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Abstract. The study presents the results of the dissolution-precipitation process and cobalt grain growth during liquid phase sintering
of Cu—Sn—Co and Cu—Sn—Co—W powder materials. The samples were obtained by static pressing of mixtures of technically pure
copper, tin, cobalt, and tungsten powders. The average particle size of cobalt was 1.6 um, and tungsten was 20 pm. Some of
the samples contained mechanically activated tungsten with an average particle size of 0.14 pm. Sintering of the materials was
carried out in a vacuum at temperatures of 820 and 1100 °C for durations of 5, 20, and 120 min. The structure of the sintered
materials was studied using scanning electron microscopy and optical metallography. Elemental distribution maps in the mate-
rials were obtained through X-ray microanalysis. The grain sizes of cobalt were measured using specialized software. The largest
grain size was observed in the Cu—Sn—Co material: after sintering at the specified temperatures and durations, it ranged from 8
to 46 pm. It was found that the most intensive grain growth occurred within the first 20 min of sintering. The addition of tungsten
powder to the Cu—Sn—Co material contributed to the formation of finer cobalt grains. This is explained by the fact that tungsten
particles, possessing high surface energy, act as nucleation centers for cobalt crystallization from the liquid phase. Mechanical
activation of the tungsten powder increases its free surface area and enhances the mass transfer of Co through the liquid phase
to the W particles. This helps to reduce the deposition of material on large Co particles and prevent their growth. As a result, in
the Cu—Sn—Co—W material containing mechanically activated tungsten, the minimum average cobalt grain sizes were obtained,
ranging from 3 to 25 pm.
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PaCTBOpeHMe—Oca)Kﬂ,eHMe M POCT 3€pPHa kobanbTa
npu )KMD,KO(I)a3HOM cCneKaHnn NOpoLWKOBbIX MaTepunanos
Cu-5n-Co u Cu-Sn-Co-W
E. T. Coxonos®, A. B. O30onuH, 3. 3. bo6bines,
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AHHoTayums. TIpescTaBiIeHbl Pe3y/IbTaThl UCCIEOBAHMS MPOIECCa PACTBOPEHUSA—OCAKACHUS M POCTA 3€pHA KOOAnbTa MPH JKHIKO-

(azHoM crekaHnu mopomkoBbiX MarepuanoB Cu—Sn—Co m Cu—Sn—Co—W. OOpasipl moiaydaan CTaTHYECKHUM HPECCOBaHHUEM
cMecell TIOPOIIKOB TEeXHHYECKH YHCTBIX MENIH, 0JIoBa, koOambra W Bomb(ppama. CpemHuid pasMep YacTHI[ KOOalabTa COCTaBIIAI
1,6 MxM, Bompgppama — 20 MkM. YacTh 00pa3LoB comepkaid MEXaHOAKTHBUPOBAHHBINA BONB(GPAM CO CPEAHUM PasMEpPOM YaCTHIL
0,14 mxM. CriekaHre MaTepHaIoB MPOBOAMIN B BakyyMme npu Temmepatypax 820 u 1100 °C ¢ Beiaepkkamu 5, 20 u 120 mun. Ctpyk-
Typy CHEUEHHBIX MATEPHAJIOB MCCIIEOBAIN METOIAMU CKaHUPYIOMIEH MEeKTPOHHONH MUKPOCKOIMY ¥ ONTHYECKOH MeTayuiorpadumn.
KapTer pacmpeneneHust 3I€MEHTOB B MaTepHaiax MOMydald ITyTeM MHKPOPEHTTeHOCHEKTPalbHOTO aHaiamu3a. Pa3meps! 3epHa
KoOasIbTa M3MEPSUTH ¢ MOMOIIBIO CHENHAIN3UPOBAHHOTO MPOrpaMMHOro obecnedenus. Hanbonpmmii pa3Mep 3epHa HaOmogancs
B Matepuaie Cu—Sn—Co: moce criekaHus NpH yKa3aHHBIX TEMIIEpaTypax M BBIACPIKKAX OH COCTABISLT 8—46 MKM. YCTaHOBJIEHO, YTO
Han0osee MHTEHCUBHBIN POCT 3epHa MPOMCXOINT B TeueHHe nepBrix 20 MuH cniekaHus. Jlo0aBka mopomika BoJab(ppama B MaTepHa
Cu—Sn—Co crniocoOcTBYeT HhOpMHPOBAHUIO OOJIee MEJIKOTO 3epHa K0OabpTa. DTO 0OBSICHAETCS TEM, YTO YaCTHIIBI BOJb(ppama, obma-
JTAFOILIETO BBICOKOW TIOBEPXHOCTHON SHEPTHEH, UTPAIOT POJIb LIEHTPOB KPUCTAIUIN3AIMH KOOAIbTa U3 )KUIKOH (ha3el. MexaHndeckas
aKTHBALUS TTOPOIIKA BONMb()pamMa yBEITHMUMBAET IUIOMAb €T0 CBOOOJHOM MOBEPXHOCTH M CIIOCOOCTBYET yCHIICHHIO MacCoNepeHoca
Co gepe3 kuakyto $asy Kk yactuam W. DTo O3BOJISET 0CIA0NUTh OCAXKICHHUE BEIIECTBA Ha KPYITHBIX yacTuiax Co 1 MpeoTBPaTUTh
ux poct. B pesynsrare B Marepuane Cu—Sn—Co—W, coneprkaiieM MeXxaHOAaKTHBHPOBAHHBIN BOIb(PaM, MOTyUCHbI MUHUMAIbHBIE

3HAUEHHs CPETHETO pa3Mepa 3epHa KoOanbTa, HaXOIsAIIHecs B THana3one 3—25 MKM.

KnioueBble cnoBa: )KI/I,Z[KO(baSHOG CIIEKaHUEC, PACTBOPECHUEC—OCAKIACHNUE, MACCOINIEPEHOC, UCHTPHI KPUCTAJIM3AllUU, MEXaHUYCCKas

aKTHBAIMsS, pa3Mep 3epHa

bnarogapHocTy: lccrenoBanue BBITONHEHO 3a cdeT rpanta Poccuiickoro nHayunoro ¢omuma Ne 23-29-00706, https://rscf.ru/

project/23-29-00706/
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kobanpTa npH xKuaKo(azHOM criekanuu mopourkoBbix MarepuanoB Cu—Sn—Co u Cu—Sn—Co-W. Uzeecmus 6y3o6. [lopowkosas me-
mannypeus u gyukyuonanvrvie nokpuimus. 2024;18(4):26-34. https://doi.org/10.17073/1997-308X-2024-4-26-34

Introduction

The production of sintered materials with a fine-
grained structure and enhanced mechanical properties
is a current challenge in powder metallurgy.

During the liquid phase sintering of various mate-
rials, a dissolution-precipitation process occurs, which
is observed when the solid phase material is soluble
in the liquid phase [1-3]. The dissolution-precipitation
of the solid phase material contributes to the shrinkage
and densification of the material, but it can also lead
to the formation of a coarse-grained structure and dete-
riorate its mechanical properties [4—6].

Various methods are employed to achieve a fine-
grained structure in sintered materials, including those
aimed at suppressing the dissolution-precipitation
process. These methods include homogenizing the sin-
tered mixture by the size and shape of the powder par-

ticles [6; 7], reducing the sintering duration [8; 9], and
introducing grain growth inhibitors into the powder
material [10; 11].

To reduce the duration of the material’s expo-
sure to high temperatures, spark plasma sintering is
used [8; 9]. However, this method is not applicable
to all materials and products. During spark plasma sin-
tering, the molds wear out rapidly, negatively affecting
the dimensional accuracy of the products.

To inhibit grain growth, small amounts of chro-
mium, vanadium, niobium, or other refractory
metal carbides are added to tungsten-cobalt hard
alloys [10; 11]. There is also evidence of grain growth
inhibition in hard alloys with the addition of aluminum
oxide nanoparticles [12]. During liquid phase sintering,
these substances precipitate on the surface of tungsten
carbide particles, inhibiting their growth. However,
the addition of these substances leads to the formation
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of brittle layers around the tungsten carbide particles,
which negatively affects the mechanical properties
of the sintered materials.

Some composite materials include diamond-gra-
phite nanoparticles, which serve as nucleation centers
for the liquid phase crystallization during cooling after
sintering [13]. The addition of such particles allows for
the formation of fine grains from the liquid phase, but
it does not prevent dissolution-precipitation and grain
growth of the solid phase during sintering. Thus, there
is a need to develop new methods for forming a fine-
grained structure in sintered materials.

The study [14] demonstrated that when two dis-
similar solid metals, which are only partially soluble
in the liquid phase, are placed in a melt, mass transfer
occurs towards the metal with higher surface energy.
This phenomenon provides opportunities to influence
the dissolution-precipitation process by introducing
particles with high surface energy into the powder
material.

Cu-Sn—Co powder materials are used as metal
binders in diamond abrasive tools [15-17], which
exhibit resistance to abrasive wear and good adhesion
to diamond grains [16]. During the liquid phase sin-
tering of these materials, cobalt grain growth occurs,
which negatively impacts their mechanical properties.
To prevent this effect, it is advisable to introduce tung-
sten particles into the Cu—Sn—Co material. Compared
to other components of this alloy, tungsten has a higher
surface energy, ranging from 2.7 to 5.57 J/m? accor-
ding to various sources [18; 19]. Additionally, tungsten
is a carbide-forming metal, and its addition improves
the adhesion of Cu—Sn—Co binders to diamond abra-
sive grains [17].

The objectives of this study were as follows:

—to identify the patterns of dissolution-precipita-
tion and cobalt grain growth during the liquid phase

sintering of Cu—-Sn—Co and Cu—Sn—Co-W powder
materials;

—to develop a new method for producing sintered
materials with a fine-grained structure.

Fig. 1. Shape and size of Diacob-1600 cobalt powder particles

Puc. 1. ©opma 1 pa3mep gacTHIl Topolka kodansra Diacob-1600

Research methodology

For the research, the following metallic powders
were used: PMS-1 copper powder (GOST 4960-75),
PO1 tin powder (GOST 9723-73), and Diacob-1600
cobalt powder (Dr. Fritsch Kg., Germany). The latter
was obtained by the carbonyl method, with rounded
particles averaging 1.6 um in size (Fig. 1).

W16.5 special tungsten powder from “Pobedit”
JSC (Russia), consisting of equiaxed particles with
an average size of about 20 um, was mechanically
activated using a AGO-2U planetary centrifugal mill
(NPO “NOVITS”, Russia) for 60 min at a rotational
speed of 800 rpm [20]. After treatment, the tungsten
particles retained an equiaxed shape and ranged in size
from 0.025 to 12.0 um, with an average size of approx-
imately 0.14 pm.

Mixtures were prepared from the specified powders,
and their compositions are given in the Table.

Powder samples weighing 20 g were compacted
by uniaxial static pressing under a load of 850 MPa.
The resulting cylindrical samples, with a diameter
of 21 mm, were sintered in a vacuum at temperatures
of 820 and 1100 °C for 5, 20 and 120 min, and then
microsections were prepared. To reveal the microstruc-
ture, an etchant containing 5 g of FeCl;, 15 ml of HCI,
and 100 ml of water was used.

Composition of powder materials

CocraB NMOPOIIKOBBLIX MaTE€pHaJI0B

. Content of powder components, wt. %
Mater'laEI Copper . Cobalt Mechanically
composition PMS-1 Tin POI Diacob-1600 Tungsten W16.5 activated tungsten
Cu—-Sn—Co 46 21 33 - -
Cu-Sn—Co-W 43 20 30 7 -
Cu—Sn—Co—W(m) 43 20 30 - 7
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The microstructure of the sintered alloys was stu-
died using a scanning electron microscope EVO HD 15
and a metallographic microscope AxioObserver.Alm
(both manufactured by Carl Zeiss AG, Germany) at
magnifications of 50-1000%. Grain size measure-
ments in the sintered materials were carried out using
AxioVision Rel.4.8 software (Carl Zeiss AG).

The elemental distribution in the samples was inves-
tigated by X-ray microanalysis using the EVO HD 15
microscope.

Results and discussion

In Fig. 2, the microstructure of the Cu—Sn—Co-W
material containing tungsten W16.5, sintered at
820 °C for 20 min, is shown. The phase composition
of the Cu—Sn—-Co and Cu-Sn—Co-W alloys has been
investigated in studies [20; 21].

After sintering at temperatures of 820-1100 °C,
the materials consist of the following phases: a cop-
per-based solid solution (Cu), the intermetallic phase
Cu,,Sn, (&-phase), and o-Co. In the Cu-Sn—Co-W
samples, o-W and metastable B-W are present.
Intermetallic compounds of Co—Sn and Co—W were not
detected in the sintered materials. X-ray microanalysis
showed that tungsten does not dissolve in the copper-tin
phases (Cu and &) or in a-Co. The W particles observed
in Fig. 2 retained their original shape characteristic
of W16.5 powder. In the structure of the material con-
taining mechanically activated tungsten powder, fine
W particles remain after sintering, including some with
transverse sizes less than 100 nm.

The structural formation of the materials during sin-
tering consisted of several stages:

— formation of the liquid phase: melting of tin, its
diffusion into copper particles, and subsequent melting
of surface layers enriched with tin;

—viscous flow of the liquid and rearrangement
of Co and W particles;

— dissolution-precipitation of cobalt;

—during subsequent cooling, crystallization
of the liquid phase into a solid solution (Cu) and inter-
metallic &-phase.

According to X-ray microanalysis, the cobalt con-
tent in the (Cu) and & phases is 2 wt. % and 3 wt. %,
respectively. This indicates its solubility in the liquid
phase at sintering temperatures.

The  dissolution-precipitation  process leads
to noticeable changes in the shape and size of Co par-
ticles. In Fig. 3-5, they appear as the brightest compo-
nent. With increasing temperature and duration of sin-
tering, Co particles become more equiaxed and more
uniform in size.

Studies [22; 23] present an equation showing a non-
linear relationship between the duration of liquid phase
sintering and the size of the solid phase particle sur-
rounded by the melt:

D" - Dy =kr,

where D" and Dy are the particle sizes after and before
sintering; T is the sintering duration; k is a constant;
and the exponent n depends on which stage deter-
mines the intensity of the solid phase material’s
dissolution-precipitation:

— if the slowest process is the dissolution of the solid
phase in the liquid, then n = 2;

— if the determining stage is the diffusion of the dis-
solved substance in the liquid phase, then n = 3.

The kinetic curves of Co particle growth, shown in
Fig. 6, align well with the given equation if the para-
meter n = 3. This indicates that the rate of Co particle
growth is limited by the diffusion rate of Co atoms
through the liquid phase.

In Fig. 6, it is evident that the size of Co particles
grows most intensively during the first 5-20 min of sin-
tering. During the dissolution-precipitation process, Co

Fig. 2. Microstructure of the sintered Cu—Sn—Co—W material («) and distribution maps of cobalt (b) and tungsten (c)
1 — solid solution (Cu); 2 — &-phase; 3 — 0-Co; 4 — tungsten particles

Puc. 2. Mukpoctpyktypa criedenHoro Marepuasa Cu—Sn—Co—W (&) u kapThl pacnpesencHus kodansra (b) u Bonshpama (c)

1 — tBepapii pacteop (Cu); 2 — &-dasa; 3 — a-Co; 4 — gactuusr W

29



/‘I’IM u ®r W3BECTUA BY30OB. [TOPOLIKOBAA METANINIYPTUA U GYHKLLIMOHANBHBIE MOKPbITUA. 2024;18(4):26-34
" u3secTan 8y308 Cokonos E.I., O301uH A.B.u Op. PacTBopeHMe—0caxaeHMe U poCT 3epHa KobanbTa Npu KuaKoGasHOM CnekaHum ...

820 °C

1100 °C

120 min

Fig. 3. Structure of Cu—Sn—Co alloys
Light image (x500)

Puc. 3. Crpykrypa crutaBoB Cu—Sn—Co
CseroBoe m3o0paxenue (xX500)

820 °C

1100 °C

5 min 20 min 120 min

Fig. 4. Structure of Cu—Sn—Co—W alloys containing tungsten W16.5
Light image (x1000)

Puc. 4. Crpyxkrypa criaBoB Cu—Sn—Co—W, coneprkamux Bosbdpam W16,5

CaeroBoe nzodpaxenue (x1000)
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820 °C

1100 °C

5 min

20 min

120 min

Fig. 5. Structure of Cu—Sn—Co—W(m) alloys containing mechanically activated tungsten
Light image (x1000)

Puc. 5. Crpykrypa crmaBoB Cu—Sn—Co—W(m), coneprkaniux MexaHOaKTHBHPOBAHHBIN BOJIb(pam

CaeroBoe nzobpakenue (x1000)

particles become more uniform in shape and size, lead-
ing to a decrease in the difference in chemical potentials
of cobalt within the particles. As a result, during further
isothermal holding, the driving force for mass transfer
weakens, and the rate of Co grain growth slows down.

The addition of tungsten to the Cu—Sn—Co powder
material significantly reduces the size of Co grains.
X-ray microanalysis of the sintered material showed
a cobalt layer on the surface of W particles (visible

T, min

in the component distribution maps, Fig.2). It is
known that tungsten has a higher surface energy than
cobalt [18; 19], which facilitates the mass transfer
of cobalt through the liquid phase to the surface of W
particles during sintering. The thickness of the Co layer
is predominantly uniform (Fig. 7, @). Some uneven
areas with greater thickness formed due to the sintering
of Co particles to W particles (Fig. 7, b). The probable
mechanism of sintering is the dissolution of Co at con-

0 20 40 60 80

100 120

T, min

Fig. 6. Dependence of cobalt grain size on sintering duration at 820 °C (a) and 1100 °C (b)
1 — Cu—Sn—Co; 2 — Cu—Sn—Co-W; 3 — Cu—Sn—Co-W(m)

Puc. 6. 3aBucumocTpb pazmepa 3epHa koOanbTa OT npoposnkuTeabrocTH criekanust npu ¢ = 820 °C (a) u 1100 °C (b)
1 — Cu—Sn—Co; 2 — Cu—Sn—Co—W; 3 — Cu—Sn—Co—W(m)
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-

Fig. 7. Cobalt layer on tungsten particles formed by the precipitation
of Co from the liquid phase (a) and sintering of Co particles (b)

Puc. 7. KoGanbToBblil ClI0i Ha 4acTuIax Boib(ppama, CHOpMUPOBaHHEIN 3a cueT ocaxaenust Co
u3 KuaKoit Gasel (a) u npunekanust gactui Co (b)

tact points and its precipitation on the free surface of W
particles [1; 3].

It should be noted that, due to their high density,
tungsten particles occupy only 2 % of the volume
of the sintered material at a mass fraction of 7 %. As
a result, the diffusion flux directed from Co particles
to W particles is limited by the relatively small free
surface area of the tungsten particles.

After mechanical activation under the above con-
ditions, the free surface area of the tungsten powder
increases significantly. In the mechanically activated
powder, the average particle size of W is about 0.14 um.
Calculations using known geometric formulas show
that reducing the diameter of equiaxed (spherical) par-
ticles from 20 to 0.14 pm increases the free surface
area of the powder by approximately 140 times.

Increasing the free surface area of tungsten enhances
the mass transfer of cobalt through the liquid phase
to the W particles. As a result, deposition on large Co
particles decreases, leading to the formation of a fine-
grained structure in the material (see Fig. 5).

The identified patterns of cobalt mass transfer were
utilized in developing a new method for producing
sintered materials with a fine-grained structure [24].
This method involves introducing fine refractory par-
ticles with high surface energy into the powder mate-
rial. The addition of these particles alters the direction
of mass transfer during liquid phase sintering and
inhibits the growth of solid phase grains.

The positive effect of introducing mechanically
activated tungsten powder into the Cu—Sn—Co mate-
rial is evident in the following example. At a sintering
temperature of 820 °C and a holding time of 20 min,
Co grains with an average size of 13 pm form in
the material. The introduction of 7 wt. % mechanically
activated tungsten powder under the same sintering

32

conditions results in Co grains with an average size
of 5 pm.

Conclusions

1. The study determined the patterns of the dissolu-
tion-precipitation process of cobalt during the liquid
phase sintering of Cu—Sn—Co and Cu—Sn—Co—W pow-
der materials.

2. [t was found that the addition of tungsten powder
to the Cu—Sn—Co alloy promotes the formation of finer
cobalt grains. This is explained by tungsten particles
with high surface energy acting as nucleation centers
for cobalt crystallization from the liquid phase.

3. Mechanical activation of tungsten powder
increases its free surface area and enhances the mass
transfer of cobalt through the liquid phase to the W par-
ticles. This helps to reduce the deposition of material
on large Co particles and further decreases the size
of the cobalt grains.

4. Based on the identified patterns, a new method
for producing sintered materials with a fine-grained
structure was proposed. The essence of this method
is that the addition of fine refractory particles with
high surface energy to the powder material changes
the direction of mass transfer and inhibits the growth
of the solid phase grains during liquid phase sintering.
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