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BIMUAHWE METOOA ®OPMUPOBAHUA NMPOMEXYTOYHOI O CIOA HA CTPYKTYPY
U CBOUCTBA CJIIOUCTbIX KOMNO3MLMUN CUCTEMBbI «CTAIb — AIIOMUHUN»

PaccmoTpeHb! TexHonornveckme oCobeHHOCTM MOSYyYEHNS CIIOUCTbIX KOMMO3WLIMIA CUCTEMbI «CTanb — amMtoMUHWAY C NMPUMEHEHNEM MPOMEXYTOY-
Horo crosi. PackpbITo BNusiHue MeToaa (hopMUpOBaHISt MPOMEXKYTOYHOTO CIOst Ha CTPYKTYPY rpaHuLbl pasgena «cTarb — anioMUHUAY, a Takke CBoVcTBa
CIOWCTBIX CTarneantoM1HUEBBIX KOMMNO3WLMIA. [INs nonyveHns Ha noanoxke u3 Huskoyrnepoawmctoi ctamm 20 no MOCT 1050 npomexyTo4HOro crost n3
ymctoro anoMuHmsa mapok A5 no TOCT 7871 n A1 no MOCT 4784 onpo6oBaHbl xumakodasHbIn MeToA OyroBOro anutupoBaHusi no TexHonorun Cold
Metall Transfer, a Taioke npoLiecc cBapku B3pblIBOM B TBepAol hase. MokasaHo, 4TO B MpoLiecce AyroBOW Hanmasku paboyero NOoKpbLITUS Ha cTanb C npea-
BapUTESbHO HAaHECEHHbBIM NMPOMEXYTOYHBIM aIIFOMUHUEBBIM CIIOEM artOMOKPEMHUEBbIA pacrniaB KOHTAKTUPYET He C YMCTON CTarblo, a C UMEIOLLMMCS Ha
rpaHule pasaena VHTepMeTannmaHbIM crioem cucTeMbl Fe—Al, 4To ConpoBOXAAETCS YaCTUYHLIM €0 PaCTBOPEHNEM, CTeMNeHb KOTOPOro 3aBUCUT OT Tem-
nepaTypbl 1 BpEMEHU CyLLECTBOBaHWNSA CBAPOYHON BaHHbI. [py CMMOWHOM Croe UHTEpMETanmaoB cucteMbl Fe—Al, o6pasytoLLmxcs Npyu HaHeCeHnn Npo-
MEXYTOYHOrO Crosi METOAOM [AYrOBOrO anuTUPOBaHUSA, CKOPOCTb PACTBOPEHWSt UCXOOHBIX MHTEPMETarnnMaoB MeHblLUe CKOPOCTU 06pas’oBaHUs HOBbIX
TPOMHbIX cuctem Fe—Al-Si, 4To NPMBOAWT K PocTy € 8,2 A0 18 MKM CpeaHero 3Ha4eHns TOMLWMHbBI UHTEPMETaNNMAHOTO CIoS B NpoLiecce AyroBON Hanmas-
K MOKPbITWIA. [IVCKPETHbI MHTEPMETaNUAHLIN croit cuctembl Fe—Al, 06pa3oBaBLIMICS NPU HAHECEHWM NMPOMEXYTOYHOTO CIOsi CBApKOW B3pbIBOM, MOJ1-
HOCTbIO pa3pyLUaeTCs NMpu KOHTaKTe C arntoMOKPEMHUEBBLIM PacmiiaBoM, BCIEACTBUE YEro NpovcxoamT obpasoBaHyie HOBOTO CrIfIOLLHOTO CIIOA U3 TPOMHBIX
MHTepMeTannmMaoB cuctemMbl Fe—Al-Si, xapakTtepusytoLLerocs MeHbluel TonwmHo (10 MkM NpoTB 16 MKM B MCXOOHOM COCTOsIHUM). OnpedeneHo, 4To
KOMMO3ULIMW, MEtOLLIME MPOMEXYTOYHbIN CIOoW, CHOPMUPOBAHHBIN XNAKOMA3HbIM MPOLIECCOM AYrOBOrO anuMTUpoBaHWs, obrnagatoT CpeaHNMM 3Ha4eHUs-
MW aaresvioHHon npoyHocTu Ao 25 MlMa. MNpumeHeHne TBepaoda3Horo npoLecca CBapky B3pbIBOM A5t HAHECEHUS MPOMEXYTOYHOTO Crlosi MO3BOSISET Mo-
nyyaTb CMOMCTbIe KOMMO3NLIMM CUCTEMbI «CTalb — antoMUHWIA», XapaKTepu3yloLLMecs afare3noHHoM NpoYHOCTLIo Ao 43 MIa. [JocTurHyTble 3HauYeHuns aa-
re3VOHHON MPOYHOCTM MO3BOSISIOT PEKOMEHAOoBaTb pa3paboTaHHbIe CHOMCTbIe KOMMO3NLMW CUCTEMbI «CTarb — artoMUHUIA» At MPUMEHEHUS B y3rax
TPEHWSi COBPEMEHHOMN TEXHUKN.

KntoyeBble cnoBa: croucTble KOMMNO3nLMKM, cUCTEMa «CTarb — antoMUHWA», MPOMEXYTOYHbIN CIIOW, MHTEepMeTannuabl, AyroBasi Hannas-
Ka, cBapka B3pblBOM, [yroBOE anuTupoBaHue, CTPYKTypa, rpaHuua pasaena, aare3voHHas NpoYHOCTb.
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INFLUENCE OF THE INTERMEDIATE LAYER FORMING METHOD ON THE STRUCTURE
AND PROPERTIES OF STEEL-ALUMINIUM SYSTEM LAYERED COMPOSITIONS

The technological features of manufacturing steel-aluminium system layered compositions with intermediate layer are considered. The in-
fluence of the intermediate layer forming method on interface structure, as well as the properties of layered steel-aluminum compositions is dis-
closed. For deposition of intermediate layer of pure aluminium of grades A5 GOST 7178 and AD1 GOST 4784 on low-carbon steel 20 GOST 1050
substrate the liquid-phase method of arc aluminizing using the Cold Metall Transfer technology, as well as the solid phase explosion welding pro-
cess were used. It was shown that during the arc cladding process with a preliminary deposited intermediate aluminium layer Al-Si melt contacts
not with pure steel. It contacts with the intermetallic layer of the Fe-Al system presented at the interface, which is accompanied by its partial disso-
lution. The dissolution degree depends on temperature and the existence time of the weld pool. With a continuous layer of the Fe-Al system inter-
metallic compounds formed during the deposition of an intermediate aluminum layer by arc aluminizing method using CMT technology the dissolu-
tion rate of the initial intermetallics is lower than the rate of new ternary Fe-Al-Si systems formation. It leads to an increasing from 8,2 to 18 um in
the average thickness of the intermetallics during the arc cladding of working coatings. The adhesion strength level of such coatings is 25 MPa.
The discrete intermetallic layer of the Fe-Al system, formed during the deposition of an intermediate aluminum layer by explosion welding process,
is completely destroyed upon contact with the Al-Si melt. As a result of it a new continuous layer of ternary Fe-Al-Si system intermetallic com-
pounds is formed. The layer is characterized by a smaller thickness (10 ym versus 16 pym in the initial state). The specimens have adhesion
strength level of 43 MPa. The achieved values of adhesion strength make it possible to recommend the produced steel-aluminum system layered
compositions for using in friction units of modern technology.

Keywords: layered compositions, steel-aluminium system, intermediate layer, intermetallics, arc cladding, explosion welding, arc aluminiz-
ing, structure, interface, adhesion strength.
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Introduction

Plain bearings are widely used in friction units
of modern machines and mechanisms [1, 2]. In most
cases, they are bimetals, structurally representing a
load-bearing steel substrate with a working layer from
antifriction material based on Al, Pb, Sn or Cu. How-
ever, according to the results of premature failures of
machines and mechanisms analysis, the operational
properties of working layer traditional materials have
reached their limiting values, and the potential for
their improvement has been exhausted [3—5]. There-
fore, this problem solution is to replace them with
new particle-reinforced composite materials (CM)
based on aluminium. The aluminium-matrix CM
structure provides low values of the friction coeffi-
cient, as well as high wear resistance in a wide temper-
ature range due to the joint operation of dissimilar
components [6—8]. In addition, the possibility of multi-
ple recovery, as well as modifying processing of the
CM working layer, allows to reduce the cost of prod-
ucts for tribotechnical purposes [9, 10].

The area of application of such functional lay-
ered compositions with structural steels substrate and
a aluminium-matrix CMs working layer, is limited
due to the low adhesive strength as a result of brittle
intermetallic compounds with different stoichiometric
composition Fe,Al, formation at the substrate-coating
interface [11-13]. Moreover, the appearance of such
phases is mainly associated with the chemical interac-
tion between the CM matrix material and the sub-
strate, while the reinforcing particles do not change
the mechanisms of formation and growth of interme-
tallic compounds [14].

The research results have shown that by using of
an intermediate layer, it is possible to ensure the limi-
tation of interphase interaction of in such layered
compositions [14-16]. In this case, an intermediate
layer can possibly be obtained by technological pro-
cesses occurring in the solid or liquid phases differing
in the kinetics of interphase interaction. Therefore, the
purpose of this work was to study the influence of the
intermediate layer forming method on the structure
and properties of steel-aluminium system layered
compositions.

Materials and methods

An intermediate layer of pure aluminium of
grades AS (0.2-0.35 wt. % Fe; 0.1-0.25 wt. % Si,
<0.015 wt. % Cu; Al — base, GOST 7178) and ADI
(0.3 wt. % Fe; <0.3 wt. % Si; <0.025 wt. % Mn;
<0.15 wt. % Ti; <0.05 wt. % Cu; <0.1 wt. % Zn; Al — base,
GOST 4784) was deposited on low-carbon steel 20 (0.17—
0.24 wt. % C; 0.17-0.37 wt. % Si; 0.35-0.65 wt. % Mn;

<0.25 wt. % Cr; Fe — base, GOST 1050) substrate
with dimensions of 300x150%(2x15) mm. To obtain
it, the liquid-phase method of arc aluminizing using
the Cold Metall Transfer — CMT technology, as well
as the explosion welding process in the solid phase,
providing up to 2 and 3 mm layer thickness respec-
tively were used.

Arc aluminizing method using CMT technology
is characterized by minimum values of the welding
heat source energy and allowing to limit the growth of
intermetallic compounds. The process was carried out
on specialized welding equipment TransPuls Synergic
2700, Fronius using a A5 grade welding wire with a
diameter of 1.2 mm. Arc aluminizing technological
parameters (pulse current — 150 A; base current —
40 A; voltage — 18 V; cladding speed — 0.5 m/min)
were selected according to [17]. Previously the steel
plate’s surface was treated by hot dip galvanizing in
order to improve its wetting with aluminium melt.

The explosion welding process is characterized
by transience (the time of force action does not exceed
10 s), which limited the diffusion processes develop-
ment. The process was carried out according to a paral-
lel scheme, ensuring the constancy of the kinematic pa-
rameters within the entire area of the workpiece [18].
The technological parameters of the explosion welding
process were selected according to [18, 19]: welding
speed — (2000-2200) m/s, collision speed of the join-
ing elements — 380 m/s, and ammonite No. 6ZHV
(GOST 21984) was used as an explosive.

On the specimens in the form of a substrate with
a preformed intermediate layer working coatings with
a thickness of up to 5 mm were produced by the pro-
cess of arc cladding. Welding rods with a diameter of
24 mm OK Tigrod 4047 (0.6 wt.% Fe;
11-13 wt. % Si; <0.15 wt. % Mn; <0.05 wt. % Cu;
Al — base, AWS A5.10), close in chemical composi-
tion to matrix alloys of scarce CM were used. The se-
lected according [20] arc cladding parameters (weld-
ing current — 150-200 A; arc voltage — 18-20 V; sur-
facing speed — 11-13 m/h) made it possible to
completely melt the intermediate layer, i.e. to achieve
physical contact of the AI-Si melt not with the surface
of the steel substrate, but with the intermetallic com-
pounds of the Fe—Al system.

The diffusion zone structure between the sub-
strate and deposited coatings was studied using opti-
cal and electron microscopy. Leika DMILM light mi-
croscope equipped with a digital camera, as well as a
Helios NanoLab 660 scanning electron microscope
equipped with energy-dispersive X-ray (EDX) micro-
analysis were used.

In order to characterize the properties level of
the manufactured compositions adhesive strength of

21



Muxees P.C., Karawnuxos U.E., Kobenesa JIL.U. / Becmuux [THUITY. Mawunocmpoenue, mamepuanogedenue, 3 (2021) 20-26

the cladding coatings was studied by peel and shear
tests. These tests schemes are recommended for
composite bimetallic materials using in industry. The
selected test schemes were carried out on a 2054 R-5
tensile testing machine with a stepwise application of
a load until the destruction of the samples and a
movement speed of the grippers of 2 mm/min.

Results and discussion

Despite the minimum heat input in the process
of liquid-phase arc aluminizing method using CMT
technology, a continuous layer of intermetallic com-
pounds with an average thickness of 8.2 um is formed
at the substrate-intermediate layer interface (Fig. 1, a).
Moreover, according to the results of EDX, com-
pounds based on aluminium (FeAl; and Fe,Als) are
located on the intermediate layer side, and on the ba-
sis of iron Fe,Al;, FeAl, Fe;Al — on the side of the
substrate (Fig. 1, b) Iron-based intermetallics are
characterized by the shape of tongue-like outgrowths
in the direction of steel. Different values of the aver-
age thickness of the intermetallic layer regions formed
by compounds based on aluminium and iron (3.6 and

Substrate
steel 20

| Intermediate layer ‘
of A5 grade aluminum

Area 2 EDS Spot 3

Intermediate layer
of AD1 grade aluminum

Substrate
steel 20 “

4.6 um) are probably associated with a longer dura-
tion of the diffusion process of aluminium into iron
compared with the opposite direction of diffusion of
iron into aluminium. It should be noted that the reason
for the appearance of longitudinal cracks in the inter-
metallic layer is believed to be a significant increase
in internal stresses due to an increase in the volume of
the final phase [21].

At the same time, the transience of the force ac-
tion during explosion welding prevents the develop-
ment of diffusion processes and leads to the appear-
ance at the interface not only of discrete intermetallic
compounds based on aluminium (Fe,Als, FeAls and
FeAlg) with an average thickness of 16 pum, but and
areas free from them (Fig. 1, ¢, d). In addition, nu-
merous spalls of the intermetallics are observed at a
distance of up to 50 pm from the interface. These
phases are formed at high crystallization rates typical
of the explosion welding process [19].

The arc cladding process of working coatings
results in significant changes in the initial structure of
the interface. In diffusion zone can be distinguished
characteristic regions (Fig. 2):

Substrate
steel 20

Intermediate layer
of A5 grade aluminum

Intermediate layer
of AD1 grade aluminum

c

Substrate
steel 20

d

Fig. 1. Typical microstructure (a, ¢) and distribution of chemical elements (b, @) at the interface of specimens produced
by arc aluminizing (a, b) and explosion welding (c, d)
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—region I, formed as a result of complete pene-
tration of the intermediate layer and limited by the
weld pool size;

—region II, up to 400 pum in length from the de-
posited metal, which was heated above the tempera-
tures of the beginning of Fe—Al system intermetallics
intensive growth.

Fig. 2. Scheme (a) and macrostructure (b) of specimens:

1 — deposited layer of 4047 aluminium alloy;

2 — intermediate layer of A5 or AD1 grade aluminium;
3 — substrate of steel 20

Specimens manufactured by arc cladding pro-
cess with intermediate layer obtained by arc aluminiz-
ing method using CMT technology are characterized
by a continuous intermetallic layer with average
thickness 18 um in region I (Fig. 3, @). The result of
the interaction of the Al-Si melt with the initial con-
tinuous layer of intermetallic compounds during sur-
facing is not only partial dissolution of the latter, but
also the activation of Si diffusion into it, which is con-
firmed by the detection of ternary intermetallic com-
pounds Al; 4Fe; gSi by means of EDX. Due to the oc-
cupation of structural vacancies by Si in the initial
Fe,Al, intermetallics, the phases of the Fe-Al-Si sys-
tem have a lower diffusion permeability for alumini-
um and iron [22, 23]. The intermetallic layer located
in region II retains the original phase composition.
However, due to heating to temperatures exceeding
the onset of intermetallics intensive growth during arc
cladding process, its average thickness increases to
50 % (from 8 to 12 um) compared to the initial state
(Fig. 3, b). Moreover, the intermetallic interlayer ad-
jacent to the intermediate layer is characterized by a
multitude of cracks. Its appearance is associated with
the high hardness and brittleness of the aluminum-
based phases forming it (FeAl; and Fe,Als), which is
confirmed by the EDX.

In specimens with discrete intermetallic com-
pounds based on aluminium and regions free from

them in the initial state at the interface, as a result of
the arc cladding process, destruction of such a diffu-
sion zone in region I is observed and the formation of
a new continuous layer of intermetallics with an aver-
age thickness of 5 um (Fig. 4, a, b).

Deposited layer
of 4047 aluminium alloy

Substrate
steel 20

F 20pm7

Deposited layer
of 4047 aluminium alloy

Substrate
steel 20

Fig. 3. Diffusion zone microstructure and composition

in regions I (@) and II (b) of manufactured specimens with

intermediate layer obtained by arc aluminizing method
using CMT technology

Alloying the surfacing coatings material with
silicon and the development of diffusion processes
during contact of the melt with a solid substrate, lead
to the formation of Fe—Al-Si ternary systems, which
have lower growth rates compared to the Fe—Al bina-
ry system [22, 23]. Moreover, as in the previously
considered case, due to the presence of Si in the com-
position of the filler material, intermetallic com-
pounds of the Fe—Al-Si ternary system are formed,
which are characterized by lower growth rates in
comparison with the Fe,Al, compounds [24, 25]. Dur-
ing the arc cladding prosess the growth of
imtermetallics occurs in region II (Fig. 4, ¢). The acti-
vation of diffusion processes due to the thermal effect
of the cladding process is accompanied by the satura-
tion of intermetallic compounds with iron and a
change in their stoichiometric composition from
FeAls and FeAlg to Fe,Al;, FeAl,, Fe,Als (Fig. 4, d).
The intermetallic inclusions are characterized by an
increased average size from 16 to 30 pm in compari-
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son with the initial state. Also, it should be noted that
they have a variable stoichiometric composition: from
FeAl, in the central part to FeAls / FeAly in the pe-

riphery (see Fig. 4, d).

Deposited layer
of 4047 aluminium alloy

Substrate
steel 20 25 pm
a
22 o e — = Al
i X - > =Fe
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steel 20
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' i 10 15 20 510,15 20

--’;-e

d

Fig. 4. Diffusion zone microstructure and composition in
regions I (a, b) and II (¢, d) of manufactured specimens with
intermediate layer obtained by explosion welding process

The adhesion strength test results showed that
the compositions with an intermediate layer formed
by the liquid-phase arc aluminizing process using
CMT technology have average shear and tear strength
values of 15 and 25 MPa, respectively. The adhesion
strength of the compositions with the intermediate
layer made by the solid-phase explosion welding pro-
cess is 37.8 and 43 MPa in shear and peel tests.

Thus, an increase in the diffusion rate as a result
of thermal action during the application of an alumin-
ium coating on steel with intermediate layer of pure
A5 aluminum, obtained previously by arc aluminizing
process using CMT technology, in combination with
an uneven distribution of intermetallic compounds of
various stoichiometric compositions, lead to an in-
crease in the thickness of the intermetallic layer by up
to 50 % in comparison with the original samples, as

24

well as significant cracking mainly from the side of
the deposited layer, as a result of which the adhesion
strength values correspond to 25 MPa. When an alu-
minium coating is deposited on steel with intermedi-
ate layer of AD1 grade aluminium, obtained previous-
ly by the explosion welding process, a discrete layer
of Fe—Al double intermetallic compounds dissolves. It
leads to a decrease of intermetallic layer thickness by
up to 60 % compared to the initial samples, as a result
of which the adhesion strength values reach 43 MPa.
The achieved values of adhesion strength make it pos-
sible to recommend the produced steel-aluminum sys-
tem layered compositions for using in friction units of
modern technology.

Conclusions

1. It is shown that during the arc cladding pro-
cess with a preliminary deposited intermediate alu-
minium layer Al-Si melt contacts not with pure steel.
It contacts with the intermetallic layer of the Fe—Al
system presented at the interface, which is accompa-
nied by its partial dissolution. The dissolution degree
depends on temperature and the existence time of the
weld pool.

2. With a continuous layer of the Fe—Al system
intermetallic compounds formed during the deposition
of an intermediate aluminum layer by arc aluminizing
method using CMT technology the dissolution rate of
the initial intermetallics is lower than the rate of new
ternary Fe—Al-Si systems formation. It leads to an in-
creasing from 8.2 to 18 um in the average thickness of
the intermetallics during the arc cladding of working
coatings. The adhesion strength level of such coatings
is 25 MPa.

3. The discrete intermetallic layer of the Fe—Al
system, formed during the deposition of an intermedi-
ate aluminum layer by explosion welding process, is
completely destroyed upon contact with the AIl-Si
melt. As a result of it a new continuous layer of ter-
nary Fe—Al-Si system intermetallic compounds is
formed. The layer is characterized by a smaller thick-
ness (10 um versus 16 pum in the initial state). The
specimens have adhesion strength level of 43 MPa.
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