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Abstract

Introduction. Parts of machines and mechanisms that operate in various conditions and come into contact with abrasive
particles can quickly wear out and fail. This is especially true for the hydraulic block of a drilling pump, which, due to
intense wear, must be replaced after only 5-10 hours of use when pumping heavy drilling fluids. The analysis of
scientific literature and experience with drilling pump operation shows that current methods for increasing the wear
resistance of structural steels against abrasive and impact-abrasive forces are ineffective. Thus, it is an urgent task to
enhance these properties through improved design and manufacturing techniques for drilling pump components, which
would reduce the cost of production, repairs, and maintenance. The aim of this work is to study the effect of chemical
composition of abrasive particles and the strength of the interlayer boundaries of “wear-resistant steel — rubber” on the
impact and abrasive wear resistance of layered composite materials.

Materials and Methods. Layered composite materials (LCMs) consisted of: a wear-resistant layer of 40X steel and a
rubber layer of BK-1675N butyl rubber. The impact and abrasive wear resistance of the LCMs was studied in
accordance with GOST 23.207-79 on a special installation. A mixture of silicon oxide and aluminum was used as an
abrasive material. The microstructure of the SCMs surface, as well as the chemical and phase composition of the
abrasive particles, were analyzed using equipment from the Common Use Center ‘“Nanotechnology” of Platov South-
Russian State Polytechnic University (NPI). The adhesive strength between the layers of the LCMs was determined
using a custom-built installation.

Results. The results of the study revealed that the wear resistance of the LCMs was several times higher than that of
steels used for manufacturing parts resistant to abrasive particles. During the wear process, solid particles of aluminum
and silicon oxides actively embed in the surface of the LCMs, increasing the intensity of wear. In contrast, less solid
particles of magnesium and calcium aluminates were destroyed and fixed in formed defects on the LCM surface,
slightly reducing wear intensity. It was also found that, when SCM layers were joined by hot vulcanization under
pressure with a copper concentration of 25-30% in sintered P40X steel, adhesive strength increased to 0.93 MPa.
Discussion and Conclusion. The developed SCMs make it possible not only to increase the abrasive and impact-
abrasive wear resistance, but also to use cheaper grades of steels as a wear-resistant layer. The proposed method of
joining the SCM layers from sintered steels eliminates the need for additional surface machining and the use of special
adhesives. Such SCMs can be used in the assemblies of machine parts and mechanisms that are operated in conditions
of abrasive and shock-abrasive wear.
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AHHOTALMSA

Bgeoenue. Jleranu MalH U MEXaHM3MOB, DKCIUTyaTUpyeMbIe B Pa3jIM4HBIX YCJIOBHSIX, IPH KOHTaKTe ¢ abpa3svBHBIMU
YaCTUIIAMH OBICTPO M3HAIIMBAIOTCS M BBIXOIAT W3 cTpos. Hampumep, mpy nepexadke TsHKEbIX OYpOBBIX pacCTBOPOB M3-32
WHTECHCUBHOT'O M3HAIMBAHU JCTATM THIPABINUECKOro 0Jioka OypoBoro Hacoca uepes 5—10 gacoB paboThl HEOOXOIUMO
MEHATh. AHAJIM3 HAYYHBIX MyOJIMKAIWi U OIBIT SKCINTyaTalliy OypOBBIX HACOCOB YKa3bIBAIOT HA TO, YTO CYIIECTBYIOIIHE
CIIOCOOBI TIOBBIILIEHUSI H3HOCOCTOMKOCTH KOHCTPYKIMOHHBIX CTaJeil pyu abpa3uBHOM M yAapHO-aOpa3sUBHO BO3ACHCTBHU
Mano3¢pexTuBHBL. [103TOMY aKTyanpHOU 3a/1aueii SBIIETCS MOBBIIIEHHE ITHX CBOICTB B PE3yNbTaTe COBEPIICHCTBOBAHIS
KOHCTPYKIIMH Y TEXHOJIOTHH M3TOTOBJICHHS AeTaeil OypOBBIX HACOCOB, YTO MO3BOJIMT CHU3UThH 3aTPAThl HA MPOU3BOJICTBO
MX KOMIUICKTYIOIINX, PEMOHT U o0ciyxuBaHue. Llenpro TaHHOH paboThl SIBISIETCS NCCIIEA0BAHNUE BIMSIHUSI XUMHUYECKOTO
coctaBa aOpa3WBHBIX YaCTHI[ M IPOYHOCTH MEKCIOHHBIX TI'DaHUIl «M3HOCOCTOWKas CTalb — pEe3MHa» Ha yJIapHO-
a0pa3MBHYIO H3HOCOCTOHKOCTB CIIOMCTHIX KOMIO3HIIMOHHBIX MAaTEPHAJIOB.

Mamepuanst u memoost. Crionctbie koMnosuronnsle Matepraisl (CKM) cocTosiiim 13 H3HOCOCTOMKOTO CJI0S CTaju
40X u pesnHOBOTO cnos OyTmikaydyka mapkun BK-1675H. Y napro-abpasuBHyto nznococroiikocts CKM paccmarpu-
Banu B cootBercTBUU ¢ ['OCT 23.207-79 Ha cnienmanbHO# ycTaHOBKE. B KauecTBe abpa3uBHOrO Marepuaia Oblia B3sTa
CMECh OKCHIA KPEeMHHUS U amoMuHMs. M3ydenne MUKpocTpyKTypsl moBepxHoctd CKM, xumudeckoro u ¢pa3oBoro co-
craBa abpa3uBHOTO MOpoIIKa npoBoawn Ha obopynoBanun LIKIT «Hanotexuomorum» IOPITIY (HIIU). Anresnonnyto
MIPOYHOCTH MeKCIOHHBIX Tpannn CKM uccnenoBanu Ha pa3paboTaHHON AJIS 3TOW eI YCTaHOBKE.

Pesynomamut uccnedosanusn. B pesynbrare uccnenosannii CKM Ha ynapHO-aOpa3uBHBIM M3HOC BBISBICHO, YTO HX
HN3HOCOCTOMKOCTD B HECKOJIBKO Pa3 BBIIIE, YEM y CTalICH, HMCIOIb3YEMbIX IS M3TOTOBICHUS ACTaleH, YCTOMUMBBIX K
BO3/ICHCTBUIO a0pa3UBHBIX YacTHUIl. BBIABIEHO, 4TO B Ipoliecce M3HAIIUBAHUS TBEP/bIE YaCTHIIBI OKCHIOB alFlOMUHUS U
KPEMHUsI aKTHBHO BHEAPSIOTCS B MoBepxHOcTh CKM, yBennunBasi HHTEHCHBHOCTh U3HOCA, TOT/Ia KAK MEHEE TBEP/bIC
YaCTHIIBl aJIFIOMUHATOB MAarHUS W KaJbLUs NP yJape pa3pylIaroTcsl U 3aKPeIuIsIioTest B 00pa3oBaBIIMXCs JieeKTax Ha
nmoBepxHocTH CKM, He3HAUNTENFHO CHIDKAs HHTCHCUBHOCTH M3HOCA. Y CTAHOBJICHO, YTO NpH coennHeHnu cinoeB CKM
METOJIOM TOpsTYeH BYJIKaHHU3ALUH O] JaBJICHUEM M KOHIeHTparun mean 25-30 % B crewenHoit cramu [140X anresn-
OHHAas MPOYHOCTH noBslmaercs 10 0,93 MIla.

Qoécyrncoenue u 3axntouenue. Pazpadborannpie CKM TO3BOISIOT HE TOJNBKO MOBBICHTH a0pa3sWBHYIO W yIapHO-
abpa3uBHYI0 U3HOCOCTOMKOCTh, HO M B KaueCTBE M3HOCOCTOWKOTO CJIOS UCIONB30BaTh OoJee NelleBble MapKU CTalH.
[pemnoxxennusit criocod coenuuerus cinoes CKM u3 crieueHHBIX CTajel HCKITIo9aeT HeOOXOAMMOCTh B TOTIOTHUTEIb-
HOM MeXaHH4YeCKOH 00paboTKe IIOBEPXHOCTH M B UCIIOJIb30BAaHUH CIIENUABHBIX Kiesiux coctaBoB. Takue CKM moryt
HCIIONIb30BATHCA B y3JIaX JeTalei MalliH ¥ MEXaHN3MOB, KOTOPBIE SKCIUIYaTHPYIOT B YCIOBHUIX aOpa3sMBHOTO M yAap-

HO-a6pa3I/IBHOFO HU3HOCa.

KuaroueBble c10Ba: yaapHO-aOpa3uBHAsS H3HOCOCTOWKOCTD, CIOUCTHIN KOMITO3HUIIOHHBIN MaTepHral, OypOBBIe HACOCHL,
yOpYyro-AUCCUTIATUBHAS MOATO0XKKA, al€3UOHHAs IPOYHOCTh

BaarogapHocTi. ABTOPHI BBIpaKaroT OJAarofapHOCTh PEJAKIMH M PEICH3EHTaM 32 BHHUMATEIbHOE OTHOIIEHHE K
CTaTbe M yKa3aHHbIC 3aMEYaHUsl, yCTPAaHEHHUE KOTOPBIX MTO3BOJIMIIO MTOBBICUTH €€ KaueCTBO.

Jas uutupoBanus. Mcmannos M.A. Biansane XUMHYECKOTO coCTaBa abpa3uBa M MPOYHOCTH MEKCIIOWHBIX TPAHUI] Ha
yJlapHO-a0pa3UBHYI0 M3HOCOCTOWKOCTH CJIOUCTBIX KOMIO3WIMOHHBIX MaTepHajloB. besonacnocmv mexHo2eHHbIX U
npupooruvix cucmenm. 2024;8(3):88-96. https://doi.org/10.23947/2541-9129-2024-8-3-88-96
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Introduction. The main reason for the decrease in the operational reliability of parts and mechanisms in mining [1], oil
and gas [2], construction, road and processing industries [3] is the impact of various types of wear, such as abrasive, shock-
abrasive, corrosive, and fatigue and others [4]. For example, scientific research and operational experience with drilling
pumps have shown that the hydraulic block components are more susceptible to abrasive and shock-abrasive wear.

The analysis of scientific publications has shown that materials developed for operation in impact and abrasive wear
conditions must have high hardness, viscosity and wear resistance [5]. However, the experience of operating drilling
pumps [6] indicates that one of the reasons for the decrease in the operational reliability of valve parts is the low impact
and abrasive wear resistance of structural steels [7] and sealing elastic elements [8]. Therefore, an urgent task is to
develop a technology for producing layered composite materials in which one of the layers is made of a wear-resistant
material, and the other is made of an elastic-dissipative one, for example, based on rubber mixtures, which allows
absorbing part of the impact energy acting on the part.

Materials and Methods. Layered samples were made for testing, one layer of which was made of wear-resistant
steel (Fig. 1, pos. 1), and the other, elastic layer was made of BK-1675N butyl rubber (Fig. 1, pos. 2). As wear-resistant
steel, we used:

—rolled steel 40X, which was subjected to heat treatment — quenched at 860°C with oil cooling and tempered
at 200 and 570°C with air cooling;

— sintered and hot-formed steel P40X.

Fig. 1. Samples of LCMs for testing for impact and abrasive wear resistance:
1 — wear-resistant material; 2 — elastic-dissipative substrate

The impact and abrasive wear resistance of layered samples was tested in accordance with GOST 23.207-79! on a
special installation [9]. The principle of operation of the installation was based on the forced impact of the sample on
the counterbody through a layer of abrasive. The wear of the samples was estimated by the lost mass after 1000 strokes
on analytical scales OHAUS Pioneer PA [10].

GOST 23.207-79 “Ensuring of wear resistance of products. Testing of engineering materials for impact abrasive
wear” recommends to use silicon carbide as an abrasive to compare the abrasive and impact-abrasive wear resistance of
various materials. However, in relation to the specific operating conditions of machines and mechanisms, GOST allows
the use of an appropriate abrasive material. For example, to increase the density of drilling fluids, various weights are
used, the choice of which will depend on the specific drilling conditions. In the case where weights with greater
abrasiveness are required, various abrasive materials are used [11]. Therefore, a mixture of silicon and aluminum oxides
was used as an abrasive when testing for impact and abrasive wear resistance.

Microstructure of the LCMs surface after testing for impact and abrasive wear resistance, X-ray studies and
qualitative phase analysis of the abrasive powder were carried out at the Common Use Center “Nanotechnology” of
Platov South-Russian State Polytechnic University (NPI).

To study the adhesive strength, the samples of rolled steel 40X, sintered and hot-deformed steel P40X were glued to
rubber in two ways: with an adhesive based on chloroprene rubber and by hot vulcanization under pressure at a
temperature of 160°C for 20 minutes without glue [12]. The adhesive strength of the interlayer boundaries of LCMs was
studied using the installation developed for this purpose [13].

Results. Tests with impact energy from 3 to 23 J showed that 40X steel samples wear significantly more after
improvement than samples after low tempering (Fig. 2, curves 1 and 3). At the same time, the use of elastic-dissipative
substrate (UDS) reduced wear by 1.5-2 times (Fig. 2, curves 2 and 4), compared with samples that were tested without
a substrate (Fig. 2, curves 1 and 3).

"' GOST 23.207-79. Ensuring of wear resistance of products. Testing of engineering materials for impact abrasive wear.
URL.: https://docs.cntd.ru/document/1200010682 (accessed: 22.05.2024). (In Russ.)
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Fig. 2. Dependence of wear (Am) on impact energy (E) without (1, 3) and with a rubber substrate (2, 4) LCMs with a working layer
of 40X steel after improvement (1, 2) and low tempering (3, 4)

In Figure 2, it can be seen that with an increase in the impact energy, the wear intensity of the samples changed, and
two sections could be distinguished. At the first stage, with an increase in the impact energy to 12 J, the wear of the
samples increased as a result of the introduction of abrasive particles into their surface (Fig. 3 a) and into the grain
boundaries (Fig. 3 b), which contributed to intensive chipping of micro-volumes of metal. In the second section, with a
further increase in the impact energy, as a result of plastic deformation, the upper layer of the sample was strengthened,
and abrasive particles, collapsing, loaded its surface, resulting in a slight slowdown in the intensity of wear.

Fig. 3. Microstructure of the working layer surface made of improved 40X steel:
a — in the steady state of wear; b — at the stage of intensive wear

X-ray phase analysis showed that the abrasive powder mainly consisted of aluminum and silicon oxides, magnesium
and calcium aluminates (Fig. 4). Phase composition of the abrasive did not change after wear resistance tests.
I3 J J
600 1 b
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Fig. 4. Phase composition of the abrasive powder used in tests for impact and abrasive wear:
a— SiO2; b — MgALO4; ¢ — CaAl2Os; d — AL2O3

After the impact resistance test, there were areas with particles of silicon and aluminum oxides on the surface of
40X steel rings, which, penetrating into the surface of the sample, formed wells and activated the destruction process at
the initial stage (Fig. 5 a). Magnesium aluminate particles (Fig. 5 a, pos. 2) due to the lower hardness (Mohs scale
hardness 7.5-8), compared with aluminum oxide particles (Mohs scale hardness 9), with increasing impact energy,
partially penetrated into the surface of the sample, and most of them were destroyed. Calcium aluminate particles

Chemical Technologies, Materials Sciences, Metallurgy

91



https://bps-journal.ru

92

Safety of Technogenic and Natural Systems. 2024;8(3):88—96. eISSN 2541-9129

(Fig. 5 a, pos. 3) due to low hardness, at all values of the impact energy, actively loaded the LCMs surface (Fig. 3 a).
Figures 5 b—g provide chemical composition of the test surface in the abrasive particles area.
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Fig. 5. Microstructure (a) and distribution of components in abrasive particles on the surface of improved 40X steel at the stage
of intensive wear: b, ¢ — silicon oxide; d, e — magnesium aluminate; f, g — calcium aluminate
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Studies showed that the operational reliability of LCMs was significantly affected by the adhesive strength of the
interlayer boundaries. The adhesive strength of the interlayer boundaries of LCMs “steel — rubber” bonded with glue
based on chloroprene rubber (Fig. 6, /) and hot vulcanization (Fig. 6, 2) differed significantly.

Figure 6 shows that LCMs bonded with glue had greater adhesive strength with rubber than LCMs connected by hot
vulcanization under pressure. The adhesive strength of the samples made of P40X steel with rubber was almost the
same when using both bonding methods and amounted to 0.21 and 0.2 MPa, respectively (Fig. 6 ¢ and Fig. 6 d).

Gorp, MPa A

0.21
0.20
0.15

0.10

0.05

0.00

a b c d e f

Fig. 6. Dependence of the adhesive strength of LCMs on the technology of obtaining steel samples:
a, b—rolled 40X; ¢, d — sintered P40X; e, f— hot-deformed P40X

When tested for impact and abrasive wear resistance, LCMs bonded with glue were destroyed due to overstress
along the metal-rubber boundary, due to their significantly different stiffness, degree of deformation and the complex
stress state that occurred as shear deformations developed [14].

Therefore, further research was aimed at increasing the adhesive strength of sintered P40X steel with rubber connected by
hot vulcanization. One of the ways to increase the adhesive strength was to add copper to the charge (Fig. 7), which, when
sintered above its melting point, spread over the free surface of the particles and interparticle boundaries under the influence
of surface tension forces. This helped to increase the surface porosity of the compacts.
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Fig 7. Effect of copper on the adhesive strength of LCMs made of sintered (1) and hot-deformed steel P40X (2)
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Figure 7 shows that an increase in the concentration of copper in sintered P40X steel led to an increase in the
adhesive strength of LCMs from 0.1 to 0.93 MPa, while the strength of the interlayer boundaries of LCMs with hot-
formed steel increased slightly (from 0.05 to 0.3 MPa) due to the fact that during dynamic hot pressing, the surface was
smoothed and most pores closed.

During hot vulcanization under pressure, crude rubber was pressed into the pores on the surface of sintered steel
P40X (Fig. 8 a) and copper and iron sulfidation occurred in the process, and intermediate copper sulfide films of
nonstoichiometric composition of Cu,S type were formed between copper particles and rubber [15], which increased
the adhesion of rubber to the matrix of sintered steel.

Fig. 8. Microstructure of the LCM transition zone:
a — sintered steel — rubber; b — distribution of copper; ¢ — sulfur; d — other elements

The analysis of the results of mapping the interlayer boundary of the sintered steel—rubber LCM revealed the
distribution zones of copper (Fig. 8 b) and sulfur (Fig. § ¢) elements. Thus, in the areas enriched with copper, due to the
formation of copper sulfides, the concentration of sulfur increased, which led to an increase in the LCMs adhesion.

Discussion and Conclusion. The studies have shown that the intensity of impact-abrasive wear depends on the
structure of 40X steel, the impact energy and the chemical composition of abrasive particles. It was found that with an
increase in the impact energy from 3 to 9 J, the intensity of abrasive wear of 40X steel samples increases and does not
depend much on the type of heat treatment. This is due to the fact that at these values of impact energy, abrasive solids
are actively embedded in the surface of the sample, triggering the mechanism of impact-abrasive wear. An increase in
the impact energy from 9 to 22 J leads to a decrease in the intensity of wear due to the fact that solid abrasive particles
of silicon and aluminum oxide, magnesium aluminate, without having time to penetrate into the surface of the sample,
break down into smaller parts and form smaller wells, and calcium aluminate particles actively break down, fixing
themselves in the formed wells, micropores and other defects.
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It was found that when adding from 5 to 20% of copper to the charge, the adhesive strength of the interlayer
boundaries of the steel—rubber LCM increased by 3—4 times as a result of the spreading of copper under the influence
of surface tension forces over the free surface of particles and interparticle boundaries, as well as the formation of CuxS
copper sulfides during hot vulcanization under pressure.
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