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Abstract. One of the main problems in the production of bimetals is associated with the difference in the physico-mechanical and struc-
tural properties of the materials being joined. Both solid-phase and liquid-phase methods are used to obtain bimetals. The main tech-
nological task is to create conditions for the formation of a transition zone between the working layer and adhesively bound substrate.
We analyzed the known methods for producing compact and powder bimetals (insert molding, diffusion welding in the solid phase,
infiltration, hot isostatic pressing, etc.). The bonding strength of bimetal layers is evaluated according to the results of mechanical
shear or pull tests; however, such an assessment does not enable to determine if the product can be operated in the mode of frequent
thermal cycles. The above method, which involves joint hot repressing of previously separately cold-pressed and sintered blanks
of the working layer and substrates, is promising in terms of improving the mechanical and tribotechnical properties, reducing the risk
of structural degradation of particles of hardening additives, as well as enhancing the quality of the connection of steel-bronze
bimetal layers. In this case, the working layer is heated through heat transfer from the side of the substrate warmed up to a higher
temperature. We studied the impact of technological conditions for obtaining hot-forged powder steel-bronze bimetal on the struc-
ture, features of thermal fatigue failure and tribological properties and presented the research results. For structural analysis,
thermal fatigue and tribotechnical tests, the bimetal samples with vertical and horizontal arrangement of layers were obtained.
The atomized iron powder PZhRV 3.200.28 was used as a base for fabricating the substrate from PK40 steel. Graphite powder GK-3
(GOST 4404-78) was used as a carbonaceous additive. The working layer was fabricated from BrO10 bronze powder obtained
by atomizing. To improve the tribotechnical characteristics of the working layer, bronze powder was mixed with superfine grinding
micropowder F1000 of black silicon carbide 53S. The quality of bonding of bimetal layers was assessed based on the thermal shock
test results. Tribotechnical tests were carried out in the dry friction mode according to the “shaft-block” scheme. We proposed
the technique for producing hot-forged powder bimetal “PK40 steel-BrO10 bronze”, which includes the following independent
procedures: cold pressing of the substrate and working layer blanks, their sintering in a reducing environment, pre-deformation
heating of the substrate and working layer at temperatures that ensure their satisfactory formability, assembly of heated substrate
and working layer blanks in the mold and subsequent joint hot repressing. The resulting bimetal is characterized by increased values
of thermal fatigue and wear resistance in comparison with the control samples manufactured using the traditional technology of hot
repressing of the cold-pressed bimetallic blank.

Keywords: hot forging, porous blanks, powder bimetal, discontinuities, microcracks, thermal fatigue failure, structural powder steel, tin
bronze, working layer, substrate, wear, friction coefficient, silicon carbide
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AnHoTayms. OnHa U3 MIaBHBIX NpoOieM npu nonydenun oumeramioB (BM) cBszana ¢ pazinnuneM (HU3MKO-MEXaHHYECKUX M CTPYK-
TYPHBIX XapaKTePHCTHK COCAMHIEMbIX MarepranoB. [Ipu momyyenun BM Hanuti npuMeHeHne kKak TBepAOo(as3Hble, TaK M JKHKO-
(asubie MeToabl. OCHOBHAS 3aa4a TEXHOJOTHH 3aKJII0YAeTCsl B HEOOXOAMMOCTH CO3/IaHMs YCIOBHH (POPMUPOBAHUS MEPEXOAHOM
30HBI MEXIY Pabo4YMM CIIOEM U IOAJIOKKOM, MMEIOIeH C HUMH aare3MoHHbIe CBs3M. [IpuBeneH aHanIn3 M3BECTHBIX CIOCOOOB
MOJTyYEeHMsI KOMITAaKTHBIX M MOPOLIKOBEIX OMMETaJUIOB (3aimBKa, 1uddy3noHHas cBapka B TBepaoi dasze, nHuiIbTpanys, ropsiee
N30CTaTHYECKOe MpeccoBanue u jp.). OleHKa NPOYHOCTH CBsI3M ciioeB BM 3auacTyio mpoBOIUTCS 10 pe3ysIbTaTaM MEeXaHH4eCKHX
WCIIBITAHUH HA CPEe3 WM OTPBIB, OJJHAKO TaKas OLCHKA HEe 00eCIeuMBacT BO3MOXXHOCTh aHAIN3a OCYIIECTBUMOCTH IKCILTyaTallnu
W3/IeNUsl B PEXKMME YacThIX TEIUIOCMeH. [1epCleKTHBHBIM B IJIaHE MOBBIIICHHS MTOKa3aTeIell MEXaHHYeCKHX M TPUOOTEXHUIECKIX
CBOICTB, CHIDKEHHSI PHCKa CTPYKTYPHOM Jerpajaliiy 4acTUIl YIIPOUHSIOMNX 100aBOK, a TaKkKe YIYUIIeHHs XapaKTepUCTHK Kade-
CTBa COEJIMHEHHS CIIOEB OMMETAIUIOB «CTalIb—OPOH3a) SIBJIIETCS HCIIOIb30BaHHE PaHee MPENIOKEHHOTO COC00a, 3aKITI0YaI0IIerocs
B COBMECTHOM Tropstdeil JOMPEeCcCOBKe MPEIBAPUTEIBHO Pa3IebHO XOJIOAHOIPECCOBAHHBIX U CIIEYEHHBIX 3arOTOBOK pabodero ciost
1 oIoKKy. [1py 5 TOM pazorpes paboyero ciiost OCYIIECTBISIETCS 3a CYET Mepeiady TeIIa CO CTOPOHBI MTOJUI0KKH, HarpeToH /10 Oosee
BBICOKOH TeMIeparypel. [IpecTaBieHbl pesyasTaThl HCCIIS0BAHNS! BIUSHUS TEXHOIOTHUECKUX YCIOBHIT MOJYYEHHUS TOPSTYeIITaMITo-
BaHHOTO ITOPOIIKOBOTO OMMeTalIa «CTalb—0pOoH3a» Ha CTPYKTYPY, 0COOCHHOCTH TEPMOYCTAJIOCTHOIO pa3pylleHus U Tpubonornde-
ckue cBoicTBa. [lJist MpoBeeH s CTPYKTYPHOTO aHAIN3a, TEPMOYCTAJIOCTHBIX M TPHOOTEXHUYECKUX UCITBITAHUH MOTyYaiii 00pasibl
BM ¢ BepTHKaJIBHBIM M TOPU30HTAIBHBIM PACIOIoKeHUsIMU ciioeB. [Ipyu nomydyennn nomnoxky u3 cranu [1K40 B kadecTBe 0CHOBBI
MIPUMEHSITH PaCTIbUICHHBIN skene3HbIi moporrok [IDKPB 3.200.28. Yrieponcoaepskaiieit 100aBKoii cirysku mopornok rpagura 'K-3
(I'OCT 4404-78). Pabounit cioil u3roraBnuBain u3 mnopoika 6ponssl bpO10, moaydeHHOro MeTomoM pacrbuieHus. [t MoBbI-
LICHHS] TPUOOTEXHUUECKHUX XapaKTEPUCTUK PabOUero cios MOPOIIOK OPOH3BI CMEIIMBAIY C M3MEIBUSHHBIM NUTH(OBATEHBIM MUKPO-
nopoikoM F1000 kapouna kpemuust uepnoro 53C. OueHKy kauecTBa COeAHHEHUs ciioeB BM nmpoBoauiu 1o pesysibsraraMm UCIbI-
TaHMH Ha TepMmoyaap. TpuOOTEeXHNUECKHE UCTIBITAHUS IIPOBOJIMIIN B PEKMUME CYXOTo TPEHHS 10 cXeMe «Bay—Kkonozkay. [Ipemioxena
TEXHOJIOTUSI MONYYEHHsI TOPSYEIITAMIOBAHHOTO TTOPOIIKOBOro oumeraima «craib [1K40 — 6ponza bpO10», Briroyarommas camo-
CTOSITEIILHOE BBHIMOJIHEHNE ONEPAINil XOJIOJHOTO TPECCOBAHMS 3arOTOBOK MOTIOKKH U padodyero cios, UX CIIEKaHUsl B BOCCTAaHOBH-
TEJILHOM cpeie, mpeaaeOpMaMoOHHOTO HarpeBa IOJIOKKH U pabouero ciios IpH TeMIlepaTypax, 00eCeuyHBaloNIHX yIOBIETBOPH-
TEJIBHYIO 1e(hOPMHUPYEMOCTb TTOJUIOKKHU U pabodero ciosi, COOPKH HarpeThIX 3aroTOBOK MO/UIOKKH U pabouero ciios B mpecc-popme
U TOCJIeIyIoIel COBMECTHOH ropstueil morpeccoBku. [TomydeHHBI OMMeTam XapaKTepH3yeTcsl MOBBIIICHHBIMH 3HAYSHUSIMU
TEPMO- ¥ U3HOCOCTOMKOCTH B CPaBHEHUH C 00pa3laMH-CBUICTEISIMH, H3TOTOBJICHHBIMH 110 TPAJUIMOHHONW TEXHOJIOTHHU ropsiyen
JIONPECCOBKHU XOJIOIHOIIPECCOBAHHOI OMMETaJTNUECKON 3arOTOBKH.

KnioueBbie croBa: ropsidasi INTAaMIIOBKA, IOPHCTBIE 3arOTOBKH, MOPOMIKOBBIM OMMeTa/ll, HECIUIOMIHOCTH, MHKPOTPEIIUHEL,
TEePMOYCTaIOCTHOE paspylIeHHe, KOHCTPYKIMOHHAs IOPOIIKOBas CTalb, OJNOBSHHCTas OpoH3a, pabouuii Cioi, OCHOBA, M3HOC,
KOO QHUIUECHT TPEHHS, KapOUa KPEMHUS

BnaropgapHocTy: CTpyKTypHBII 1 JNIEMEHTHBII aHAIM3 Ha PAcCTPOBOM MHKpOCKOMe-MuKpoaHantusarope «Quanta 200 i 3Dy mposenen
B LlenTpe komutexTuBHOTO noab3oBanus «Hanorexnonorum» FOPTTIY (HIIN).

Ansa untuposarus: Jlopodees B.10O., beccapa6os E.H., Ceupunosa A.H., sanosa U.B., Ceuctyn JI.W., Bogonaxenko P.A. Ctpyxk-
Typa M CBOWCTBa TOpPAYCHITAMIIOBAHHOTO MOPOIIKOBOrO OMMeTalula THIMa «CTanb—OpoH3a» ¢ pobaBkamu SiC. Hzeecmus 6y3086.
Topowkosass memannypeus u gyuxyuonanvrvie nokpvimus. 2024;18(3):16-27. https://doi.org/10.17073/1997-308X-2024-3-16-27
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Introduction

The use of bimetals in industrial production enables
to significantly reduce the specific quality of metal
per structure and enhance their operating parameters
and reliability [1]. The main problem with bimetals
is that the materials to be joined have different physi-
cal, mechanical and structural properties (coefficients
of thermal conductivity and linear expansion, crystal
lattice parameters, structure of electronic shells, forma-
bility, melting temperatures, etc.). Both solid-phase
and liquid-phase methods are used to obtain bimetals.
The main technological task is to create conditions for
the formation of a transition zone between the working
layer and adhesively bound substrate.

The impact of the temperature of the bimetal pro-
duction process on the transition zone thickness and
the bonding strength of layers is not straightforward.
When bimetals are obtained by insert molding, diffu-
sion in the steel-copper boundary zone occurs at tempe-
ratures above 850 °C [2]. Plastic deformation of bimetal
by 45-50 % helps to reduce the temperature of the dif-
fusion onset to 700 °C. The size of the transition zone
and the bonding strength of bimetal layers during
diffusion welding in the solid phase is noticeably
affected by the phase transformation in the steel sub-
strate: Fe diffusion from AISI 1010 steel to copper at
the transformation temperature of 845 °C is lower than
at t=770 °C due to the consumption of the internal
energy for the phase transformation [3].

When solid phase diffusion welding is carried out
to join tin bronzes and steels, no dendritic or zone liqua-
tions, or shrinkage interdendritic porosity, characteristic
of bronzes of this class and associated with a wide tem-
perature and concentration range of their solidification,
are formed in the working layer [1]. Lowering of wel-
ding temperature prevents growth of liquation precipi-
tates of tin in the joint zone, which reduces the proba-
bility of defect formation [4]. Thus produced joints
are stable at short-time heating to 800-850 °C, which
allows later to perform heat treatment of the steel sub-
strate that forms part of bimetal to increase its strength
properties.

The solid phase diffusion welding (z= 680 °C;
t=1h) of lead bronze—steel bimetal ensures the for-
mation of a diffusion layer with low microhardness
at the interface, which helps to avoid possible brittle
rupture in this zone [5]. On the contrary, when bronze—
stainless steel bimetal is prepared by the method
of vacuum casting (¢ = 1160 °C; t =1 h), the interface
transition layer formed has higher microhardness and
elastic modulus than the matrix alloys. The fracture
of this bimetal prefers to occur along the interface
transition layer, and the fracture mode is cleavage
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fracture [6]. The transition zone embrittlement is also
caused by the diffusion of bronze atoms along the steel
grain boundaries. The microstructure of grain bounda-
ries is formed as the network of eutectic structure
“leaks” between the grains.

A similar effect is observed when the sinter—bra-
zing technique is implemented [7]. Prolonged contact
of molten solder results in a network along the grain
boundaries of the base material, which leads to cracking
when the material cools down and shrinks. The pre-
sence of bronze in the structure of the grain bounda-
ries of the bimetal transition zone represents a poten-
tial danger in terms of initiation of destruction during
testing and operation. In particular, during the fric-
tion process, the grain boundary (or interparticle) net-
work of the copper-containing phase can be deformed,
which will reduce wear resistance by analogy with
infiltrated powder steel [8]. The use of the material in
the mode of frequent thermal cycles can lead to emer-
gence of cracks, the localization of which can be associ-
ated with the iron—copper interphase boundaries within
the transition zone, not only with the layers interface.

It should be noted in this regard that the quality
assessment of bonding of bimetal layers should be
comprehensive. It will provide for an objective and
extensive analysis of the impact that the structural
effects emerging during the bimetal production in
the transition zone have on the products performance
reliability. When the bonding strength of bimetal layers
is evaluated according to the results of mechanical shear
or pull tests, the grain boundary diffusion (or grain
boundary wetting if the liquid phase is present) turns
out to be a positive factor [9]. However, in light
of the above, such a conclusion does not seem entirely
legitimate, since under other test conditions, the net-
work of plastic material along the grain boundaries in
the transition zone can initiate deformation (pressing
through) processes and cause defect formation.

Powder bimetals produced by the infiltra-
tion method are characterized by the presence of pores,
which serve as reservoirs of liquid lubricant and help
reduce the friction coefficient in the tribocoupling.
Nevertheless, bimetals on a high-density steel substrate
have higher tribological properties as this substrate is
stronger [10]. Therefore, effective methods for produc-
ing high-density powder bimetals should be developed.

Tin bronzes are among the most common and
promising materials used to obtain the bimetal working
layer. In 2006, the European Union updated the RoHS
regulation in order to ban lead and lead containing sub-
stances in the equipment [11]. Therefore, though lead-
containing bronzes have an obvious advantage — they
can reduce the bimetal friction coefficient by forming
a film of structurally free lead in the tribocoupling —
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when choosing the working layer material, it should
be kept in mind that these bronzes will probably have
to be replaced with lead-free ones.

The tribological properties of bronzes can be imp-
roved by introducing ultrafine additives of solid partic-
les, which provide inhibition of plastic deformation in
the soft copper phase [12—14]. Positive results were
obtained when SiC particles were introduced into pow-
der and compact bronzes [15; 16]. During friction, SiC
particles are cut off and joined by adhesive bonds with
the surface of the counterbody, which results in the for-
mation of a thin film. The hard and durable SiC film
formed between the tribocoupling surfaces minimizes
the risk of plastic deformation and provides enhanced
wear resistance.

When producing a copper—SiC composite by hot iso-
static pressing (HIP), SiC particles disintegrate at tem-
peratures above 850 °C, silicon diffuses into the copper
matrix, and the resulting carbon, which is practically
insoluble in copper, causes the formation of disconti-
nuities and cracks in the zone of interfacial interaction.
To prevent structural degradation, SiC particles are
coated with molybdenum or titanium nitride [17; 18].
However, the coating is characterized by uneven thick-
ness and ruptures, which results in individual pores
on the interfacial areas during subsequent HIP.

The spark plasma sintering technique yields positive
results in terms of preventing the structural degrada-
tion of SiC particles. However, it requires specialized
equipment and causes technological difficulties when
the formability characteristics and melting tempera-
tures of the bimetal working layer and substrate mate-
rials are drastically different. The contact interfacial
interaction is much less probable in case of hot forg-
ing (HF) of a composite blank in which SiC particles
are coated with titanium nitride [18]. In the cited work,
forging took 15 s. In Russian terminology adopted in
powder metallurgy, such processes are called pres-
sing, while forging is the name for additional com-
paction of a porous blank on high-speed mechanical
presses or hammers (deformation continues for 50—100
and 2-8 ms, respectively) [19-21].

Hot forging of porous blanks (HFPB) of steel—
BrO5Ts5S5 bronze bimetal with non-isothermal heat-
ing ensures the fabrication of a material with anti-
friction properties, not inferior to cast analogues [22].
However, when a bimetallic blank is subject to non-
isothermal heating, bronze can melt impregnating
steel substrate pores localized in close proximity
to the layers interface. The dimensions of the melt-
ing and impregnation zones are often uncontrollable,
resulting in instability of the bimetal properties. Other
destabilizing factors are liquation processes and

the grain boundary network of the copper-containing
phase forming in the transition zone.

The method, which involves joint hot repressing
of previously separately cold-pressed and sintered
blanks of the working layer and substrates, is promi-
sing in terms of improving the mechanical and tribo-
technical properties, as well as the quality of bon-
ding of steel-bronze bimetal layers [23]. In this case,
the working layer is heated through heat transfer
from the side of the substrate warmed up to a higher
temperature. The optimal duration of equalizing
the assembly “substrate blank — working layer blank”
until its hot repressing is determined by the formula
obtained by solving heat balance set of equations. This
enables to assign an optimal temperature regime for
hot repressing characterized by the minimum required
contact interaction of the bronze melt with the solid
surface of the steel substrate. It has been established
that when the bimetals of the “steel-bronze” type are
produced by hot forging of separately heated substrate
and working layer blanks, the optimal thermal condi-
tions for the formation of the layer fusion zone are
achieved when the substrate and working layer are
heated to temperatures of 1150 and 520 °C, respec-
tively. In this case, when a bimetal blank is assembled
in amold, thermal equilibrium is ensured at the interface
at t=970+990 °C, which is accompanied by the for-
mation of a small amount of liquid phase [24].

The purpose of this paper, which continues the ear-
lier performed research, was to study the impact of tech-
nological conditions for producing hot-forged powder
steel-bronze bimetal on the structure and features
of thermal fatigue failure and tribological properties.

Methods

For structural analysis, thermal fatigue and tribo-
technical tests, the bimetal samples with vertical and
horizontal layers were obtained (Fig. 1). The atomi-
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Fig. 1. Scheme of a bimetallic sample
with horizontal (@) and vertical (b) layers

I —working layer, BrO10 bronze; /I — substrate, PK40 steel

Puc. 1. Cxema GuMmeTaminaeckoro oopasma
C TOPU30HTAIBHEIM (@) ¥ BEPTUKAILHBIM (b)
PacHoJIOKCHUSIMHU CIIOCB

1 — pabounii cnoii, 6ponsa bpO10; I/ — nomnoxka, crans [TK40
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zed iron powder PZhRV 3.200.28 was used as a
base for manufacturing substrate from PK40 steel
(PJSC Severstal, Cherepovets). Graphite powder GK-3
(GOST 4404-78) was used as a carbonaceous addi-
tive. The working layer was made from BrO10 bronze
powder obtained by spraying at Most-Tsvetmet LLC
(Bataysk) (see the Table). To improve the tribotechni-
cal characteristics of the working layer, bronze powder
was mixed with superfine grinding micropowder F1000
of black silicon carbide 53S made by JSC Volzhsky
Abrasive Works (Volzhsky). The particles of the initial
micropowder were 1-10 um in size and 0.5-1.0 um
after grinding.

The planetary ball mill SAND-1 (pilot plant,
Yerevan) was used for grinding. The ratio of the mass
of the grinding media to that of the crushed powder
was 12:1. The grinding media were made of hard alloy.
Grinding was performed in acetone, which was poured
into the vessel with SiC powder. The content of SiC
powder in the charge varied. To ensure a uniform
distribution of SiC particles throughout the volume
of bronze powder, the charge of the working layer
material was also prepared in the planetary ball mill
SAND-1, which minimized the likelihood of compo-
nents segregation [25].

Flow diagrams for obtaining samples are presented
in Fig. 2. Static cold pressing (SCP) of the substrate
and working layer blanks was performed separately.
The blanks porosity after SCP was 22-25 %. The cold-
pressed substrate blank was sintered in a dissociated
ammonia environment (1150 °C, 1 h). The porous blank
of a bronze working layer was sintered at ¢ = 800 °C for
1 h (flow diagram 2). Some working layer blanks were
not sintered so that a comparative analysis could be
conducted (flow diagram 3). Pre-deformation heating

of the blanks was conducted for 10 min. The optimal
temperatures of 1150 and 520 °C were chosen for sepa-
rate heating of the substrate and working layer blanks
(flow diagrams 2, 3) [24].

Hot repressing of the porous working layer and
substrate blanks was conducted jointly. The work-
ing layer blank was installed into the heated substrate
blank. After equalizing the temperature in the volume
of assembly of the bimetallic sample blank, HF was
performed using a pendulum impact tester, the falling
parts mass being 100 kg. The equalizing duration was
determined using the equation given in [23].

Process flow diagram / presented a standard tech-
nology for producing hot-forged bimetals. In this case,
the sintered bimetallic blank was heated at # =950 °C
and subjected to hot repressing.

The bimetal samples after HF were cooled in air.
They were cut and the resulting parts were used for
structural analysis, thermal fatigue and tribological
tests. The quality of the connection of bimetal layers
was assessed based on the thermal shock test results.
In this case, the sample was heated in an inductor
to a temperature of 870 °C and then cooled in water.
After that, it was cleaned of scale and inspected for
cracks and delaminations in the transition zone.
The number of heating—cooling cycles until defects
developed was recorded.

Thermal resistance enables to evaluate the resis-
tance of a material to thermal shocks and plastic defor-
mation [26]. Thermal fatigue failure develops under
the impact of repeated plastic deformations when ther-
mal stress exceeds the yield point. Thermal resistance
is an informative criterion for assessing the degree
of adhesive interaction at the interphase boundaries
of heterogeneous and bimetallic materials.

Characteristics of the powders used

XapaKTepI/lCTl/IKPI HCIOJb3YEMbBIX IOPOIIKOB

— Physical and technological properties
. ontent, ; . -
Material wt. % Granulometric Apparent density Flow rate, | Compactibility at pressure
composition p,» glcem’ g/s 600 MPa, g/cm?
Fe — base
€-0.03 2000
0-0.30 +160-3.7
PZhRV 3.200.28 | Si-—0.04 45 78.8 2.72 32 7.27
Mn - 0.12 45+ 175
P-0.02 '
S—-0.01
Cu - 90.130 150350
Sn— 9.750 +106 — 54.22
BrO10 : +75-21.04 3.30 30 7.68
P-0.198
0 —0.640 +45 - 14.70
' —45-4.54

20



Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2024;18(3):16-27

Dorofeyev V.Yu., Bessarabov E.N., etc. Structure and properties of hot-forged powder steel-bronze ...

Preparation of the substrate
material charge
(PZhRV 3.200.28 + 0.6 wt. % GK-3;
KS-50 cone mixer)

!

SCP of the substrate blank
(500 MPa; porosity 22-25 %)

\

Grinding of SiC micropowder
(SAND-1;2 h)

Stepwise loading, recompacting
and joint SCP of the substrate
and working layer
materials (500 MITa)

!

Preparation of the working
layer material charge
(BrO10 + SiC; SAND-1; 2 u)

!

!

!

Sintering (1150 °C; 2 h; DA)

| Sintering (800 °C; 1 h; DA)

!

!

SCP of the working layer blank
(100 MPa; porosity 22-25 %)

Pre-deformation heating
of the substrate blank
(1150 °C; 10 min; DA)

Pre-deformation heating
(950 °C; 10 min; DA)

{

Sintering (800 °C; 1 h; DA)

!

Y

| HF (W =250 MJ/m’)

Pre-deformation heating
(520 °C; 10 min; DA)

Assembly of the bimetal blank
in a mold and joint HF
of the substrate and working

layer (W =250 MJ/m’)

Assembly of the bimetal blank
in a mold and joint HF

of the substrate and working
layer (W =250 MJ/m’)

Pre-deformation heating
of the working layer blank
(520 °C; 10 min; DA)

Fig. 2. Flow diagrams for producing hot-forged powder bimetal “PK40 steel-BrO10 bronze”

DA — dissociated ammonia, W — reduced compaction work

Puc. 2. TexHONOTHYECKHE CXEeMBbI TIOJTYIEHH s TOPSYEIITAMIIOBAHHOTO opoIkoBoro BM «crans ITK40 — 6porsa BpO10»

DA — nuccoumupoBanHblii aMmuak, W — npuBeeHHas padoTa YIIOTHEHUS

Tribotechnical tests were carried out on the fric-
tion machine MI in the dry friction mode accord-
ing to the “shaft-block” scheme. The counterbodies
were made of USA steel, heat-treated to 50-55 HRC.,.
The counterbodies had the following dimensions: outer
and inner diameters — 50 and 12 mm, respectively,
height — 15 mm, and working surface roughness —
R,=0.63 um. Before testing, the run-in of the sample
was performed at a pressure of 2.5 MPa for 10 min,
which ensured complete contact of the friction surfaces.
The counterbody rotation frequency was 210 min!,
the sliding speed was 0.55 m/s.

For metallographic studies, we used an
AltamiMET-1M optical microscope (Altami LLC,
Russia) and a Quanta 200 i 3D scanning microscope-
microanalyzer (FEI Company, USA). Unetched and
etched sections were studied. Etching was performed
in 3 % nital, since it provides sufficient contrast when

the structure of the bimetal transition zone and the sub-
strate material, PK40 steel, is analyzed.

Microhardness was measured using a HVS-1000 digi-
tal microhardness tester (L.H. Testing Instruments Co.,
Ltd, China) according to GOST 9450-76 (0.2 N; 10 s).

Results and discussion

The maximum values of heat resistance were
demonstrated by samples with a horizontal arrange-
ment of layers, fabricated by hot repressing of sin-
tered working layer and substrate blanks, assembled in
a mold before deformation (flow diagram 2 in Fig. 2;
Fig. 3, curve 7). The fracture sites are multiple and are
mainly associated with the “steel-bronze” interphase
boundaries in the transition zone on the substrate side
(Fig. 4, a). This zone is characterized by pores and
discontinuities filled with molten bronze upon contact
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Fig. 3. Impact of the SiC content in the working layer
material charge on the bimetal thermal resistance

1-3 — horizontal arrangement of layers, 4-6 — vertical arrangement
of layers 2, 5 — process flow diagram /; 1, 4 — flow diagram 2;
3, 6 — flow diagram 3
N — number of cycles

Puc. 3. Bnusirue copepxanus SiC B muxTe MaTepuana
pabouero ciost Ha TepMOCTOHKOCTE BM

1-3 — rOpU30HTAIIBHOE PACIIOIOKEHHE CIIOEB, 4—6 — BEPTHKAIBHOE
2, 5 — rexHonorudeckas cxema /; 1, 4 — cxema 2; 3, 6 — cxema 3
N — 9uCJIO IUKIIOB

of a substrate blank heated to 1150 °C with a relatively
cold (520 °C) working layer blank. The impregna-
tion depth is 0.2—-0.5 mm.

During thermal cycling, microcracks also form in
the working layer material at the “matrix-SiC” inter-
face (Fig. 4, b). Cracking of agglomerates of SiC par-
ticles is observed in the samples containing more than
0.8 wt.% silicon carbide.

The structure of the working layer includes
the a phase and the eutectoid a + 6. The substrate
structure consists of ferrite perlite. Pearlite is sorbitic,
340-360 HV (Fig. 5). Wetting of the steel substrate
grain boundaries with molten bronze is not observed.
A ferrite strip (140-160 HV) is adjacent to the inter-
face on the substrate side, with the pearlite zone located
below. The formation of a banded structure (ferrite
strip — pearlite strip) in the transition zone on the sub-
strate side is attributed to the displacement of car-
bon forming part of austenite, from the interface during
the copper diffusion into steel [2].

The N(Cg,.) dependence is non-monotonic: an
increase in Cg,. to 0.8 wt. % results in enhanced thermal
stability as dispersed SiC particles strengthen interpar-
ticle boundaries of the working layer material. A fur-
ther growth of Cg,. causes a drop in thermal stability
as agglomerates of silicon carbide particles are formed.

The thermal stability of the control samples (flow
diagram /) is noticeably lower (Fig. 3, curve 2) com-
pared to the bimetal fabricated according to flow dia-
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Fig. 4. Formation of cracks during thermal-cycle
fatigue failure of bimetal and elemental analysis
of a selected area of the working layer material
Flow diagram 2, C,. = 0.8 wt. %
a — transition zone; b — working layer, “matrix—SiC” interface

Puc. 4. opmupoBaHue TPELIUH NIPU TEPMOLUKINYECKOM
YCTaJOCTHOM pa3pylueHur bM u anemMeHTHbI aHaIU3

BBIJICJICHHOW 001acTH MaTepuaa pabouero cios
Cxema 2, Cy;. = 0,8 mac. %
@ — TepexojHasl 30Ha,
b — pabouwmii cioii, rpaHuLa pasaena «marpuna—SiCy

gram 2 (Fig. 3, curve /). This is attributed to unfa-
vorable temperature conditions for sintering and hot
deformation of the steel substrate and the bimetal tran-
sition zone: sintering at # = 800 °C and hot repressing
at =950 °C do not ensure the formation of cohesive
bonds between iron powder particles and lead to resi-
dual pores in the substrate and at the bimetal layers
interface. In this case, the impact of SiC particles
on thermal stability is also non-monotonic.

The lowest heat resistance was demonstrated by
the samples fabricated according to process flow dia-
gram 3, the implementation of which did not include
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Fig. 5. Microstructure of hot-forged powder bimetal
Flow diagram 2, C,

, Cgc = 0.8 wt. %
a — transition zone; b — substrate, PK40 steel
Horizontal layer arrangement

Puc. 5. MuKpoCTpyKTypa ropsi4eITaMInoBaHHOTO

nopouixkosoro bM

Cxema 2, C,- = 0,8 mac. %

a — riepexojIHas 30Ha; b — nmojsokka, crans [1K40
PacronoskeHre CII0eB TOPU3OHTATBHOE

sintering of cold-pressed working layer blanks (Fig. 3,
curve 3). During the tests, cracks formed both at the layers
interface and in the working layer material (Fig. 6, @).

The samples of this group proved more prone
to crack formation due to high probability of hydro-
gen embrittlement of copper alloys [27]. The oxygen
content in the initial BrO10 powder is 0.64 wt. % (see
the Table). When the sample is heated during sintering
and before hot deformation in a dissociated ammo-
nia environment, copper-containing oxides, localized
at interparticle and grain boundaries, are reduced,
with the water vapor being formed, which leads
to the appearance of bubbles, cracks and delaminations.

During 1 h sintering, the conditions were provided
for removing steam from the body of the working layer
blank. Delaminations and cracks formed at the sinter-
ing stage were eliminated during subsequent hot defor-
mation (Fig. 6, b). In contrast, during joint hot repress-
ing of the substrate and the unsintered working layer

Fig. 6. Microstructure of powder bimetal (flow diagram 3)
after thermal fatigue tests (a) and in the as-sintered state (b)

Horizontal layer arrangement, Cg,. = 0.8 wt. %

Puc. 6. MukpocTpykTypa nopoiikoBoro bM (cxema 3)
MOCJIe UCTIBITAHUI Ha TEPMOYCTAIIOCTh (&)
U B COCTOSIHUM TIocye criekaHus (b)

Pacrionoxenue cnoes ropusonranshoe, Cy,. = 0,8 mac. %

blank, these defects formed almost synchronously with
the deformation, making their elimination unlikely.
The impact of this factor was predominant, outweigh-
ing the strengthening effect of SiC additives.

The above-described features of the impact of Cg.
on the thermal stability of the samples with horizon-
tal layers are also valid for the samples with vertical
layers (Fig. 3, curves 4-6). The difference is that their
absolute value of heat resistance is lower, which is
attributed to greater magnitude of thermal stresses that

develop in the sample material during testing.

Maximum wear resistance was demonstrated by
bimetal samples obtained according to flow diagram 2,
containing 0.8 wt. % SiC (Fig. 7, curve /). In this case,
the dependence f(P) is non-monotonic: as P increases
in the range of 3—5 MPa, the friction coefficient f drops.
Apparently, this is attributed to the formation of a solid
SiC film on the tribocoupling surfaces (Fig. 7, a;
curve 4) [16].
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250 0.16

175 0.08

100

0
P, MPa

400

0
0.8 1.0 Cge,Wt.%

Fig. 7. Dependences of the wear (I-3) and friction coefficient (4—6) of the bimetal working layer
on the specific load («) and SiC content (b) during tests under dry friction conditions
2, 5 —process flow diagram 7; I, 4 — flow diagram 2; 3, 6 — flow diagram 3

a-C,

SiC

=0.8wt. %; b—P =5 MPa

Horizontal layer arrangement

Puc. 7. 3aBucumoctu nzHoca (1-3) u kodppunuenra Tperns (4—6) marepuaia padodero cios bM
OT ynesnbHOH Harpy3ku (@) u conepkanus SiC (b) Ipu UCIIBITAHUSX B YCIIOBHSAX CYXOTO TPCHUS

2, 5 — tex"onoruueckas cxema /; I, 4 — cxema 2; 3, 6 — cxema 3
a—Cg.=0.8mac. %; b—P=5Mlla

Pacnonoxenue cioen TOPU30HTAJILHOE

The wear resistance of the samples fabricated
according to flow diagrams / and 3 is noticeably
lower. An increased load during testing of samples
fabricated according to flow diagram / in the range
of 4-5 MPa leads, as in the previous case, to a slight
drop of the friction coefficient, but its absolute values
remain quite high (Fig. 7, a; curve 5). The samples
fabricated according to flow diagram 3 are characte-
rized by discontinuities and microcracks localized near
the “SiC-bronze” boundaries, the formation mecha-
nism of which is described above (Fig. 8). SiC par-
ticles, weakly bonded with the matrix material, flake
during friction, which pushes up the wear values and
the friction coefficient (Fig. 7, a; curve 3, 6). After tes-
ting, deep scratches formed as a result of the abrasive
impact of SiC particles are visualized on the samples
working surface.

An enhanced abrasive effect caused by an increased
content of SiC particles in the working layer material
results in the growth of the f'values of the samples fab-
ricated according to flow diagram 3 (Fig. 7, b; curve 6).
At the same time, the absolute wear values are high,
despite their decrease in the range Cg,. = 0+0.8 wt. %
(Fig. 7, b; curve 3). The latter is apparently attributed
to dispersion strengthening of interparticle bounda-
ries and inhibition of plastic deformation in the bronze
layer during friction [12].

Compared to the studied group of samples, the wear
resistance of the control samples (flow diagram /) is
higher, and the f values are lower (Fig. 7, b; curve 2
and 5 respectively). The f(Cj,.) dependence is mono-
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tonic: growing Cg,. leads to an increase in f values.
In contrast to the samples fabricated according to flow
diagram 3, high values of wear and friction coeffi-
cient are attributed not to defects in the working layer,
but to undercompaction of the substrate and transi-
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Fig. 8. Microstructure of hot-forged powder bimetal
and elemental analysis of the material selected area
Flow diagram 3; working layer; Cg,. = 0.8 wt. %;
horizontal layer arrangement

Puc. 8. MUKPOCTPYKTypa TOpsSIeIITaMIIOBAHHOTO
opoI1koBoro bM u anemMeHTHBIN aHaIN3
BBIZIETIEHHON 001acTH MaTepuana
Cxema 3; pabounit croif; C,. = 0,8 mac. %;

PAaCIioIOKEHUE CJIOEB TOPU30HTAIBHOC
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tion zone, caused by the relatively low temperature
of pre-deformation heating (950 °C). The porosity
of the substrate of these samples amounted to 5-7 %.
The residual pores in the substrate result in the work-
ing layer being “pressed through” during loading in
the course of tests. The effect of this factor was pre-
dominant, though introduction of SiC particles caused
the effect of dispersion strengthening of the bronze
layer (Fig. 7, b; curve 2).

The implementation of flow diagram 2 ensured
optimal conditions for the structure formation. In
this case, the samples had the lowest values of wear
and friction coefficient (Fig. 7, b; curves / and 4).
The dependence of f values on Cg,. in the studied
concentration range is rather weak. The samples con-
taining 0.8 wt. % SiC demonstrated the greatest wear
resistance. The residual porosity of the substrate and
working layer materials is 0.5-1.0 wt. %.

Conclusions

1. We proposed the technique for producing hot-
forged powder bimetal “PK40 steel-BrO10 bronze”,
which includes the following independent proce-
dures: cold pressing of the substrate and working layer
blanks, their sintering in a reducing environment, pre-
deformation heating of the substrate and working layer
at temperatures that ensure their satisfactory formabi-
lity, assembly of heated substrate and working layer
blanks in the mold and subsequent joint hot repress-
ing. The resulting bimetal is characterized by increased
values of thermal fatigue and wear resistance in com-
parison with the control samples manufactured using
the traditional technology of hot repressing of the cold-
pressed bimetallic blank.

2. The introduction of SiC powder into the work-
ing layer material contributes to the bimetal thermal
and wear resistance enhancement due to disper-
sion strengthening of the interparticle boundaries.
The optimal content of SiC additive is 0.8 wt. %.

3. Preliminary sintering of the porous working
layer blank enables to reduce the oxides that form part
of the bronze powder and later to remove the reac-
tion products from the body of the blank, which hinders
defect formation during hot deformation.
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