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Structure formation processes were investigated depending on sintering temperature in
hot pressing of diamond-(Fe—Cu—Ni-Sn) composition and their impact on physical and
mechanical properties of obtained composite materials. Properties of the composites, such
as hardness, wear resistance and strength limits in compressing and folding were studied.
It was found that the composite obtained by hot pressing in the temperature range of
20-1000°C and under a pressure of 0.5—40 MPa had the best properties. The results were
compared with mechanical properties of composites obtained earlier by sintering in molds placed
in a furnace with hydrogen environment at 800°C during 1 h with subsequent hot repressing
under different pressures.

Keywords: diamond, iron, copper, nickel, tin, interaction, interlayer, metal-bindered,
composite, wear resistance.

TIpoBeneHbl HCCIEAOBAHUSA IIPOLECCOB (OPMUPOBAHUSA CTPYKTYDPHI B SaBUCHUMOCTU OT TeMIIe-
PATYpHI CIIEKAHUA TPU ropaueM mpeccoBanuu KommosuToB ajamas-(Fe—Cu—-Ni—-Sn) u ux snusuue
Ha (QUBUKO-MeXaHWJYeCKNe CBOMCTBA MOJYUeHHBIX MATEepPUAaNoB. VI3yueHbl CBOMCTBA KOMIIO3UTOB,
TaAKMe KaK TBEePJOCTb, W3HOCOCTOMKOCTb, 8 TaKyKe TPAHMIIBI UX TPOYHOCTU TIPU CIKATUU U
usrube. YCTaHOBJIEHO, UTO KOMIIO3UT, IOJYUYEHHBIN TOPAYUM IIPECCOBAHWEM B AUATA30HE TEeM-
neparyp 20-1000°C u npu masiaenum 0,5—-40 MIla, obGinamaer HamayuinumMmu csBoiicTBaMu. Pe-
8yJIBTATHI UCCJIEJOBAHUS COIOCTABIAIOTCS C MEXaHUUECKUME CBOMCTBAMU KOMIIOSUTOB, IIOJIYYeH-
HBIX paHee IyTeM CIeKaHus B npecc-popmax B meuu B cpefe Bogopoaa mpu 800°C B revenue 1 u
¢ TIOCJIEAYIONIUM TOPSUMM OTPECCOBLIBAHNEM TP PA3HBIX JABJIEHUX.

Oco6anBocri orpuManHa KoMuosunmiinux martepiaxis aamas-(Fe—Cu—Ni-Sn) rapsauum
npecysaunam. FE.C.lesopran, BAMeunux, M.O.Bondapenro, P.B.Bosx, C.B.Jlumosienko,
BAYuwrana, O.M.MeavHuk.

HocaimxeHo mpolecu CTPYKTYPOYTBOPEHHS B 3aJIEXKHOCTI Bifi TeMIleparypu CIIKaHHA IIPU
rapauoMy IpecysaHHi xommosuris anmas-(Fe—Cu—Ni—Sn) ta ix Buius Ha (isuko-mexaniuxi Biac-
TUBOCTI OJepP:KaHMX KOMIIOSHTIB. BuBueHo Taki BJIACTHMBOCTI KOMIIOSUTIB $IK TBEPIiCTh, 3HO-
CcoCTiliKicTb, rpaHuIli MimHOCTL IIig Yac CTUCKAHHSA Ta SrHHAHHA. BCTAHOBJIEHO, MI0 HAWKpAaIri
BJIACTHBOCTI MA€ KOMIIOSHUT, AKUI OTPUMAHUI rapsdyruM IIPECYBaHHSAM B iHTEPBAJIL TeMIlepaTypu
20-1000°C i tncry — 0,5—40 MIla. PesyabTaTi 3miBCTaBIEHO 3 MEXAHIUHUMU BJIACTHBOCTSIMU
paHillle OTPUMaHUX KOMIIO3UTIB CIIKaHHAM y Ipec-popmi y medi B cepegoBUIIL BOAHIO 3a TeMIIle-
parypu 800°C BupogoB:x 1 rojg. 3 HACTYIHUM rapAYUM AOIPECOBYBAHHAM 32 Pi3HOIO THUCKY.

Functional materials, 24, 1, 2017 31



E.Gevorkyan et al. / Peculiarities of obtaining ...

1. Introduction

Scientific and technical progress is in
large part distinguished for application of
the new composite materials with predeter-
mined properties [1, 2]. This range of mate-
rials includes diamond-containing composite
materials (DCM) which have the advantages
of having high mechanical and performance
properties, particularly hardness and wear
resistance, as well as resistance to aggres-
sive influences [3, 4]. A special place among
the mentioned materials is occupied by DCM
with metallic binders containing iron, cop-
per, nickel, and tin. They are used to make
a wide range of tools for stone processing
industry [5—10]. This is why research on
enhancement of wear resistance of current
and development of the new DCM with a
required complex of physical and mechani-
cal properties is important today. Analysis
of literature references [11-21] has shown
that there are two ways to enhance wear
resistance of DCM, viz:

— to apply hot repressing technologies
which ensure interaction of carbon that pre-
cipitates in graphitization of diamond grain
surfaces at the stage of sintering of the
composition in a pressing mold, with o-Fe
(it is inhibited by formation of the diamond-
metal binder in the liquid (Cu-Sn) phase);

— to apply the hot pressing techniques
to obtain the DCM, which makes it possible
to substantially reduce time for sintering
and, as a result, to reduce the amount of
carbon precipitating in graphitization of
diamond grain surfaces.

Consistent patterns of structure forma-
tion in  diamond-(51Fe-32Cu—9Ni-8Sn)*
(Hereinafter the composition is given in
wt.% with respect to the metallic binder)
system during furnace sintering in the
molds in hydrogen environment for 1 hour
with subsequent hot repressing are studied
in [18, 14], while influence of process pa-
rameters of the hot pressing on the DCM
structure and physical and mechanical prop-
erties have scarcely been studied. At the
moment, no consistent patterns of influence
of structural and phase transformations,
which take place in the hot pressing, on
formation of such composites have been es-
tablished either. However, such technique
looks economically sound and promising
with regard to high mechanical properties
of the composites [15—-21]. Therefore, we
studied a possibility to obtain this kind of
DCM with improved properties by the hot
pressing.
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The objective of this work was to study
influence of sintering temperature on struc-
ture formation processes and physical and
mechanical properties of diamond-(51Fe—
32Cu-9Ni—8Sn) composite materials obtained
by the hot pressing in the pressure range of
0.5-40.0 MPa, as well as to compare ob-
tained results with the data presented in
paper [14].

2. Experimental

The objects of our experimental investi-
gation were as follows: 51Fe-32Cu—9Ni—8Sn
output mixture for metal binders before and
after sintering, preliminarily ground DCM
specimens (10 mm in diameter, 8 mm in
thickness) and thin foils made of these
specimens (thickness of 80-100 nm). As
source materials for preparation of the DCM
specimens, we used AC50 diamond powders
with a grit size of 125/100, PZh1M2 iron
powder, PNE nickel powder, PMS-1 copper
powder, and PO-1 tin powder. Iron, copper,
nickel and tin powders were mechanically
treated in a tumbling mill by milling balls
made of high density aluminum-oxide ce-
ramics in a dry milling mode with the circu-
lation velocity of the mill of 200 rpm,
which ensured impact-and-shear effect on
the powders. The weight ratio of the milling
balls to the powder charge was 5:1, treat-
ment time — 10 h. The powder mixtures
for 51Fe-32Cu—9Ni-8Sn metal binder were
mixed in alcohol media. We added diamond
powder wetted with glycerin to them in
amount of 1.54 carat per 1 cm3 of furnace
charge, which corresponds to the relative
concentration of K = 35 %, and mixed it up
without the milling balls [22, 23]. Sintering
was carried out by hot pressing under pres-
sure of 0.5-40 MPa in temperature ranges
of 20-600; 20-800; 20-900 and 20-1000°C.
Hot pressing of the DCM specimens was car-
ried out by putting the time-variant flux
through graphite pressing molds in vacuum
[24]. Heating up to the holding temperature
was carried out at a constant rate of
200 degrees/min. Sintering temperature
changes served as criteria of change in the
DCM structure and properties.

The microstructure of the metal binder
and diamond-metal binder transition zone in
the DCM specimens and corresponding dif-
fraction pictures were studied using a trans-
mission electron microscope SELMI TEM-
125K microscope with resolving power of
0.18 nm. The quantitative composition of the
metallic binder was calculated using the full-
profile analysis method in MAUD package.
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Thin foils for studies were polished in a solu-
tion of 20 0/0 HCIO4+30 0/0 HNO3+ Hzo.
X-ray diffraction patterns were obtained by
DRON 4.13C diffractometer in copper anode
radiation in the Bragg-Brentano geometry
in the range of angles 20°<26 < 90°. Proc-
essing of the X-ray diffraction patterns was
carried out using X-powder software [25].
The diffraction spectrum of the specimens
as a set of specified values of interplane
distance d; of the phase crystal lattice and
comparative intensity of reflexes of this
phase I; was identified by comparing it with
the reference spectrum using JCPDS
(ASTM) files [26]. The transition zone sur-
face morphology and its chemical composi-
tion were studied using SELMI SEM-106M
scanning electron microscope at an accelera-
tion potential of 20 kV. The quantitative
calculations of the chemical composition
were carried out using ZAF correction tech-
niques and Magelanes 3.1 software package.
The composition analysis errors were as fol-
lows: ~0.01 % for heavy elements and -~
1 % for light elements (by weight). Micro-
hardness of the specimens was measured
using PMT-8 unit and Vickers indentor at
4.9 N loading. Impressions were made in
phases which have no diamond grains. The
print sizes were measured at a 25-fold mag-
nification. The hardness was calculated ac-
cording to the following formula: Hj =
0.4636P/x2, where P is the load and x is
the diagonal of impression. The bending and
crushing strengths were studied using the
standard technique (error <5 %). The wear
rate was based on loss of weight in the
specimens. The specimens were weighed on
VLA-20g-M analytical weighing scale with a
precision of +4 mg.

3. Results and discussion

The results of the X-ray diffraction in-
vestigation of DCM specimens with composi-
tion of diamond-(51Fe-32Cu-9Ni-8Sn),
which were obtained by hot pressing under
pressure of 40 MPa at temperatures of 600
and 800°C are presented in Fig. 1. In the
X-ray pattern for the DCM specimen ob-
tained at 600°C (Fig. 1a), the registered dif-
fraction peaks due to planes (111), (200),
(220), and (311) for copper phases (lattice
parameter a = 0.3615 nm); (110), (200),
and (211) for iron phases (a = 0.28664 nm);
(111), (120), and (220) for diamond phases
(a = 0.35667 nm); (551), (660), and (844)
for CugNiSn; phases (a = 1,801 nm), corre-
late with the data in the ASTM files [26]
and corresponding the experimental data
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Fig. 1. X-ray pattern from surface of DCM
specimens obtained from the diamond-(51Fe—
32Cu-9Ni-83n) charge by hot pressing under

pressure of 40 MPa. (a) At temperature of
600°C; (b) at temperature of 800°C.

for copper and iron from [27]. Analysis of
the obtained data shows that during hot
pressing of the studied composition, one can
observe interaction of components (copper,
nickel, and tin) with created CugNiSnj inter-
metallic compounds already at the tempera-
ture of 600°C. As shown in the X-ray pat-
tern (Fig. 1b), when the temperature is in-
creased from 600 to 800°C, apart from
diffraction peaks due to planes (111), (200),
and (220) for copper phases; (110), (200),
and (211) for iron phases; (111) and (220)
for diamond phases; (551), (660), and (844)
for CugNiSn; phases, we also found diffrac-
tion peaks due to planes (600) and (775) for
Cuyg 55Nn44 phases, which agrees with refer-
ence data of [26] and suggests influence of
the sintering temperature on phase forma-
tion during formation of the composition by
the hot pressing.

The diffraction data (interplane distance,
relative intensity, angles 20), phase angles
and crystal lattice indices (A#kl), which cor-
respond to the X-ray diffraction peaks), are
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Table 1. Characteristics of DCM specimen obtained at 600°C

20, deg Intensity, I, d; [nm] Phase hkl
35.600 396.17 0.2521 CugNiSn, 551
42.8727 1740.52 0.2109 CugNiSn,, Cu, C 660, 111, 111
44.6182 761.82 0.2030 Fe 110
49.8545 489.58 0.1829 CugNiSng, Cu 844, 200
59.9394 335.76 0.1543 CugNiSn 120
64.9818 359.80 0.1435 Fe 200
Table 2. Characteristics of DCM specimen obtained at 800°C
20, deg Intensity, I, d; [nm] Phase hkl
29.5879 616.63 0.30192 CugNiSn,, Cuyg 5Sny, 551, 600
42.4848 838.69 0.21278 Cuyg 5Sny4 600
43.5515 917.95 0.20781 Cuyg 5Sny4 111
44.2303 988.82 0.20478 CugNiSn;, Cu 111
46.6182 761.82 0.20351 C 110
49.46678 489.58 0.18290 Fe 844
50.6303 678.86 0.18030 CugNiSn, 200, 755
59.6485 335.76 0.15501 Cu, CugNiSn 120
81.9515 391.59 0.11757 Fe 211

presented in Tables 1 and 2. The analysis of
the obtained results shows that in the proc-
ess of DCM specimens formation, an inter-
action of elements takes place, which, de-
pending on the hot pressing temperature,
results in creation of solid-state solutions
based on iron and copper. This is supported
by the change of parameters in the erystal
lattice compared to relatively pure elements
for iron (a = 0.2864 nm) and copper (a =
0.83615 nm), and intermetallides CugNiSn,,
CugNiSn, Cuyg 5Snyy.

For the DCM specimen obtained at
900°C, the registered diffraction peaks due
to planes (111), (200), and (220) for copper
phases (lattice parameter a = 0.3615 nm);
(110) and (211) for a-Fe phases (a = 0.28664 nm);
(101) and (103) for y-Fe phases (a =
0.3615 nm); (111) and (220) for diamond
phases (a = 0.35661 nm); (400), (660), (755),
and (888) for CuyysSnyy phases (a =
1,80.011 nm), correlate with the data in the
ASTM files of [26] and corresponding experi-
mental data for copper and iron from [27].

The study of this specimen showed that
it was heterophased and consisted of Cu,
o-Fe and 'Y-Fe, Cdiamond’ and CU40_5SH11
phases. At increase of temperature up to
1000°C, we found diffraction peaks due to
planes (111), (200) and (220) for copper
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phases; (100), (101), and (103) for y-Fe
phases (@ = 0.3615 nm); (111) and (220) for
diamond phases (a = 0.35661 nm); (400),
(660), (840), (755), (888), and (144) for
Cuyg 55n4q phases (¢ =1,80011 nm). One
can see that the obtained results well corre-
late with the data in the ASTM files [26]
and the corresponding experimental data
for copper and iron from [27]. A distinctive
feature of the obtained data is that at 1000°C
of hot pressing, the polymorphic transforma-
tion of the volume-centered lattice to the
face-centered lattice of iron takes place.

The diffraction data ((interplane dis-
tance, relative intensity, angles 26), phases
and crystal lattice indices (hkl), which cor-
respond to the X-ray diffraction peaks), for
the DCM specimens obtained at 900 and
1000°C are presented in Tables 3 and 4, ac-
cordingly. The interplane distance and rela-
tive intensity values obtained from the per-
formed X-ray diffraction studies well corre-
late with the data in the ASTM files [26].
The diffraction data analysis (Table 3)
showed that in the process of DCM specimen
formation by the hot pressing at 900°C, the
interaction of elements resulted in creation
of CuygsSny4 intermetallides and solid-state
solutions based on iron and copper.

Functional materials, 24, 1, 2017
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Table 3. Characteristics of DCM specimen obtained at 900°C

20, degrees Intensity, I; d; [nm] Phase hkl
35.5030 413.60 0.25286 Cuyg 5Sn44 400
42.3879 996.21 0.21326 Cuyo 5Sny4, Fe 660, 100
43.4545 852.16 0.20825 Cu 111
44.2303 629.21 0.20478 C, Fe 111, 110
49.2727 624.71 0.18494 v-Fe 101
50.5333 545.48 0.18062 Cu, Cuyg5Sny, 200, 755
72.3515 524.27 0.13061 Cuyg 5SNn44 888
74.3879 548.53 0.12753 v-Fe 110
82.3394 548.53 0.11711 Fe 211
87.6727 523.85 0.11131 v-Fe 103

Table 4. Characteristics of DCM specimen obtained at 1000°C

20, degrees Intensity, I; d; [nm] Phase hEl
35.6000 222.94 0.25219 Cuyp 5Sn44 400
42.4848 984,29 0.21278 Cuyg5Sn,4, Fe 660, 100
43.3576 343.99 0.20870 Cu 111
44.0364 245.24 0.20564 C 111
44.5212 294 .45 0.20351 Cuyg 5Sn44 840
46.0727 197.89 0.19701 Cu 200
49.2727 314.93 0.18494 v-Fe 101
72.4485 262.84 0.13046 Cuyp 5SNn44 888
74.2909 215.31 0.12767 v-Fe 110
78.0727 220.77 0.12241 Cuyp 5SNn44 144
87.7697 265.13 0.11121 v-Fe 103

This is supported by the change of pa-
rameters in the crystal lattice compared to
the relatively pure elements for iron (a =
0.2864 nm) and copper (¢ = 0.3615 nm). At
increase of the hot pressing temperature
from 900 to 1000°C, the first-kind phase
transition takes place — y-modification with
the face-centered cubic arrangement is
formed (Table 4). The obtained results dem-
onstrate that to obtain the DCM, which is
composed of diamond-(51Fe—-32Cu—-9Ni—8Sn),
with improved mechanical characteristics,
the hot pressing need to be carried out in
the range of temperature from 20 to 1000°C
under a pressure of 40 MPa.

Thus the X-ray diffraction studies analy-
sis suggests that the obtained DCM of the
same composition are very much different
by their structural features depending on
the hot pressing temperature. An increase
of temperature up to 1000°C resulted in the
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active interaction of elements with forma-
tion of y-Fe and Cuyg5Sny; phases and the
solid-state solutions based on copper.
Results of the structural investigation of
metallic binder areas by applying scanning
electronic microscope (SEM) investigation
techniques to the DCM specimens obtained
from exit charge depending on the hot press-
ing temperature are presented in Fig. 3. The
binder structure is heterophase and is com-
posed of grains in dark, grey and light col-
ors, and depends on the sintering tempera-
ture (Fig. 3, a—d). At a sintering tempera-
ture of 600°C, discontinuities and pores at
interphase boundaries (Fig. 3a) are ob-
served, which deteriorates the mechanical
and performance properties of such DCM. If
the sintering temperature is increased up to
800°C, the metallic binder structure is vis-
ibly improved (Fig. 3b). If the temperature
is further increased, there are absolutely no
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Fig. 2. X-ray pattern from surface of DCM
specimens obtained from the diamond-(51Fe—
32Cu-9Ni-8Sn) charge by hot pressing under
pressure of 40 MPa. (a) At temperatures of
900°C; (b) at temperatures of 1000°C.

pores, and the grain boundaries are thin
and sharply defined, and have a hard con-
tact (Fig. 3,c,d), which improves the me-
chanical and performance properties of
these DCM. The formed phases have a vari-
ety of configurations and sizes. Thus, the
elements of the metallic binder structure
are considerably different in their element
composition, and some elements of its struc-
ture are much dispersed without any clear
discontinuities, which is due to the influ-
ence of the hot pressing temperature on the
interaction of elements in the process of
composite formation. This may produce a
significant economic effect in producing of
the DCM and tools on their basis.

The structural investigation results of
the obtained DCM specimens by applying
the scanning electronic microscope investi-
gation techniques are presented in Fig. 4. It
can be seen that the metallic binder struec-
ture surrounded by diamond grains is com-
posed of copper phases, and the diamond-
metallic binder contact is hard, the grain
boundaries are thin, sharply defined, and

36

have no visible pores or cracks (Fig. 4a),
which helps to improve the diamond-holding
and performance properties. In this case the
metallic binder structure has the granular
material structure (copper phase) with in-
clusions of another phase both at the grain
boundaries and regularly distributed in the
grain matrix. One can clearly see the copper
phases on the ring electron diffraction pat-
terns of this specimen (Fig. 4b). The grains
of this phase are (200), (111) and (220)-tex-
tured. Diffraction peaks on the ring pat-
terns suggests the presence of texture in
the specimen under investigation.

It was found that the dislocation picture
of the metallic binder is heterogeneous,
with definite peaks and troughs in etch pit
density, which are identified as emergence
of dislocations on the copper grains surface
(Fig. 4¢). In addition, the intense genera-
tion of defects takes place.

The electron microscopic studies demon-
strate practically straight slip bands and
parts of another phase (Fig. 4c¢). It is worth
noting that slip bands in the adjacent
grains have different orientation. This goes
to prove that every grain is deformed in a
different way shifting relatively to one an-
other. Breaking of the connection between
them leads to cracking. The properties that
define a distinguishing feature of the metal-
lic binder microstructure is presence of
CugNiSnj phases (Fig. 4e) and numerous dis-
location loops which are formed under con-
ditions of interaction of the elements in sin-
tering. The density of +the formed
(CugNiSn3) intermetallides is a bit higher
close to the finest particles of iron. Analyz-
ing the microstructure of the obtained
specimens, it is worth noting that the me-
tallic binder is characterized by absence of
pores on the interphase boundaries, which
helps to improve their thermophysical and
mechanical properties. One can clearly see
the presence of copper (Fig. 4b,d), iron and
CugNiSn; phases (Fig. 4f) on the ring electron
diffraction patterns (EDF) of this specimen,
which suggests a three-phase structure of the
metallic binder. The copper phase grains are
(111) and (220)-textured. The iron phase
grains are (111)-textured, and CugNiSn;
phase grains are (511)-textured.

Increase of the hot pressing temperature
up to 900°C resulted in some structural
phase changes in the DCM specimen struc-
ture (Fig. 5). For example, Cuyg 5Sn¢ (Fig.
5a), y-Fe and Cu (Fig. 5¢) phases, as well as
v-Fe (Fig. be) phases were found in the me-
tallic binder structure. The grain bounda-
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Fig. 3. Microstructure of areas of metallic binder in DCM specimens obtained by hot pressing at
different temperatures. (a) 600°C; (b) 800°C; (¢) 900°C; (d) 1000°C.

ries are thinner, sharply defined, have a the
hard contact and no visible pores. One can
clearly see Cu and y-Fe phases (Fig. 5d, f)
on the ring electron diffraction patterns of
the metallic binder areas. The copper phase
grains are (111) and (220)-textured, and the
y-Fe phase grains are (111) and (200)-tex-
tured. Continuing the analysis of the struc-
ture formation in the process of composi-
tion formation at 900°C, it should be noted
that no CugNiSn; and CugNiSn brittle inter-
metallides were formed unlike the composi-
tion formed at 800°C. The considerable dif-
ference of the metallic binder structure of
the DCM specimen obtained at 900°C from
the metallic binder structure of the DCM
specimen made at 800°C is that there are no
defects on the interphasal boundaries (see
Fig. be, e and Fig. 4¢, e). In this case de-
fects are either closed up under the tem-
perature impact by falling into dislocation
loops or grow under tensile stress releasing
the internodal loops. The obtained results
suggest active interaction of the elements in
the process of composition formation, which
depends on temperature, and this helps to
influence on the phase formation and physi-
cal and the DCM mechanical properties.
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The main difference of the DCM speci-
men structure obtained at 1000°C from the
DCM specimen structures obtained at lower
temperatures (800 and 900°C) is that it has
absolutely no defects, inconsistencies and
pores both on the diamond-metallic binder
interface (Fig. 6a) and interphasal bounda-
ries in the composition metallic binder (Fig.
6¢c, e). In this case the metallic binder struc-
ture is composed of y-Fe (Fig. 6a), Cu (Fig.
6¢) and Cuyg 5Sn4¢ (Fig. 6e) phases. One can
clearly see y-Fe (Fig. 6b), Cu (Fig. 6d) and
Cuyg sSny¢ (Fig. 6f) phases on the ring elec-
tron diffraction patterns (EDF) of the metal-
lic binder areas. The y-Fe phase grains are
(111) and (200)-textured, and the Cu phase
grains are (111), (200) and (220)-textured.

Diffraction peaks on the ring patterns
suggest presence of texture in the specimen
under investigation. It should be noted that
the obtained data show no graphite inclu-
sions in the metallic binder structure which
produce a negative impact on formation of
DCM mechanic properties including wear re-
sistance [13, 14]. Below, the influence of
techniques and process parameters of ob-
taining of DCM under investigation on their
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Fig. 4. DCM specimens obtained from the exit charge by hot pressing in the range of temperatures
from 20 to 800°C under pressure of 40 MPa. (a, c, e) Electron microscopic images of surfaces; (b,
d, f) microelectron diffraction patterns of its fragments.

physical and mechanical properties, and

wear resistance are investigated.
Comparison of peculiarities of structure

formation in the diamond-(Fe—Cu—Ni-Sn)
system in the process of hot pressing and
furnace sintering in the pressing mold with
hot repressing. Comparison of peculiarities
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of the structure formation in the diamond-
(51Fe-32Cu-9Ni-8Sn) composition in the
process of hot pressing (first type speci-
mens) with peculiarities of the structure
formation in similar composition in the
process of its formation by sintering in
molds in a furnace in hydrogen media at

Functional materials, 24, 1, 2017



E.Gevorkyan et al. / Peculiarities of obtaining ...

Fig.5. DCM specimens obtained from the exit charge by hot pressing in the range of temperatures
from 20 to 900°C under pressure of 40MPa. (a, c, e) Electron microscopic images of surfaces; (b)
dark area in the diamond reflection; (d, f) microelectron diffraction patterns of fragments of DCM

specimen.

800°C during 1 h with consequent hot
pressing (second type specimens) [14]
showed both similarity and fundamental
differences. In particular, it was shown that
the metallic binder structure of the first
and second type DCM specimens obtained at
800°C is composed of solid-state solutions
based on iron, copper and CugNiSn; inter-
metallides. One should note the presence of
Cuyg5Sny4 phases in the metallic binder
structure of the first type, and presence of

Functional materials, 24, 1, 2017

NisSn phases in the metallic binder struc-
ture of the second type.

Analyzing the peculiarities of phase for-
mation in the investigated composition, no-
tice that depending on techniques and proc-
ess parameters of obtaining the DCM speci-
mens, interaction of elements occurs in
different ways, which is the main reason for
changing their structures and properties.
The results obtained by the hot pressing at
900 and 1000°C demonstrate a significant
improvement of the DCM specimens struc-
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Fig. 6. DCM specimens obtained from the exit charge by hot pressing in the range of temperatures
from 20 to 1000°C under pressure of 40 MPa. (a, ¢, e) Electron microscopic images of surfaces; (b,
d, f) microelectron diffraction patterns of its fragments.

ture through formation of y-Fe phases in
the metallic binder (polymorphic transfor-
mation of the volume-centered lattice to the
face-centered lattice of iron), which could
not be formed at the lower temperatures
(see Fig. 2, 5, and 6) or through decomposi-
tion of the brittle CugNiSn; phase.

In accordance with the change in the ele-
ments interaction in the composition in the
process of the second type DCM specimens,
the substantial changes in their structures
and physical and mechanical properties take

40

place. The most significant difference in the
structure of these specimens is the presence
of a transition zone on the diamond-metallic
binder boundary which affects their me-
chanical properties (Fig. 7) [14]. Analysis of
the said investigation showed that the
structure of the transition zone on the dia-
mond-metallic binder boundary differs from
the metallic binder structure because it for-
mation is affected by the carbon deposed
during graphitization of the diamond grains
surfaces at the sintering stage. One can see

Functional materials, 24, 1, 2017
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‘ FesC

Fig. 7. Electron microscopic images of areas of the metallic binder (a, d) and the diamond-binder
transition zone (b, c, e, f) of DCM specimens obtained from the exit charge by sintering in molds
in a furnace at 800°C during 1 h with hot repressing under the following pressures: (a, b) — p =
100 MPa, ¢ = 3 min; (¢) p = 160 MPa, ¢ = 3 min; (d, e) p = 200 MPa, ¢t = 2 min; (f) p = 200 MPa,

t = 3 min.

(Fig. 7a, d) that irrespective of the process
parameters of hot repressing of the dia-
mond-(51Fe-32Cu—9Ni-8Sn) composition,
the metallic binder structure is composed of
the solid-state solutions based on copper and
iron as well as NigSn and CugNiSn; com-
pounds. Then the grain boundaries are thin,
sharply defined, have the hard contact and
have no visible pores or cracks. However,
the structure of the transition zone in the
DCM specimens obtained under insufficient

Functional materials, 24, 1, 2017

pressure (below 200 MPa) and at insuffi-
cient time of the hot pressing (less than
3 min.) is composed of Cu, NizSn phases
with graphite inclusions (Fig. 7b, c¢), which
is the reason for its early fracturing by the
intensive cracking mechanism (Fig. 8a) and
falling out of the diamond grains from the
binder (Fig. 8b, ¢), which results in rapid
wear of the DCM. It should be noted that in
the process of formation of these DCM, the
eutectic liquid in the Cu-Sn system is in
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Fig. 8. Microscopic images of surfaces of DCM specimens obtained from the exit charge under
conditions similar to those shown in Fig. 7. (a, b, d, e¢) SEM images; (¢, f) cathodoluminescence

topographs.

contact with the diamond grains and pre-
vents interaction of carbon, which is de-
posed during graphitization of diamond
grains surfaces at the sintering stage, with
the o-Fe solid-state phase. All this gives
rise to formation of graphite inclusions in
the transition zone, which impairs the DCM
mechanical properties.

The main difference of the transition
zone structure of the DCM specimens ob-
tained under pressure of 200 MPa from
the transition zone structure of the DCM
specimens made under the lower pressure
(100 and 160 MPa) is that the former have
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Fe;C nanoscale thickness layers and have no
graphite inclusions (Fig. 7e, f). Improve-
ment of the structure of such DCM occurs
because during the composition hot repress-
ing, the carbon deposed during graphitiza-
tion of diamond grains surfaces interacted
with o-Fe and formed iron carbides, which
significantly improves diamond-holding
(Fig. 8d—f) and enhances performance prop-
erties of the DCM. In this case the height of
diamond grains in the composite during its
performance (cutting of granite with a
fluid-cooled segmented diamond cutting
wheel) exceeds half of their diameter

Functional materials, 24, 1, 2017
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Table 5. Mechanical properties of obtained DCM specimens

Pressure, Process Microhardness H,, GPa Strength, MPa
MPa time, min y-Cu Ni;Sn o-Fe v-Fe Compression, Bending,

o, [

Hot pressing
20 5 2.88 - 4.18 5.96 842 790
40 5 2.90 - - 6.10 845 810
Sintering in molds in a furnace with hot repressing [14]

100 2 2.60 2.76 2.93 - 730 620

160 2 2.70 2.82 3.46 - 750 645

160 3 2.80 3.03 3,98 - 780 655

200 2 2.92 3.48 4.12 - 840 675

200 3 2.99 3.63 4.34 - 846 680

(Fig. 8d, e). Thus, under the optimum pres-
sure and at the optimum time of hot repress-
ing of the composition, the carbon deposed
during graphitization of the diamond grains
surfaces in sintering becomes an additional
source for improvement of the structure and
mechanical properties of such DCM.

Thus, the obtained results show the sig-
nificant differences in the structure of DCM
specimens of the first and second types.
These differences lay in the construction of
the metallic binder surrounded by diamond
grains, which depends on techniques and
process parameters of obtaining of the DCM
specimens due to the fact that interaction
may take place in the different ways.
When the sintering temperature is in-
creased from 600 to 1000°C in the process
of formation of the first type specimens,
the structural phase transformations occur.
These transformations are accompanied by
formation of CuygsSnyy and y-Fe phases,
which contributes to the increase of hard-
ness, compression resistance and wear resis-
tance of such DCM. Whereas during forma-
tion of the second type specimens with an
increase of the pressure of hot repressing
from 100 to 200 MPa, structural phase
changes occur which lead to creation of FesC
nanostructures on the diamond-metallic binder
boundary (see Fig. Te, f), which prevents the
carbon deposition in the form of graphite in-
clusions and has beneficial effect on the en-
hancement of wear resistance of these DCM.

The results of testing of the investigated
DCM specimens for microhardness, compres-
sion and bending resistance limits are pre-
sented in Table 5. Its analysis has shown
that mechanical properties of the DCM
specimens depend both on techniques and
process parameters of their obtaining. For
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example, when the hot-pressing pressure is
increased from 20 to 40 MPa, one can see
insignificant increase of microhardness of
the metallic binder areas in Cu, o-Fe and
v-Fe phases. Moreover, maximum compres-
sion resistance of the obtained specimens
hardly changes, but the limit of strength
during bending increases from 790 to
810 MPa. Depending on pressure, the val-
ues of microhardness and maximum com-
pression resistance for DCM of the second
type change more significantly. However,
unlike the specimens of the first type, the
maximum bending resistance of these speci-
mens has much lower values.

Improvement of mechanical properties of
the first type specimens compared to the
second type specimens suggests that in the
process of the DCM obtaining, the interac-
tion of elements occurs in the different
ways, and first of all it depends on tech-
niques and process parameters of their ob-
taining, which influence the processes of
structure formation, and physical and me-
chanical properties.

Testing of the DCM specimens for wear
resistance was carried out on a special
workbench by polishing a quartz sandstone
with vertical load of about 10 kg and a slid-
ing velocity of 4 m/sec. during 600 sec. Or-
dinary water was used as a coolant. Wear
resistance of the specimen was defined by
weighing. The testing results are presented
in Table 6. The research shows that the
mass wear of the DCM specimens, similarly
to mechanical properties, depends on the
techniques and process conditions of their
obtaining (Table 6). For example, the com-
parative analysis of the results shows that
the increase of the hot pressure temperature
from 600 to 1000°C results in decrease of
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Table 6. Wear resistance tests results of the obtained DCM specimen

Technological parameters of obtaining DCM specimens Mass wear I, g
Temperature, °C Pressure, MPa Process time, min
Hot pressing
20-600 1.50
20-800 40 5 0,39
20-900 0.24
20-1000 0.20
Furnace sintering in molds for 1 h with consequent hot repressing

100 2 0,96
160 2 0.84
800 160 3 0,75
200 2 0,68
200 3 0.54

the mass wear I, from 1.50 to 0.20 g after
polishing the quartz sandstone in similar
conditions. This can be explained as follows.
The structure of the metallic binder of the
DCM specimen obtained at 600°C is com-
posed of the solid-state solutions based on
copper and iron as well as brittle phases
CugNiSn; and CugNiSn (see Fig. 1 and
Table 1), while on the interphasal bounda-
ries one can see inconsistencies and pores
(see Fig. 3a), which decreases the wear re-
sistance. The structure of the DCM speci-
men obtained at 1000°C is composed of y-Fe,
Cu and CuygsSnyq phases, and there are no
inconsistencies or pores either on the dia-
mond-metallic binder boundary (Fig. 6a) or
interphasal boundaries in the metallic binder
of the composite (Fig. 6¢, e), which is the
reason for increase of the wear resistance.

A similar trend of dependence of wear on
pressure remains true for the DCM speci-
mens obtained by the sintering in molds
with the consequent hot repressing. It was
found that after polishing the quartz sand-
stone in similar conditions, during the hot
repressing, in result of pressure increase
from 100 to 200 MPa, the mass wear I,
decreases from 0.96 down to 0.54 g (Table
6). This effect is related to the fact that
during hot repressing of the composition,
the carbon which was developed due to
graphitization of the diamond surfaces at
the stage of furnace sintering in molds, in-
teracted with o-Fe and developed nanostruc-
ture filled with Fe;C in the transition zone
(see Fig. 7e, f). At that the wear resistance
of the DCM specimens obtained by hot
pressing in contract to the wear resistance
of the DCM specimens obtained by furnace
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sintering in the molds with hot repressing,
has much higher values. The reason for this
is that the binder structure surrounded by
the diamond grains in the first type speci-
mens is composed of y-Fe phases (see Fig.
6a), while the binder structure surrounded
by diamond grains in the second type speci-
mens is composed of a-Fe phases and inter-
layers with FesC (see Fig. 7e, f).

Thus the obtained results suggest that
the applied technology ensures improvement
of the structure and mechanical properties
of the diamond-(Fe—Cu—Ni—Sn) composites
by forming the metallic binder with in-
creased strength parameters. The deter-
mined consistent patterns provide up-to-
date and important data both for theoretical
science, because they give us a better under-
standing of already known approaches with
regard to forecast of the physical state of
diamond-containing compositions during their
formation, and for technology, because they
make it possible to influence the interaction
of elements in required direction and obtain
the DCM with new useful properties.

4. Conclusions

We carried out investigation of the
structure and properties of diamond-(51Fe—
32Cu—-9Ni—8Sn) composite materials obtained
by hot pressing under pressure of 0.5—
40 MPa in the temperatures ranges of 20—
600, 20-800, 20-900 and 20-1000°C and by
furnace sintering in the mold in hydrogen
media at 800°C during 1 h with hot repress-
ing under various pressures. We found the
following advantages of the hot pressing as
compared to the furnace sintering in molds
with the hot repressing:

Functional materials, 24, 1, 2017
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— It has been proved that with the
change of temperature from 600 to 1000°C
in the process of hot pressing of the dia-
mond-(51Fe—-32Cu—9Ni-8Sn) composition, in-
cremental structure and phase transforma-
tions take place, which make it possible to
increase the DCM wear resistance by
7.5 times. This well correlates with the
change of the phase composition, morphol-
ogy of the phase components and the com-
posite structure.

— The main reasons for enhancement of
wear resistance in the process of hot pressing
of the composite at 1000°C are transformation
of «-Fe into y-Fe and formation stable
Cuyo5Sny4 intermetallides, which ensures
high adhesion of diamond grains to the me-
tallic binder, as well as strengthening of the
metallic binder and improvement of mechani-
cal properties of the composite materials.

— It has been shown that the key factor in
manufacturing the commercially promising
DCM by sintering in the molds in a furnace
at 800°C during 1 hour is application of the
hot repressing (with a pressure not lower
than 200 MPa and process time not less than
3 min), which ensures decarburization and
formation of nano-interlayers with Fe;C in
the diamond-metallic binder transition zone.

—Bend resistance and wear resistance of
the specimens of the composite diamond-
containing materials obtained by the hot
pressing are correspondingly 1.2 and
2.7 times higher than of those obtained by
the sintering in molds in a furnace with the
hot repressing.

Thus, application of hot pressing makes
it possible to obtain the composite diamond-
containing materials for stone processing
industry with much better physical and me-
chanical properties than similar materials
manufactured by sintering in the molds in a
furnace with consequent hot repressing.
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