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Introduction. Functional properties of diamond powders are
determined by a large-scale structural factor since it affects
the formation of structurally sensitive mechanical properties
— stress limit and yield value. Considering the qualitative
correlation between yield value and hardness, it is possible to
predict an increase in hardness including highly rigid materi-
als.

Materials and Methods. Physical characteristics of the basic
types of fillers that make up the reinforcers are considered,
systematized and tabulated. M2-01 tin bronze (20 wt. % tin,
80% copper) was used as a bond. Ultradisperse natural dia-
mond (UDND, 0.5—4 wt. %) was added to it, as well as pow-
ders of natural diamond (3/2 pm fraction, 7/5 pm, —40 pm)
obtained through processing diamonds at the enterprise of
“Sakha Daimond” JSC. The above materials were made on
the crushing and screening equipment and shaking tables.
The stages of obtaining powders were recorded using the
raster electron microscopy. Vibroscreens were applied for
the grain-size classification of diamond powders. Physical
and mechanical characteristics of the produced samples were
tested by standard methods. VLTE-500 electronic fourth-
class laboratory balance was used for weighing. Density was
determined by MK 0-25 mm micrometer according to GOST
6507-78.

Research Results. Porosity was calculated through the actual
and theoretical density. It was found that with a decrease in
the filler size, an improvement in the physicomechanical
properties of the binder modified with a diamond powder is
observed. The best performance was observed in the samples
with the UDND filler.

Discussion and Conclusions. As a result of the study, it was
recorded that the calculated data differ from the experimental
data since they show an increase in the material hardening
pro rata to the amount of the diamond particles introduced
into the volume. An assumption has been made that the con-

sidered hardening model (Orowan model) does not take into
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Beeoenue. OyHKIIMOHATIBHBIE CBOWCTBA aJIMAa3HBIX TOPOIIKOB
00yCIIOBJIEHbI MacCIITa0HBIM CTPYKTYPHBIM (DaKTOpOM, IIO-
CKOJIBKY OH BIMseT Ha (OPMHpPOBaHHE CTPYKTYpHO-
JyBCTBHTEIBHBIX MEXaHHYECKUX CBOICTB — MpeleoB
HNPOYHOCTH U TEKYy4ECTH. Y UNTHIBAsI KAUECTBEHHYIO KOppEIs-
U0 MEXIy MpeielioM TEeKy4eCTH U TBEPAOCTHIO, MOXKHO
MPOTHO3MPOBATH ITOBHIIICHHE TBEPAOCTH, B TOM YHCIIE BBICO-
KOTBEPABIX MaTePHAIIOB.

Mamepuanet u memoosi. PaccMOTpEHBI, CHCTEMaTH3UPOBAHbI
U TIPEACTaBIEHbl B BUAE TaOIHIBI (pU3MUECKUE XapaKTepH-
CTUKH OCHOBHBIX THUIIOB HAIIOMHHTEIEH, BXOIAIINX B COCTaB
yrnpouHuTeneld. B kadecTBe CBSI3KM HCIOJIB30BaHA OJIOBSIHU-
ctas 6ponza M2-01 (20 mac. % onosa, 80 % menu). B Hee
O00ABISUIN  yIABTPAOUCIICPCHBI Tpupoaubiid anma3z (Y AIIA,
0,5-4 mac. %), a TakKe TMOPOLIKA TMPUPOIAHOTO aamasa
(ppakmum 3/2 MxMm, 7/5 MkM, —40 MKM), TIONlydeHHBIE TPH
nepepaboTke anvaszoB Ha npeampusatin OAO «Caxanaii-
MOHI». Ha3BaHHBIE MaTepHambl M3rOTABIMBAINCH HA JPO-
OMIIHbHO-KJIACCU(UKAIIMOHHOM 00OpYHZOBaHUHM W BHOPOCTO-
nax. CTaguM IMOJy4YeHHUs] TOPOIIKOB (HUKCHPOBAIHUCH C IIO-
MOILIBIO PacTPOBOM 3JIEKTPOHHOW MUKpockonuu. s kiac-
cuduKanuy aaMa3HbIX HOPOIIKOB MO 36PHUCTOCTH MPUMEHSI-
1 BuOpocuta. Pu3nveckre 1 MEXaHMIECKNE XapaKTEePUCTH-
K{ M3TOTOBJICHHBIX 00pPA3I0B UCIBITHIBAIN 110 CTaHIAPTHBIM
MeTouKaM. J{is B3BELIMBaHNUS HCIIOJIB30BAIH J1ab0paTOpHbIe
JNIEKTPOHHBIE Bechl udeTBepToro kmacca BJITD-500. Ilmor-
HOCTb ONpEeaeIIsIn MUKpPOMETPOM MK 0-25 mm
o 'OCT 6507-78.

PesynbraThl uccnenoBanus. Yepe3 (akTHUeCKyro U TEOpeTH-
YeCKyI0 IUIOTHOCTH PAacCYMTaHA IMOPHUCTOCTh. BBLICHHIOCH,
9TO C YMEHBIIEHHEM pa3Mepa (pakiuu HAIOJHATENS
HabmroaeTcs yiydlleHHe (QU3NKO-MEXaHHYECKUX CBOMCTB
CBSI3KH, MOJH(DUIIMPOBAHHON aJIMa3HBIM ITOPOIIKOM.
Haunydmme mokasaTean OTMEYEHBI y 00pa3loB ¢ HAMONHH-
tenem u3z YITA.

Obcyarcoenue u 3axniovenus. B pesynpraTte IpOBEIEHHOTO
MCCIIIOBAHUS] OTMEUEHO, YTO PACUCTHBIC JaHHbBIC OTINYAIOT-
Csl OT SKCIIEPUMEHTAIbHBIX, T. K. ITOKA3bIBAIOT YBEIHICHHE
YIPOYHEHHs MaTepHuaja IPONOPLHOHAIBHO KOJIMYECTBY BBO-
IUMBIX B 00BEM YacTHI] anMa3a. BBIIBHHYTO mpenmmoioxe-
HHE, YTO PACCMOTPEHHAsi MOJeNb ynpouHeHus (moaens Opo-
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account the formation of carbon and the agglomeration of
diamonds into larger objects in the matrix volume under an
increase in the number of input diamonds. If the UDND par-
ticle volume reaches 3%, the carbon con

tent in the material increases. As a result, the filler particles
are not fully oxidized, thus increasing the number of pores in
the material.

Keywords: bond, metal matrix, composite, hardener, ul-
trafine particles, hardening mechanisms.

For citation: M.N. Safonova, et al. On specifics of hardening

BaHA) HE YYUTHIBACT 00pa30BaHKE Yriepoja U arioMepaluio
anMa3oB B 0ojiee KpyIHBIE 00BEKTHI B 00beME MaTPHIIBI TTPU
MOBBIIICHUH KOJMYECTBAa BBOJMMEBIX aiMa3oB. Ecim o0beMm
vactuny Y/ITA nocruraer 3 %, B MaTepuase pacTeT couep-
JKaHMe yriaepona. B pesynbpTare yacTHIBI HAIOJIHUTENS MOJI-
HOCTBIO HE OKUCIISIOTCS, TEM CAMBIM YBEIIMYMBAsT KOJTMICCTBO
Iop B MaTepuaiie.
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Introduction. It is known that the physicomechanical properties of diamond powders are determined by a
larger specific surface area and grain dispersion. In particular, this is shown by the Hall — Petch equation which is per-
formed over a wide range of grain sizes (up to 1 um). Functional properties of these materials are determined by the
large-scale structure factor since it affects the formation of structure-sensitive mechanical properties — stress limit and
yield value [1, 2]. Given the qualitative correlation between yield strength and hardness, it is possible to predict an in-
crease in hardness including highly rigid materials: the finer the filler, the fewer defects it has and, accordingly, the
higher the strength.

Materials and Methods. Strengthening mechanisms in highly rigid materials depend on the interaction pat-
tern of the introduced particles or hardener fibers and the matrix material. A successful application of the dispersion
strengthening effect is shown in [3—6, 7]. Under such strengthening, a structure that makes the dislocation motion hard-
er is created in the materials. Discrete particles of the second phase characterized by high strength and melting point
inhibit the dislocation motion especially strongly. Considering the two-phase structure and high hardness of the materi-
als obtained, it should be expected that their wear resistance will also be higher than that of the nonhardenable matrix
materials. Besides, the strength of the components interface is an important factor for the wear resistance of composites.
A strong adhesive bond at the interface ensures a composite with high rigidity and higher static strength [3, 6-8].

According to the mechanism described by Orowan, ultrafine diamond particles distributed in the binder vol-
ume affect the strain hardening of the composite material. Particles of the particulate filler introduced into the matrix
inhibit the dislocation motion in a metal increasing its strength at the standard and elevated temperatures. In addition,
they represent a mechanical obstacle in the path of crack propagation that may appear in the matrix, and increase the
fracture resistance of the composite material.

Another characteristic that determines the reinforcing filler — matrix relationship is the thermal linear expan-
sion coefficient. For solids at constant pressure and temperature, the thermodynamic equilibrium criterion is Gibbs min-
imum potential (or energy). This value shows an energy change during a chemical reaction and demonstrates the possi-
bility of chemical reactions between the material components [5]. Thus, a minimum change in Gibbs energy corre-

sponds to a stable equilibrium between the components of the system (Table 1).
Table 1

Physical characteristics of the main types of fillers [9, 10, 11]

Substance AGOO6P , 298,15, Kj/mol Microhardness, x10* Mpa | Temperature stability, °C
and state Gibbs energy change
C (diamond) 2.377 1000 650-700
/4 0 258 3300-3400
ALO; -1582.3 180-220 1500-1700
BN -226.8 800-900 1100-1300
SiC —60 300-320 1200-1300
BeO -579.9 152 2500
Be,C —948 780 2150
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The table shows that the optimal filler is diamond. It has a fairly low value of Gibbs energy change, the highest
microhardness value, but the lowest temperature stability. Diamond has a high adsorption capacity [12] and is the least
chemically active compared to other forms of carbon. These properties are important advantages when using diamond
as a hardener.

The work objective is to study features of the mechanisms of forming the metal-matrix composition structure.

Objects of Study. We used M2-01 tin bronze (20 wt. % tin, 80% copper) as a basic binder. Ultradisperse natu-
ral diamond (UDND, 0.5-4 wt. %) was added to it, as well as powders of natural diamond (3/2 pum fraction, 7/5 pm, —
40 um).

Research Methodology. Natural diamond powders (NDP, 3/2 pm fractions, 7/5 pm, —40 pm) and the UNDN
submicropowder were obtained during the processing of diamonds at the enterprise of “Sakha Diamond” JSC. The
powders were made on the crushing and screening equipment and shaking tables under the optimum conditions. Fig. 1
shows the stages of obtaining the powders. The images were taken using the scanning electron microscopy (SEM).
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Fig. 1. SEM photographs of: fine-grained powder of 7 um or less (a); submicropowder (b)

Vibroscreens were applied for the grain-size classification of diamond powders. . Physical and mechanical
characteristics of the produced samples were tested through standard methods. VLTE-500 electronic fourth-class labor-
atory balance was used for weighing. Density (p) was determined by MK 0-25 mm micrometer according to GOST
6507-78.

Research Results. Hardness was measured on Equotip 3 device, Proceq, according to the corresponding meth-
od of the GOST. The proportionality limit in compression and the elasticity modulus were determined according to
GOST 25.503-97. The test results are shown in Table 2.

Table 2
NDP impact on physicomechanical properties of M2-0lalloy
Proportionality limit . Compressive
ND, % Porosity, % Hardness, HB in compression Gy, Actual density modulus Ec,
MPa Ppaxr, kg/m3 MPa
5~§§Q@$EQ@$EQ@$EQ@$E 2
s k2| P P T PR ITIE[T T B[P T 5] 3
0 41.0(41.0|41.0{41.0| 41 | 41|41 (4197|9797 9.7 |7560|7560|7560|7560 5735.94
1 29.0(30.0|30.0|28.0| 43 |47 | 48 | 48 |10.5|11.5|11.0|11.5|7630|7620|7610|7670 6771.03
2 27.0128.0(28.0126.0| 43 | 43 | 51|53 |10.5|11.5|12.0|12.5|7710|7700|7760 | 7750 6953.50
3 25.0128.0127.0126.0| 47 | 43 | 51 | 53 |10.2|10.5|12.1|12.2|7730|7720|7770|7750 6580.27

To determine the elasticity modulus and proportionality limit, the samples were compressed on presses to a
relative deformation of 15-16%, at a loading rate of 0.2 kN/s.
The porosity (P) was calculated through the actual and theoretical density using the formula:
M= -p/p;) x 100%, )

where p, is the theoretical (calculated) density of nonporous material; p is the actual density of the sample.
The theoretical density was obtained by the formula:
pPr= 100/(C1/p1 + Cz/pz + C3/p3 + C4/p4), (2)
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where C;, C,, C; and C, are concentrations of copper, tin, NDP and UNDN in the powder mixtures according to their
density py, p2, p3 and py.

The densities taken into account are:

- copper: 8.96 x 103 kg/m’,

- tin: 7.28 x 103 kg/m’,

- diamond: 3,5 x 103 kg/m’,

- UDND: 3.1 x 103 kg/m’.

The volume of samples was calculated by the formula:

V=(m—my)/ Py, 3)
where V is pressing volume; m; is mass in air; m, is mass in water; p, is liquid density.
In the course of the study, it turned out that with a decrease in the filler size, there was an improvement in the
physicomechanical properties of the bond modified with diamond powder.

The elasticity modulus values were determined for the samples with the addition of the UDND and a pure
binder. The best indicators are shown by the samples with the filler from UDND. At the same time, the physicomechan-
ical properties under consideration deteriorate if the volume of the added UDND particles exceeds 2%.

The metallographic studies of the samples allowed us to establish how diamond particles affect the matrix
structure. Fig. 2 shows the images of microstructures of the deformed samples.

Fig. 2. Images of ground surface of deformed sample with addition of 2% of diamond powder particles under x 1000 magnification.

The pictures show clearly visible narrow and branched microstructure objects. Hypothetically, these are
boundaries between the grains or microcracks formed under the deformation.

Inside the grains, there are also point microscopic objects that form a disperse substructure. Compared to the
boundary-distributed point objects, their density is much less, but significantly more than in the original matrix which
has no diamond fillers.

Based on the results of metallographic studies, it can be argued that the strengthening of the matrix material
has two mechanisms — dispersion and grain-boundary ones.

If we are talking about a dispersion mechanism, the volume of NDP introduced into the matrix material can be
calculated using Orowan equation [13]:

v =rkoln, @)
where A is the nearest distance between the particles; G is matrix shear modulus; b is Burgers vector; k; is coefficient
characterizing the pattern of interacting atoms with dislocation.

The following values are chosen: G = 0.367 x 10° MPa for bronze; b = 2.564 A for copper; k, coefficient is equal
to 0.85.

The nearest average distance between the particles, depending on the content and dispersion, is calculated by the

formula proposed in [14]:

A = [(200+LH)§ _ 1] d, 5)

1,91Ly

where Ly is weight fraction of the filler; d is the diameter or thickness of the filler particles.
Table 3 shows the calculations of an average distance between filler particles depending on their volume and size.
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Table 3
Nearest average distance between filler particles depending on their volume and size, and hardening according to
Orowan equation under introduction of diamond particles

Particle size 7/5 3/2 —40 UDND
Particle content, % 1 2 3 1 2 3 1 2 3 1 2 3
A, um 125.3198.19|85.02|52.19 | 40.91 | 35.42 | 417.56 | 327.30 | 283.40 | 6.26 | 4.91 | 4.25
Cy, MPa 0.13 | 0.16 | 0.18 | 0.28 | 0.35 | 0.40 | 0.04 0.05 0.06 | 1.91|2.38 | 2.70

The calculated data were substituted into Orowan equation, and thus the strengthening was determined through
introducing the diamond powder particles into the matrix material.

According to the calculations, the greatest strengthening is provided through introducing the UDND into the
matrix, which is generally validated by the experimental data.

When the grain geometry changes due to the agglomeration of filler particles at the interfaces in the material, it
is advisable to calculate the material properties change according to the theory of grain-boundary strengthening [15,
16].

To determine the quantitative increase in the strength of the material through adding particles of diamond
powders due to the grain-boundary strengthening, calculations were made using Hall — Petch empirical relationship
[17]:

Aoy = kd; ™2, (6)
where £ is Hall — Petch coefficient for this material; d, is grain size.

For calculations, we used the samples showing the greatest increase in strength according to Orowan theory.
The calculations were performed according to the data obtained from the processing of the surface microstructure imag-
es through the technique proposed in [18].

The Hall — Petch coefficient is applied to copper. According to [19], it is a variable value; it depends on the av-
erage grain size and varies in the range of 0.01-0.24 MPa x m"?. The calculations show that the greatest strengthening
is provided by the introduction of ultrafine NDP into the matrix material. In general, this is confirmed by the experi-
mental data.

The average grain size is calculated according to the metallographic studies of the sample surface:

So6
g, = ()
T
where Syg, 18 total area of objects; N,gy, is total number of objects.
With an average grain size of about 10~ um, the Hall — Petch coefficient is about 0.01 MPa x m"”.
The calculations based on Hall — Petch ratio indicate an increase in the yield strength of the material with the
addition of particles of NDP. The yield strength reaches the maximum design value when the content of fillers is 1%

(Fig. 3).
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Fig. 3. Yield strength — UDND content dependence

Discussion and Conclusions. The calculations show that the samples with the addition of NDP have a smaller
grain size compared to the initial ones. This fact can be explained as follows. The diamond particles, settling at the grain
boundaries of the material, help to reduce their average size. As a result, the geometry of the boundaries between the
grains changes; barriers to dislocations are formed; and thus, the potential capability of the material to resist plastic de-
formation is enhanced.
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The yield strength increases by about 12—13 MPa which correlates with the calculated data obtained using Or-
owan theory for dispersion strengthening. If we are talking about polycrystalline material, then, in principle, the yield
strength increases with decreasing the grain size. Diamond particles added to the matrix volume increase the yield
strength since they change the geometry of grains reducing their average area and size.

The calculated data differ from the experimental results since they show an increase in the material strengthen-
ing pro rata to the number of diamond particles introduced into the volume. It can be assumed that the Orowan strength-
ening model does not consider the formation of carbon and the agglomeration of diamonds into larger objects in the
volume of the matrix when increasing the number of diamonds introduced.

The decrease in the number of pores when adding the UDND particles in the amount of 1-2% can be explained
by the high sorption properties of the filler. During sintering of compacts obtained through the powder metallurgy, the
UDND particles absorb oxygen contained in the powder mixture with the formation of CO and CO, reducing gases.
These gases destroy the oxide film covering the powder mixture particles and prevent oxidation during sintering, there-
by reducing the total volume of gases in the powder mixture. At the same time, reducing gases accelerate the sintering
process of the material. The combination of these factors ultimately reduces the residual porosity in the material which
is validated by the calculated data. If the UDND particle volume reaches 3%, an increase in the carbon content in the
material occurs. As a result, the filler particles are not fully oxidized, thereby increasing the number of pores in the ma-
terial.
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