rotating dipoles enhances the compression strength by 16.6 % relative to samples
that were not exposed to it. Additionally, the magnetic field eliminates gas porosity and cavities formed during stirring. Tests
conducted on composites with a higher content of Al particle showed that the magnetic field of rotating dipoles contributes to
the release of excess aluminum as a surface layer. The use of the magnetic field of rotating dipoles is a promising technology for
producing enhanced composites with superior physical and mechanical properties, which could potentially be used as structural
material in aerospace industry or as adsorbing materials in microelectronics.
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UccneposaHue BAMAHUA MarHUTHbIX BO3JeMUCTBUMN
Ha MPOYHOCTHbIE XapaKTEPUCTUKU MOANPULMPOBaHHbBIX
3MNOKCUAHDbIX KOMMO3ULMUOHHbIX MaTepUanoB
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Ky0anckuii rocyrapcTBeHHbII TeXHOJIOTHYeCKHI YHUBEPCUTET
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AHHOTayma. 3aMeHa TPaAWIMOHHBIX MaTEpUaJOB KOMIIO3MLIHOHHBIMH TMPEACTABISIET COOOH Ba)KHBIH BEKTOP Pa3BUTHS
aBHALMOHHOW U a’pPOKOCMUYECKOH oTpaciell NpoMbIIUICHHOCTH. B paboTe paccMOTpEHBI BOIPOCH NPUMEHEHMS
MarHUTHOTO MOJIsI BPAIAOIIUXCS JAUNONEH C IIEJIbI0 MOJyYeHHs: KOMIIO3UIIMOHHBIX MaTepruaoB Ha OCHOBE IMOPOIIKOBOTO
JKeJIe3a ¢ BBICOKHMMU IIPOUYHOCTHBIMU U CTPYKTYpPHBIMU XapakTepucTukamu. MccienoBansl (pU3MKO-MEXaHUUECKUE CBOICTBA
MOANGHUIUPOBAHHBIX SMOKCHIHBIX KOMIO3UIIMOHHBIX MarepHanoB. C IOMOIIBIO CPEICTB ANIEKTPOHHOW MHKPOCKOIHH
UCCJIEA0BaHbl MUKPOCTPYKTYpPa, BIEMEHTHBIM COCTaB U IOJIydYeHa KapTa pPaclpeieieHHs KOMIIOHEHTOB B IOJIydaeMbIX
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o0pa3uax. DKCIEepUMEHTAIbHBIM IyTEM BBISBICHO, YTO TPU HAJIOKCHWH MArHUTHOTO TMOJISi BPAILIAFOIIUXCS JUTONCH
MIPOYHOCTH IIPU CKaTHX KOMIIO3UTOB yBeslnunBaercs Ha 16,6 % oTHocHuTebHO 00pa31ioB, MOIyYeHHbIX 03 IPUMEHEHHS 3TON
TEXHOJIOTMHU. DTO BBI3BAHO TEM, UTO JIAHHBII METO]] MO3BOJISIET YAAISATh BO3HUKAIOIIYIO B ITPOIECCE MEXAaHOCHHTE3a ra30BYIO
MOPUCTOCTh M PAKOBHHBI BO BHYTpPEHHEW CTpykType Mmarepuana. Cepusi 3KCIEPUMEHTOB C J100aBJIIEHHEM YBEIMYEHHOTO
MacCOBOTO COOTHOILICHHs Al-uacTuIl mokaszalia, YT0 MarHUTHOE TOJIe BPAIIAIOIIMXCS JUTIONEH CIIOCOOCTBYET BBITECHEHHUIO
W3JIMIIKOB AJIOMUHMS B BHJIE TIOBEPXHOCTHOTO ci10sl. TakuM oOpa3oM, MOXKHO 3aKIIIOYUTbh, YTO NMPUMEHEHHE MarHUTHOTO
T10J1s BPAIIAIOLIMXCS TUTIONICH SBJISETCS IEPCIICKTUBHBIM HAIPABICHUEM B 00JIACTH CO3/1aHUS KOMITO3UIIMOHHBIX MAaTePHaIOB
C YIyYIICHHBIMH (DU3HKO-MEXaHWYECKUMH XapaKTepHCTHKaMH. [loidydaeMble SIOKCHAHBIE KOMIIO3HTBI MOTYT OBITh
WCTIOJIb30BAaHbI B KAYE€CTBE KOHCTPYKIIMOHHBIX MaTE€pUaJIOB B aBHAIIMOHHON M KOCMHUYECKOH OTpAaCIIsX, a TAKKE B Ka4eCTBE
MarepuaioB aicopOepoB B paJHOTEXHUYECKOM anmaparype 1 MUKpPOJIEKTPOHUKE.

KnioueBbie cioBa: STIOKCHIHEIN KOMITO3UIMOHHEIN MaTepHall, MArHUTHOE IoJie Bparnaromuxcs gumnoneii (MIIB/]), mpogHocTs Ha

c)KaTue, HaIlOJIHUTEIIb, TOPOILIKOBOE JKeJIe30, MUKPOCTPYKTYpa

BbnarogapHocTy: Pabota BeinonHeHa npu pruHAHCOBOH nopaepkke Kybanckoro HaydHOro (hOHIa B paMKax KOHKypca HAyYHO-HH-
HOBALMOHHBIX IPOEKTOB, OPUEHTUPOBAHHBIX Ha koMMepuuanu3anuio Ne HUIT-20.1/23.

Ans yntnposanms: Cocuun M. /1., Hloperkuit M. A. MccnenoBanue BIMsHUS MarHUTHBIX BO3ICHCTBHUN Ha IPOYHOCTHBIC XapaK-
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Introduction

The demand for composite materials filled with
powders has been increasing steadily every year, as
evidenced global statistics on the polymer market. For
example, in 2020, the volum of the global polymer
composite market was approximately 13 mln tons [1].

In Russia, the Technet roadmap has been imple-
mented to facilitate the development of advanced
manufacturing technologies and composites [2].
The roadmap has identified controlled microstructure
composites as one of the key future technologies to be
explored.

Thermoplastic polymers and epoxy resins are fre-
quently used as matrices in the production of filler
powder-based composites [3]. The composites incor-
porating thermoplastic polymers are known for
their broad mechanical properties and wide-ranging
applications [4; 5]. However, it is essential to note
that the physical and mechanical characteristics of these
composites are not always consistent and may vary.

The incorporation of reinforcing fillers in such
composites has been found to enhance the adhesive
bond [6; 7] and strength [8]. The dispersion structure
of these composites significantly contributes to their
strength, primarily through the formation of struc-
tured layers [9], filler cluster-aggregation [10], and
crystallization [11].

Starokadomsky D. et al. [12] demonstrated
the potential for enhancing the strength and durability
of epoxy composites by incorporating silicon carbide
and titanium nitride fillers. The introduction of these
fillers resulted in a significant increase in microhard-
ness (150-200 %) and compressive strength (by 9 %).
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Recently, electrophysical methods have been
employed to enhance the physical and mechanical
characteristics of composites. These methods involve
exposing composites to a strong static magnetic
field [13; 14], magnetic pulses [15], and the magnetic
field of rotating dipoles (MFRD) [16]. MFRD is an effi-
cient technique for regulating the packing structure
of powders in composites without requiring significant
energy input.

The aim of this study is to investigate the impact
of the magnetic field of rotating dipoles on the strength
and other structural characteristics of composites con-
taining iron and aluminum powder.

Research methods

Materials

In our study, we examined two types of particles,
namely iron microparticles PZHV1.160.26 (GOST
9849-86) and aluminum powder PAP-2 (GOST 5494-95).
The matrix used was composed of a mixture of ED-20
dian resin (GOST 10587-84) and polyethylene poly-
amine (PEPA) in a 5:1 ratio.

Composite manufacturing

Figure 1 illustrates the patented process used
to create the modified epoxy composite samples in our
study. The experiment involved two types of fillers:
powdered iron, and a mixture of powdered iron and
Al-particles in a 7:3 weight ratio. The ED-20 resin-
based composite was mixed with the powder filler,
which contained 70 wt. %. PZHV1.160.26 iron micro-
particles and 30 wt. %. PAP-2 aluminum powder,
in a polymer cylinder with a 20 mm ID. The hardener,
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PEPA, was then added to the mixture in a quantity equal
to 1/5 of the weight of the resin. The resulting com-
positions were heat treated at a temperature of 90 °C
for 1-2 min to eliminate gas porosity, and then poured
into molds. Finally, the samples were removed from
the molds for analysis.

We fabricated four composite samples with iden-
tical dimensions of 20 mm in diameter and 20 mm
in length. Among these samples, two were composed
of Fe—Al (FAM) and Fe (FM) microparticles and were
exposed to the magnetic field generated by rotating
dipoles (Figure 2). The induction level of the magnetic
field was set to 0.5-0.7 Tesla [17; 18]. The remaining
two samples served as refrence samples and were not
exposed to the magnetic field.

Strength measurements

We used an IP-100M automatic hydraulic press
to apply static loads to the composite samples for both
compression and bending tests.

The loading rate was set to 1 mm/min. We then
plotted an experimental load-compressive strain curve
to estimated the compressive failure stress and relative
strain of the samples. To obtain precise measurements,
we recorded the compression process at a high frame
rate.

The compressive failure stress (o, MPa) was deter-
mined as

o=F/A,

Composite

Fe-Al Fe Fe-Al Fe

' ' ' '

Epoxy resin + hardener

' '

Magnetic field
of rotating dipoles

FAM FM FA F

Fig. 1. Composite exposure to the magnetic field
of rotating dipoles
FAM - Fe—Al (MFRD); FM - Fe (MFRD);
FA — Fe-Al (no MFRD); F — Fe (no MFRD)

Puc. 1. Briok-cxema nony4eHus MOAH()UIIHPOBAHHBIX
SMOKCHAHBIX KOMIO3HI[MOHHBIX MAaTEePHAIIOB
FAM - Fe-Al (MIIBJl); FM — Fe (MIIB]L);

FA — Fe—Al (6e3 MIIBJ]); F — Fe (6e3 MIIB/I)

where F is the max compressive strength, N; 4 is
the cross-section area of the sample, mm?.

The relative compressive strain at failure was esti-
mated as

SZA—h-IOO %,

hy

where Ah is the relative strain, mm; h, is the initial
sample height, mm.

During the test, we closely monitored the samples
being tested. After the tests, each sample was photo-
graphed for damage analysis.

To examine the microstructure, elemental com-
position, and component distribution in the compo-
site samples, we employed an EVO HD 15 scanning
electron microscope (Carl Zeiss, UK/Germany) in low
vacuum (EP, 70 Pa), 20-25 kV.

Results and discussion

Strength properties

We generated experimental load-strain curves for
the compocite samples (Figure 3). As the powder-
filled composite samples were compressed, the majo-
rity of the load was applied to the matrix, which was
followed by a sharply decrease in load after matrix
destruction. The load-strain curves for the cylindrical
samples (Fig. 3) indicate that the volume deforma-
tion of composites causes softening, which is more sig-
nificant for the samples made without MFRD.

The experimental compressive failure stress values
are summarized in the table. The composite sample with
the Fe—Al filler exposed to MFRD exhibited the highest
compressive failure stress value of 57.5 MPa, indica-
ting its superior strength compared to the othe compo-
site samples.

Particles

Magnet

Fig. 2. Modified epoxy resin composite
manufacturing process

Puc. 2. Cxema BO3AEHCTBHS MATHUTHOTO TIOJISI
BpAIAIOIIIXCS AUTIONCH Ha MaTepHal
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Load, kN
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0 0.02 0.04 006 008 010 012 0.14 0.16

Strain, mm

Fig. 3. Strain curves for the composites
FAM - Fe-Al (MFRD); FM — Fe (MFRD);
FA — Fe—Al (no MFRD); F — Fe (no MFRD)

Puc. 3. Kpusbie 1ehopMHUPOBaHUS KOMITO3HITHOHHBIX
MaT€puajioB, NMOJIYYEHHBIX 11O Pa3HbIM TEXHOJIOTUAM
FAM - Fe-Al (MIIBJI); FM — Fe (MITBJL);

FA — Fe—Al (6e3 MIIBJI); F — Fe (6e3 MITBJT)

A comparison was made between the mechanical
properties of composites that were exposed and not
exposed to MFRD. The results showed that the samples
exposed to MFRD were able to withstand a greater load
due to a denser and structured distribution of particles
in the epoxy matrix [19].

The composite strength of the the Fe—Al filler
exposed to MFRD was found to be 30 % higher
(57.5 MPa) compared to that of the sample containing
only epoxy resin (44 MPa). Additionally, the hard-
ness of the samples was increased by 16.6 % due
to the effect of MFRD.

Several researchers have noted the reinforcing effect
of incorporating a dispersed system into a polymer
matrix [20]. For example, the addition of micro sili-
con has ben shown to improve strength by 10-15 % [21].
The inclusion of silicon nanoparticles has been found
to increase the compressive strength of epoxy composi-
tes by 30 % [22].

Visual inspection of the samples after compres-
sion revealed brittle fracture in both cases (Figure 4).

FAM

FA F

Fig. 4. Samples after the compression test
FAM - Fe-Al (MFRD); FM — Fe (MFRD);
FA — Fe—Al (no MFRD); F — Fe (no MFRD)

Puc. 4. Dororpadun 06pa3ioB Mocie UCIIBITAHUS Ha CKATHE
FAM — Fe-Al (MIIBJI); FM — Fe (MITBJI);
FA — Fe—Al (6e3 MIIBJI); F — Fe (6e3 MITB/I)

However, the samples exposed to MFRD showed
cracks along the sloped planes, whereas the samples
not exposed to MFRD had cracks along the straight
planes. This difference is likely due to the packing
of particles in the polymer matrix, which is supported
by the difference in the composite densities (see table).

Microscopic examination
and component distribution maps
in the composite samples

Figure 5 displays cross-sections of the composites
exposed and not exposed to MFRD. The notable diffe-
rence is the presence of air cavities in the sample made
without MFRD.

Compressive mechanical properties of the composites

Mexannuyeckue CBOMCTBA IPH C)KATHHU KOMIIO3UIIMOHHBIX MaTE€PHAJIOB PA3JIMYHOI0 THIIA

Composite p, glem? F ... kKN | o, MPa €, %

FAM (Fe—-Al + MFRD) 2.79 18.06 57.5 0.650
FM (Fe + MFRD) 2.86 16.39 52.2 0.635
FA (Fe—Al no MFRD) 2.72 15.48 49.3 0.650
F (Fe no MFRD) 2.64 15.26 48.6 0.675
Epoxy resin 1.20 13.80 44.0 0.800
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a

Fig. 5. Surface structure of the FAM (a)
and FA (b) composites

Puc. 5. CtpykTypa MOBEpXHOCTH KOMIO3HL[MOHHBIX MAaTCPHAIIOB
FAM (a) u FA (b)

To assess the homogeneity of the particle distribu-
tion in the composite, component distribution maps
for the FA and FAM samples was produced (Figure 6).
The results demonstrate that the magnetic field of rota-
ting dipoles produces a more uniform distribution
without particle agglomeration.

Conclusion

We tested the compressive strength of cylindrical
samples made of epoxy composites containing Fe—Al
and Fe particles. [t was discovered that the Al-containing
sample exposed to MFRD exhibited the highest
strength being 14 % greater than that of the sample not
exposed to MFRD. The elimination of gas porosity and
cavities during the stirring by magnetic degassing is
the reason for this phenomenon.

Such composites can be used as structural material
in aerospace, or as adsorbing materials in microelectronics.
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