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Abstract. This paper studies the kinetics of structure formation of an iron-bronze composite containing solid lubricants. Depending on the compacting
pressure and sintering temperature, binary and complex phases are detected in the iron-bronze structure. The presence of solid lubricants in the
composition of the composite material significantly reduces interaction of the liquid (bronze) and solid (iron) phases during sintering. Talc and
graphite, which are heat—resistant at a sintering temperature of 850 — 1150 °C, were used as solid lubricants. The presence of talc, located on the surface
of compressed particles of iron, copper, tin and graphite, significantly reduces the effect of their interaction. At the same time, the micro-talc particles
envelop them, and its thermal stability retains this state up to high temperatures (approximately 900 °C). It was established that there is no perlite in
the microstructure of iron-bronze sintered at a temperature of 850 °C. This can be explained by the talc adsorbing ability on the surface of iron particles
which prevents diffusion of carbon into the iron crystal lattice. An increase in the sintering temperature up to 1000 °C leads to the formation of perlite
in the iron-bronze structure, while the amount of perlite predominates over ferrite. This indicates the partial burnout of talc from the surface of iron
particles and the opening of diffusion paths to carbon. At a sintering temperature of 1150 °C, perlite and a grid of light inclusions are formed in the
microstructure of the iron-bronze samples. According to the results of electron microprobe analysis, the light inclusions are solid solutions of variable
compositions such as Fe—Cu—Sn, Cu—Fe—Sn, Cu—Sn—Fe. In order to confirm these assumptions, a phase X-ray diffraction analysis was performed.
Diffraction patterns of these samples are represented by reflections of iron and copper crystals. The absence of diffraction effects (characteristic of tin
crystals) is conditioned by tin solubility in the copper lattice. This is due to the low melting point of tin (232 °C) and its ionic radius, which allows
isomorphically replacing of copper and iron ions with tin ions (their difference is less than 15 %).
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AHHOmMayus. V13ydeHa KMHETHKA CTPYKTYypOoOOpa30BaHKSA KOMIIO3UIHOHHOTO MaTepHalla THUIIA jKelIe30-0pOoH3a, COIEprKaIlero TBEpble CMa30UHbIC
Marepuaabl. B 3aBUCHMOCTH OT JIaBe€HMs IPECCOBAHUS M TEMIIEPATYphl CHEKAHUSI B CTPYKTYpe XKeJe30-OpoH3bl 00OHAPYKUBAIOTCS OMHApHbBIE
U cioxHble (aspl. Hanmume TBepAbIX CMA304YHBIX BEIICCTB B COCTaBE KOMIIO3HIOHHOTO MaTepHalla 3HAYUTEIbHO CHIDKAET B3aHMOIEHCTBHE
KuaKoi (OpoH3a) U TBepaoi (;kene3o) a3 mpu crnekaHuu. B kauecTBe TBEpIbIX CMa30K HCHOIBb3YIOTCS TallbK M IpaduT, KOTOPbIE SBISIOTCS
TepMocCTONKIMH Tipu Temneparype crekanus 850 — 1150 °C. IIpucyTcTBue Tambka, KOTOPBIH pacroyiaraeTcsi Ha IOBEPXHOCTH CIIPECCOBAHHBIX
YacTUIl KeJie3a, MEH, 0JI0Ba U TpaduTa, 3HAUMTEIBHO CHIKAET dP(EKT X B3aUMOACHCTBHSA: MUKPOUACTHIBI TAJIbKa OOBOJAKUBAIOT UX, A 3a
CUET TePMUUECKON CTOMKOCTH COXpaHSETCs TaKoe COCTOSIHUE JI0 BBICOKMX Temmeparyp (mpumepHo 900 °C). [lokazaHo, 4TO B MUKPOCTPYKTYpe
)KeJe30-0poH3kl, crieueHHOW npu Temrepatype 850 °C, mepiuT OTCYTCTBYET. JTO OOBSICHSETCS aJCOpOMPYIOIIEH CIOCOOHOCTBIO TallbKa Ha
MOBEPXHOCTH YaCTHI] JKeJle3a, YTO MPEIATCTByeT Juddy3un yriepoaa B ero KpUCTANINYECKYIO pemIeTKy. [1oBbIneHne TeMepaTyphsl CeKaH s
10 1000 °C nmpuBoanT K 00pa30BaHUIO B CTPYKTYpE JKeJe30-OpOH3bI MEPIINTa, MPU STOM KOJIWYECTBO IEpiuTa MpeolliafiaeT HaJl KOJIMYeCTBOM
(eppuTa. DTO CBUACTEIBCTBYET O YACTHYHOM BHITOPAHHH TaJIbKa C HOBEPXHOCTH YaCTHI] JkeIe3a U 00 OTKPHITHHY IMyTel nuddysuu yraepoxny. [Ipu
temneparype criekanust 1150 °C B MUKPOCTPYKTYpe 00pasLioB xkele30-0poH3bl 00pa3yeTcst HepuT U CeTKa CBETIbIX BKIIOYeHHIH. 1o pesynbraram
MHKPOPEHTTCHOCHIEKTPAIPHOTO aHAIN3a CBETIbIC BKIIOYEHUS SBIAIOTCA TBEPABIMU PAcTBOPAMH IEPEMEHHBIX cocTaBoB THHa Fe—Cu—Sn,
Cu—Fe—Sn, Cu—Sn—Fe. [lys noaTBep K AeHUs 9TUX MIPEITIOI0KEHHH ObLT IpoBeieH (a30Bblil PEHTICHOCTPYKTYPHBII aHanu3. Judpakrorpammel
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00pa3LoB MpeJcTaBlIeHbl pedieKcaMi KpPUCTA/LIOB Jkene3a U Meau. OTcyTcTBUe JU(PakMOHHBIX d(PPEKTOB, XapaKTepPHbIX VISl KPUCTAILUIOB
0JIOBa, CBSI3aHO C €r0 PACTBOPUMOCTBIO B peLIeTKEe MEIH. DTO O0BICHICTCS HU3KOW TemIiepaTypoil riasieHus onosa (232 °C) u ero MOHHBIM
paznycoM, KOTOPhIi M03BOJIAET H30MOP(HHO 3aMEIaTh HOHBI MEJIH H JKeJle3a MFOHaMHU 0J10Ba (MX pa3sHOCTh COCTABIsIET MeHee 15 %).

Kaloyesvle cno8a: xene3o-0poHsa, TepMudeckas o6padoTka, CTPyKTypa, (asa, MOPOIIKOBas KOMITO3HIHS, JKHAKOCTh, CIICKAHUE, HEMETAIUTMICCKHIE

(1]8.3])1, TIEPJINUT, TBEPAbIC YaCTULIBI

Jas yumupoeaHus: Mycyp3saesa B.5. MUKPOCTPYKTypa ¥ SJIEMEHTHbIN aHAIM3 TTOPOIIKOBEIX KOMITO3HIIMOHHBIX MAaTCPHAIIOB Ha OCHOBE JKeye3a.
Hzeecmus 6y306. Yepnas memannypeus. 2023;66(2):148-153. https://doi.org/10.17073/0368-0797-2023-2-148-153

[ INTRODUCTION

Studies [1 — 3] investigate the kinetics of structure for-
mation during sintering of composite material containing
3.0 % Cu, 1.5 % Sn, remainder: iron. It was established
that at a temperature above 232 °C, due to melting of tin,
a liquid phase is formed in the system. However, due
to existence of oxide layers on fine iron and copper par-
ticles, they are not wetted by tin [4; 5]. With an increase
in the sintering temperature to 850 °C, there occurs active
recovery of all particles of solid phase and their dissolu-
tion in liquid phase [6 — 9].

The studies demonstrate that the interaction
of the liquid phase with iron particles at the sintering tem-
perature of 850 °C in 1 h, and the subsequent cooling lead
to the formation of a fine grain multiphase heterogeneous
structure. X-ray studies demonstrated that the struc-
ture of the sintered samples contains binary chemical
phases (Cu,Sn, CuSn, FeSn,, Fe,Sn,, FeSn), as well as
the phases of complex composition.

[ EXPERIMENTAL

The chemical composition of mixtures of the consi-
dered iron bronze composite materials containing solid
lubricants are summarized in Table 1. The mixtures also
contain solid lubricants (graphite and talcum in combina-
tion with copper and iron).

The components were mixed in a Y-type mixer in
1 h. The charges were compacted using a Mannesmann
hydraulic press under pressure of 400, 700 and 1000
MPa. Sintering was carried out in a Koyo Lindberq con-
veyer furnace at temperatures of 850, 1000 and 1150 °C
in an environment of endothermal gas.

The microstructures of the experimental samples were
analyzed using a Neofot-21 metallographic microscope,
and elemental analysis at certain points using a Camsan
X-ray spectral microanalyzer.

[l RESULTS AND DISCUSSION

The metallographic analysis of all samples considered
demonstrates that their structure at 850 °C nearly does
not contain perlite (Fig. 1). This, first of all, is related
to the fact that talcum is adsorbed on the surface of metal
particles with high adhesion, preventing carbon diffusion
across iron surface [10; 11]. In addition, it was estab-
lished that a sintering temperature of 850 °C is insuffi-
cient in the thermodynamic conditions considered herein
for carbon diffusion [8; 12; 13].

Talcum and graphite at 850 °C are characterized
by thermal stability and screen the surface of copper and
iron particles, thus maintaining them separately. Presu-
mably, due to the same reason iron and copper particles
are not wetted by the tin liquid phase.

With an increase in the sintering temperature
to 1000 °C, the perlite structure in the alloy with the com-
position 4 dominates over the ferrite structure with solid
lubricants, and single highlighted bright inclusions are
visible (Fig. 2).

An increase in the sintering temperature to 1150 °C
leads to formation of cementite in the alloy with the com-
position 4 in the form of grid around the pores and along
the particle boundaries.

In the structure of these samples single highlighted
bright inclusions are not detected, while particles of solid
lubricants are hardly noticeable (Fig. 3).

Table 1

Chemical composition of the charge

Tabnuya 1. XMMHYECKHI COCTAB IIHXTHI

Alloy Content of powder in the charge, %
Copper Tin Graphite | Talcum | Zinc stearate Iron
A 9.0 1.0 2.0 3.5 - remainder
B 9.0 1.0 2.5 3.5 0.5 remainder
C 18.0 2.0 1.5 2.0 - remainder
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50 um
—

Fig. 1. Microstructure of sintered iron-bronze
at a temperature of 850 °C:
a, b, c — composition 4; d, e, f— composition B;
g, h, i — composition C;
pressing pressure 400 (a, d, g), 700 (b, e, h), 1000 (c, f, i) MPa

Puc. 1. Mukpocrpykrypa crieuennoii npu 850 °C xene30-0poH3bl:
a, b, c—cocraB A4; d, e, f— cocraB B; g, h, i — cocras C,
nasnenue npeccoBanus 400 (a, d, g), 700 (b, e, h), 1000 (c, £, i) MI1a

The microstructure of the alloy with the composi-
tion B is comprised of fine particles of bright inclusions
and cementite in a high amount. In some places these
particles surrounding the perlite matrix, form a conti-
nuous lattice. The matrix of alloys is comprised of fine
perlite, which is characteristic of the cuprous composi-
tions on the basis of iron [8; 14 — 16].

In order to study the chemical composition of the parti-
cles in a Camsan X-ray spectral microanalyzer, the micro-
structure was analyzed at certain selected points of the
alloys with the compositions B and C (Fig. 4). The che-
mical compositions (Table 2) at different points sharply
differ from each other. For instance, the alloy with the
compositing B is comprised of Fe—Cu—Sn solid solution
at high concentrations of copper in points /, 2 and 6 (97.88,
98.76 and 94.38 % (hereinafter wt. %)). The amount
of elements on certain particles is summarized in Table 2.

Copper is the predominant element in points 3 and 4.
At the boundaries of these points, Fe—Cu—Sn solid solu-
tions are located with a higher (34.22 %) copper content.
The amount of non-metal inclusions is very low [17; 18],
indicating destruction of the talcum structure at a heat-
ing temperature of 1500 °C and complete disappearance
of free graphite [19 — 21].
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Fig. 2. Microstructure of sintered iron-bronze powder
at a temperature of 1000 °C:
a, b, ¢ — composition 4; d, e, f— composition B; g, h, i — composition C

Puc. 2. MukpocTpyKkTypa CriedeHHOTO
npu Temneparype 1000 °C nopotika xene30-0poH3bl:
a, b, c—cocraB 4; d, e, f— cocraB B; g, h, i — cocraB C

Table 2

Chemical composition of the iron-bronze in micro-volume

Tabauya 2. XMMUYeCKHIi cOCTaB KeJ1e30-0POH3bI
B MHUKpPOOObeMe

Number Content of elements, wt. %
Alloy aﬂa(i}f’SiS If® Cu Sn Nonmetal
points inclusions
P =700 MPa; T= 1150 °C
1 97.883 | 1.640 | 0.358 0.119
2 98.460 | 1.242 | 0.225 0.073
3 3 3.150 | 92.033 | 4.804 -
4 3.807 | 89.964 | 6.120 0.106
5 63.644 | 34.227 | 2.133 -
6 94.380 | 4.050 | 1.065 0.008
P =700 MPa; 7= 1000 °C
1 74.467 | 20.619 | 1.895 0.024
2 13.289 | 80.392 | 5.806 0.066
3 52.619 | 42.013 | 3.692 1.679
¢ 4 69.052 | 27.818 | 2.200 0.936
5 74.371 | 23.697 | 1.937 -
6 69.535 | 28.184 | 2.160 0.126
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Fig. 3. Microstructure of a sintered iron-bronze composite
at a temperature of 1150 °C:
a, b, c — composition 4; d, e, f, g, h, i — composition B,
a,b,c, e, g, i—core;d,f, h—surface;
pressing pressure 400 (a, d, g), 700 (b, e, h), 1000 (c, £, i) MPa

Puc. 3. MUKpPOCTPYKTYpa KOMIIO3UTA Ha OCHOBE XKeJIe30-0pOH3bI,
criedeHHOTO mpu Temmeparype 1150 °C:
a, b, c—cocraB 4; d, e, f, g, h, i — cocras B,
a, b, c, e, g, i — cepaueBuna; d, f, h — IOBEpXHOCTH;
nasnenue npeccosanus 400 (a, d, g), 700 (b, e, h), 1000 (c, £, i) MIla

It was established that in the points of the alloy with the
composition C analyzed herein, there exist Fe—Cu—Sn
solutions on the basis of iron and copper. However, due
to high content of copper and tin in the alloy the chemi-
cal composition at the points significantly differs from
the respective points of the alloy with the composition B.
This shows that they are rich in copper and tin. In points 3
and 4, a significant amount of non-metal inclusions
(graphite and talcum) was detected, confirming the ther-
mal stability of talcum at 1000 °C.

The presence of talcum located along the pores and
between the particles significantly reduces interaction
between the liquid and solid phase.

As a consequence of the sintering of iron, copper,
and tin, a new composite structure of iron—bronze type is
formed. The misconstrue of these compositions is com-
prised of solid solutions of variable Fe—Cu—Sn compo-
sition on the basis of iron. This indicates heterogeneity
of structure of the sintered composite.

In order to confirm this, a phase X-ray structure ana-
lysis of iron bronze composite powdered material was
performed. Diffractometric curves were plotted using

Fig. 4. Location of the points determining chemical composition
of the iron-bronze powder:
a —sample 4; b — sample §

Puc. 4. PacriosioxeHne TOUEK, ONPEACISMIONMX XUMHUUCCKUI COCTaB
MOPOIIIKa KENe30-OpPOH3bIL:
a —1poba 4; b — npoda 8§

a DRON-2.0 facility in filtered iron beams. The reflec-
tions specific for iron and copper are mainly revealed
in the diffraction patterns (Fig. 5) of the samples consi-
dered.

For example, in the reflections of crystals reflected
from crystallographic planes (110), (200), (211), (220),
the wavelength is 0.2024 nm. In the reflections of crystals
reflected from crystallographic planes (111), (200), (220),
(311), (222), the wavelength is 0.2083; 0.1803; 0.1272;
0.1086 and 0.1040 nm.

The absence of diffraction effects characteristic of tin
and zinc is related, on the one hand, to their solubility
in iron and copper lattices. This is due to the low melt-
ing points of tin (232 °C) and zinc (420 °C), on the other
hand, with their ionic radii, allowing the copper and iron
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Fig. 5. Diffractometric curves of the iron-bronze samples at sintering
temperature of 800 (7), 1000 (2, 5), 1150 (3, 6), 850 (4, 7) °C
and compacting pressure of 700 (/ — 3), 1000 (4, 5, 7), 400 (6) MPa:
1 — 3 — composition 4; 4 — 6 — composition B; 7 — composition C

Puc. 5. ludpakromerpuueckue KpuBbIe XKele30-0pOH30BbIX 00pa3ioB
npu temrneparype crekanus 800 (7), 1000 (2, 5), 1150 (3, 6),
850 (4, 7) °C n naBnennu npeccoBanus 700 (1 — 3), 1000 (4, 5, 7),
400 (6) MIla:
1—3 —cocraB 4; 4— 6 —coctaB B; 7 — coctaB C

ions to be substituted isomorphically with tin and zinc
ions (their difference is less than 15 %).

The stability of copper and iron lattices differs slightly
from that of pure copper and iron:

a=dnklNh* +k* +17,

where d, n, k, [, h are the coefficients.

A comparison of the diffraction effects of iron and
copper demonstrates that the sample of composition 4
at 800 °C contains a minor amount of copper. Therefore,
the diffraction pattern is presented mainly by iron.

Sample 3 with an increase in the sintering temperature
to 1000 °C contains only traces of copper. This confirms
the aforementioned statement that copper particles at
800 °C are isolated by the tin liquid phase. Copper at this
temperature is unsolved in iron.
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In points 4 and 5 of the alloy with the composition B,
sintered at 850 and 1000 °C, the amount of copper or
Cu—Sn is nearly by twice higher than in the alloy with
the composition A. The highest amount of copper and
Cu—Sn was detected in point 6 of the alloy with the com-
position C, sintered at 1150 °C.

[ ConcLusiONs

The microstructure of sintered iron with solid lubricants
is multiphase. The compositions of complex phases were
determined using X-ray studies and spot microanalysis.
It was established that these are iron based Fe—Cu, Sn—C
solid solutions of type and copper based Cu—Fe—Sn—C
solid solutions. It was determined that the content of these
solid solutions significantly decreases with an increase in
the sintering temperature from 850 to 1000 °C. Neverthe-
less, the higher the graphite content and the sintering tem-
perature, the higher the chance of the formation of free
cementite in the structure. This is despite the existence
of heat resistance in the composition.
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