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In the paper we describe the results of the structure formation and physicomechanical
properties of WC—Co hard alloy from the standard especially fine-grained BK6-OM mix-
ture of KZTS (Russia) in electrosintering (ES) process with the use of a constant electric
current (I = 3000 A) in a graphite mold in vacuum under pressure of 40 MPa and tem-
peratures above (1320°C) and below (1220°C) of the solidus line of phase diagram. For
comparison, samples from this mixture are sintered according to the standard technology
in vacuum. The advantage of ES in conditions of the solid phase interaction (1200°C) is
shown for obtaining the two-phase structure of hard alloy with high-density, without signs
of recrystallization of carbide grains, from the standard mixture of BK6-OM, which
increases by 30 % the thermal conductivity, hardness, and fracture toughness compared
to the Sun. The mechanism of destruction of the samples after ES in conditions of impact
loading is established.

Keywords: hard alloy, electrosintering, tungsten carbide, mechanical properties, vac-
uum sintering.

Hccnemopanbl u 06001ieHbl PE3YABTATHI CTPYKTYPoOOpPa30BaHUA 1 (PUBUKO-MEeXaHUUECKIE
cBoiicrBa TBepgoro cruraBa rpynnel WC—CO ua cramgaprHoii, 0CoGEHHO MeJKO03epHUCTOMH
cvmecu BK6-OM mpoussozcta K3TC (Poccus) B mpoliecce dIeKTPOCIEKAHUA € HWCIOJIb30BA-
HUEeM TIOCTOAHHOTO ajieKTpuuecKkoro Toka (I = 3000 A) B rpaduToBoii mpecc-hopMe B BaKyy-
me mox gpasiaenmem 40 MIla m temmeparypax Boimre (1320°C) um mmxe (1220°C) aumaun
COJIUAYC nuarpamMmbl cocrossHudA. yda cpaBHeHHS O0pAasIbl U8 3TOH CMECHU CIEKAJH II0 CTaH-
IapTHOM TexHoJoruum B Bakyyme. Iloxaszamo mpeumyimectso IC B ycaoBuax TBepaoasHOTo
Baaumogeticteua (1200°C) ana momyueHusa aByx(hasHOM BEICOKOIJIOTHOH, 0e3 TPU3HAKOB
PEKPUCTAIINZANINN KapOMIHBIX 3€peH, CTPYKTYPHI TBEPAOTO CIIJIaBa W3 CTAHAAPTHOIN cMecHu
BK6-OM, uto mossoamyio Ha 30 % mOBLICUTHL, IO cpaBHeHuio ¢ BC, TemIonpoBOLHOCTD,
TBEPIOCTh M TPENIUHOCTOMKOCTh. ¥ CTAHOBJIEH MEXaHU3M paspylieHus odpasmnos mocie IC B
YCIOBUAX YAAPHOU HArpys3KU.

Crpykrypa Ta Baacrusocri teepmoro cmiaasy BK6-OM micas exexrpocunikanus.
M.M . IIpoxonis, E.C.I'egopran, P.B.Bosx, O.B.Xapuenro, B.O.Huwrana.

Hocaig:keHo Ta ysarajJbHEHO pPe3YJbTATU CTPYKTYPOYTBOPEeHHS Ta (PisMKO-MexXaHiuHUX
BaacTuBocTeil TBepgoro ciapy rpymm WC—Co 3 crammaprHOi, 0c00amBO aApiGHO3EpHMCTOL
cymimi BK6-OM Bupobuunrea K3TC (Pocis) y mpormeci ereKTPOCIiKaHHA 3 BUKOPUCTAHHAM
nocritinoro enexrpuunoro crpymy (I = 3000 A) B rpadirosiii mpec-dopmi y Barkyymi mix
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Tuckom 40 MIla i remmeparypax sumie (1320°C) i mmxue (1220°C) nimii coaminyc miarpamu
crany. Huad mopiBHAHHA 3pasKu 3 Iiei cywmimi cmikanm 8a CTAHZAPTHOIO TEXHOJOTIEI0 Yy
BakyyMmi. ITokasano mepeary EC B ymoBax TBepaodasuoi B3aemoxii (1200°C) gnsa orpumas-
HA AByxX(asHol BHCOKOIMJILHOI, 0e3 03HAK peKpucramizaiii kapbimHMX 3epeH, CTPYKTYpPHU
TBEPAOTO CILIABY 3i crammapTtHoi cymimi BK6-OM, mio gossoauwmao ma 30 % migsumuru, y
nopiBHAHHI 3 BC, TenmonpoBigHicTh, TBepAicTs i TpinmmHocTifiKicTsh. BeTanoBaeno MexaHism
pyiinyBanHa 3paskiB micia EC B ymMoBax yAapHOTO HABAHTAKEHHA.

1. Introduction

Analysis of analytical and information
sources related to metalworking industry of
Ukraine [1, 2] indicates that submicron
solid alloys of WC-Co group (6—-10 % by
mass) are characterized by the high level of
hardness and mechanical strength. Tools
from such alloys are produced by 200 world
companies (Sweden, Germany, USA, Japan,
South Korea, etc.). A similar tool from es-
pecially fine-grained hard alloys under the
brand OM [3-5] is made by Russian manu-
facturers. In Ukraine there is no production
of metal cutting tools from submicron hard
alloys. Therefore, all requirements of the
domestic metalworking industry are met
through imports.

As it turned out, the main difficulties in
obtaining the high quality submicron hard
alloys of the WC—Co group consist in the
formation of a high-density, fine-grained
homogeneous structure without fragile
n-phase. It is known that traditional sinter-
ing technologies (in methane-hydrogen me-
dium [6] and in vacuum [3, 4]), which were
developed earlier in 80s—40s years of the
last century, do not provide the formation
of a structure with completely eliminated
residual micropores. For objective reasons,
they are still used in the technology of in-
dustrial production by domestic firms. To
insignificant extent, their properties are
improved by additional thermal-compression
treatment (TCT) under gas pressure of
5 MPa [7]. The reason for this can be also
the use of submicron powder mixtures of
low quality, the characteristics of which are
regulated by GOST-74. As our experience
shows, in structure of the hard alloys from
such powders, which are sintered according
to the traditional technologies, the fragile
n-phase is present in most cases, as a conse-
quence, of decrease in plastic properties.
Therefore, the preliminary normalizing the
sintering at 900-950°C in the methane-hy-
drogen environment is required operation in
the technology of their production [6].

For the solving the problem of high
structure density, especially submicron hard
alloys, advanced world firms implement the
vacuum compression sintering technology

268

under gas pressure up to 10 MPa, which
was developed back in the 80s of the last
century [8, 9]. According to the open
sources of information, the general disad-
vantage of submicron alloy (for example
WC-6 wt.% Co0) obtained by implementing
the above technologies, regardless of the
manufacturer, is its low fracture toughness.
This significantly reduces the operational
properties when cutting under the condi-
tions of significant static and dynamic me-
chanical loads.

Today in V.M.Bakul ISM NASU (Kyiv)
the intensive searching works are carried
out using both traditional and non-tradi-
tional technological methods for obtaining
the domestic highly competitive hard alloys.
This concerns the development of the do-
mestic vacuum compression technology for
sintering under the gas pressure up to 2.5—
3.0 MPa and its technical support for the
production of the highly competitive submi-
cron hard alloys and manufacture of the
tools from them [10, 11]. At the same time,
special attention is also paid to obtaining
the powder mixtures in connection with spe-
cific synthesis conditions.

On the basis of analysis of the problem
of obtaining the submicron and nanostruc-
tured hard alloys, it is recommended in [12]
to develop high-energy methods based on
high-speed compacting of the initial charge
upon heating to the sintering temperature.
In [3] it was shown the high efficiency of
static and dynamic hot pressing for produc-
tion of the high-quality hard alloys of the
WC-Co group (Co 10, 15, 20 % by wt.)
under the condition of long solid-phase an-
nealing. But there is no information on the
effectiveness of this method for obtaining
the medium cobalt (up to 10 % by wt.) hard
alloy, especially fine-grained, for instru-
mental purpose.

Among the most promising there is the
hot-pressing technology with the use of con-
stant pulsating (spark-plasma sintering,
SPS) [14], and alternating (electric sinter-
ing, ES) [15] electric current (I = 3000 A).
In this case, the effect of the current on the
sintering process has thermal (source of
Joule heat) and athermic (electromigration,
electroplasticity, ponderomotive forces) na-
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ture. It is also possible to form a spark
discharge in microvolumes between the pow-
der particles, the probability of which is
more realistic in the case of using the elec-
trically conductive powders, especially at
the initial stage with insufficient contacts.
So in [17, 18] information is given on the
increase in the operational stability of cut-
ting inserts made of hard alloy and ceram-
ics, which were are obtained by the SPS
technology.

The authors of domestic ES technology in
vacuum with the example of Tungsten car-
bide [16], Al,O03-50 %WC (by wt.) have
shown its efficiency for providing the high
mechanical characteristics. In addition, the
technical support of this technology is much
simpler and cheaper than the technical sup-
port of the SPS method [18, 21], and there-
fore it has great prospects for introducing
the high-competitive domestic products
from refractory compounds into the produc-
tion of highly competitive products based
on the T"price-quality” criterion. This, in
turn, is of decisive importance in the devel-
opment of the new materials of multifunc-
tional designation with given technological
parameters [22-27].

To date, there is no information about
the materials science researches of the ef-
fect of the ES method on structure and
properties, especially the fine-grained car-
bide WC-Co, using a cheap commercial
grade OM powder mixture. The object of
this work is to research the structure for-
mation and formation of physical and me-
chanical properties of the hard alloy in the
process of ES in vacuum from the commod-
ity of standard especially fine-grained pow-
der mixture VK6-OM produced by KZTS
(Russia).

2. Experimental

As a starting batch, the standard mix-
ture of VK6-OM produced (2014) by Ki-
rovgrad hard alloys plant (KZTS, Russia)
was used. Electrosparking (ES) of the sam-
ples measuring @18x4 mm?2 was obtained in
a graphite mold (I = 3000 A) a) in vacuum
at 1220 and 1320°C (£20°C) isothermal
holding for 8 min and pressure 40 MPa.
These temperature values ensure that the
process is carried out in accordance with
the conditions of solid- and liquid-phase in-
teraction in the WC-Co system. The heating
rate was 250 deg./min. For comparison, the
samples were also obtained by sintering in
vacuum (VS) at temperature of 1400°C and
at isothermal sintering time of 20 min. In
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this case, one batch of the samples was pre-
sintered at 950°C in methane-hydrogen en-
vironment according to [6], which would pre-
vent the formation of n-phase in the struc-
ture of the alloy during the final sintering.

The chemical integral composition was
determined by SEM. The residual micro-
porosity in the structure of the samples was
evaluated in accordance with GOST 9391-80
by optical microscope MIM-6 with magnifi-
cation of x100, the physicomechanical prop-
erties were determined by standard meth-
ods. The grain size distribution of WC
grains, Co layers and their average dimen-
sions were determined by the Kikuchi
method (diffraction of electrons by reflec-
tion) [19]. In the images of the alloy struc-
ture, carbide grains of different crystal-
lographic orientation are painted in differ-
ent colors, providing a clear fixation of the
grain boundaries. The method is very sensi-
tive to the perfection degree of the struc-
ture, and therefore it is effective for the
study of objects of small (1 um3) size.

The polished samples were subjected to
fracture resistance according to Palquist at
load of P =550 N on the Vickers pyramid.
Hardness was determined by Rockwell on
the TK-2 device and by Vickers for loading
on a diamond pyramid P = 300 N. The den-
sity of the samples was measured by hydro-
static weighing. Thermal conductivity was
determined by the method described in [20].

3. Results and discussion

In the structure of the samples after VS
without preliminary normalizing sintering
and the samples after ES at 1320°C, the
N-phase inclusion of the "lake” type was de-
tected, the presence of which was unaccept-
able from the point of view of the require-
ments for the structure of a qualitative
hard alloy. For this reason, these samples
were not further investigated. This may be
a consequence of the insufficient degassing
of the sample, as in BC, due to the high
rate of heating and compaction. The results
of chemical analysis of the samples from the

Table 1. Chemical composition of samples
from mixture of VK6-OM after VS and ES

Samples |Content of elements in % by weight
sintering
conditions CK O K CoK wiL
VS 5.67 0.18 5.89 88.24
ES 6.19 0.22 5.82 88.17
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Table 2. Dimensional characteristics of grains and pores of samples after vacuum (VS) and
electrosparking (ES), in comparison with analogues of world firms

Samples Structure characteristics
sintering . . . . .
conditions Bulk fraction of| Size of large | Powder size Co | Average grain The size of
small pores, % pores, um (Lgg> Mm) size dyg, um large grains of
WC and their
clusters, um
VS D2 0.3-D3 0.3 62x83, 51x1 0.5-1.0 (1.5) 1.35 8-12 (45)
ES Al 0.01 no 0.4-0.5 (0.82) 1.13 8-14 (20)

120

Z0
Grain Boundaries CW
0

20 40 60 8

Band contrast All Phases [100%] ‘

50 100 150 200 250

Fig. 1. Images in color orientation of WC grains with boundaries (black) between them in the
sample structure (VS). The Kikuchi line method. SEM.

mixture of VK6-OM after VS and ES are
given in Table 1.

As shown by the research results, the
characteristics of the samples after VS and
ES by chemical composition (Table 1), the
average size of the carbide grain, and the
Co layer sizes (Table 2) belong to the par-
ticularly fine grained class.

As can be seen from Fig.1l the WC
grains have a shape characteristic for these
sintering conditions. Black spots (shown by
arrows) correspond to the layers of Co and
times. Black spots larger than 2 um (shown
by arrows) are residual pores. In Fig. 2 it is
shown graphs of the distribution of the
grain sizes WC and Co layers in the struec-
ture of the sample after ES.

Large residual microporosity, individual
large pores with a size > 50 um, a wide
range of sizes of carbide grains and Co lay-
ers, the presence of separate large WC
grains and their clusters (Table 2) in the
structure of the sample after VS is ex-
plained in the literature by the peculiarity
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of free sintering conditions in vacuum. The
presence in the structure of the submicron
alloy after the sun of a large (45 um) size
of individual clusters of large WC grains is
not typical for it (Table 2). However, after
ES in the sample structure, the residual mi-
croporosity was significantly reduced to Al
0.01, and there were no separate large pores
larger than 50 um. Smaller average grain
size WC is due to the presence of up to
10-12 % of fraction of 0.2-0.4 um in size,
in contrast to the sample after VS. An im-
portant factor is also the decrease in the
interval (0.3-0.6 um) of dimensions of the
Co layers. According to Gorland such an
interval of the dimensions of the Co inter-
layers in the structure of hard alloys of the
WC-Co group provides them with a high
level of mechanical strength.

In the sample after ES, the separate
grains of tungsten carbide up to 12 pm in
size were also identified (Table 2). At the
same time, the size of their individual clus-

Functional materials, 25, 2, 2018
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Fig. 2. Graphs of distribution of grain sizes WC (a) and Co (b) in the sample structure (ES).

ters was smaller of about 20-25 um. De-
spite the intense compaction conditions, it
can be argued that free graphite, the large
WC grains and their agglomerates were pre-
sent in the initial mixture. In this case, the
large agglomerates of carbide grains under
ES were subjected to grinding. In Table 3 it is
shown the values of the samples physico-me-
chanical properties after VS, ES and for the
best foreign analogs (N1 and K1) [9, 10].
According to analysis of the data of
Table 3 the density and hardness of the
sample after VS (1) coincide with the analo-
gous values of the standard submicron solid
alloy BK6-OM [2]. Its fracture toughness is
somewhat higher than the fracture tough-
ness of the foreign analogs. Explanation of
this can be both different methods of deter-
mination, as well as different values of the
microporosity of their structure. The ther-

mal conductivity corresponds to the thermal
conductivity of the standard medium-
grained hard alloy BK6 [3]. It should be
noted that there is no data on the thermal
conductivity of this type of hard alloy in
the open sources of information. Thus, an
interesting scientific result has been obtained,
which indicates that there is no dependence of
the thermal conductivity of the WC-6 % Co
hard alloy on the carbide grain size.

As it turned out after the ES (item 2),
the sample density at the level of the maxi-
mum value regulated by GOST, correlates
naturally with the minimal residual micro-
porosity of its structure (see Table 2). It
represents the significant scientific and
practical interest in significant (by 30 %
and 38 %) increase of thermal conductivity
and crack resistance of the sample after ES
(paragraph 2). Essential (by 30 %) increase

Table 3. Comparative physical and mechanical properties of samples of submicron hard alloys

group WC-6Co

No. Samples Structure characteristics
f;ﬁgggfs Destiny y, g/cm3 Thermal Hardness HRA HV Fracture
conductivity A, (15), GPa toughness, K,
W/m-K MPa-m!/2
1 VS 14.64 61 90.2 11.4
16.10
2 EC 14.99 90 93.2 15.3
18.20
3 N1¥ 14.77 - 93.3 9.0
18.10
4 K1% 14.88 - 92.7 9.3
17.26

K., was determined according to Palquist (loading P = 750 N);

* (") the data from [5] VK6 — 62 W/m-K.
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Fig. 3. Fractograms of samples after sintering under different conditions: VS (a), ES (b).

of thermal conductivity, as well as crack
resistance (by 38 %) can be explained by
change in the state of the intercarbide
boundaries.

As the results of the research show, the
electrosparking significantly affects the
grain boundaries, increasing the thermal
conductivity, hardness, and fracture tough-
ness of the samples, compared with the sam-
ples after VS. In this case, there is signifi-
cant increase of two characteristics — hard-
ness and fracture toughness.

Such an increase in properties, with
smaller average size (dyyc) of the carbide
grain, in addition to the less residual poros-
ity of the structure (Table 8), is explained
by increase in the strength of the intercar-
bide boundaries. The obtained value of the
hardness of the sample after ES is at the
level of hardness of the best grades of hard
alloy of this group of leading manufactur-
ers of the world (pos. 3, 4). Fractograms of
the samples after the VS and ES are shown
in Fig. 2. The fractograms of both samples
confirmed the results of Table 2 of presence
in their structures the individual large
grains of WC and their clusters. Consider-
ing the intensive electrosparking conditions
at which the recrystallization process is un-
likely to proceed, it can be asserted that such
grains are present in the initial mixture. The
fracture of the sample after ES is more relief
than the sample after VS, as evidenced by the
high contrast (the presence of light and dark
colors in the electronic image).

As can be seen from Fig. 2a the samples
after the VS are destroyed by intercristality
mechanism, which is characteristic for de-
struction of this type of hard alloys with
grains of tungsten carbide recrystallized to
prismatic shape. For the sample after ES
(Fig. 2b), the destruction is also mainly in-
tercrystallite in the structure with the
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grain size of less than 2 um, which have
rounded non-recrystallized shape. At the
same time, the grains more than 4 um are
transcristally destroyed. It is also important
to note that on the surface of the sample
breaking after the ES the greater surface
relief was revealed, which is caused by the
protrusions and depressions both from indi-
vidual grains and from their accumulations.
In this case, this can be uniquely conse-
quence of the high strength of the grain
boundaries.

4. Conclusions

The research of the structure formation
and physico-mechanical properties of the
hard alloy from commercial grade BK6-OM
powder under standard vacuum free sinter-
ing and electrosparking in vacuum at lig-
uid-phase (T = 1320°C) and solid-state (T =
1200°C) under conditions of intense compac-
tion at pressure of P =40 MPa was per-
formed and the following results were ob-
tained:

— under the conditions of standard free
sintering in wvacuum, characteristic struc-
ture for the BK6M alloy is formed, which is
associated with the recrystallization of car-
bide grains;

— under conditions of ES at tempera-
ture (T = 1320°C) the structure with inclu-
sions of the n-phase is formed, not allowed
by GOST;

at temperature T = 1200°C the fine-
grained, two-phase, high-density structure
with a granulometric composition is formed,
which is regulated by GOST for the hard
alloy BK60OM;

— the presence of individual coarse
grains of up to 12 um and their clusters up
to 20 um in size is observed, which under
the conditions of ultrahigh high-speed solid-

Functional materials, 25, 2, 2018
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phase compaction and short-term (38 min)
isothermal exposure is due to their presence
in the initial mixture;

— the presence of the large (up to 2 %)
oxygen content correlates with the oxygen con-
tent in the initial mixture, which, unlike vac-
uum sintering, is not removed from the sample
through intensive compaction conditions;

— there is increase of the thermal con-
ductivity by 30 %, hardness, crack resis-
tance by 5.0 MPaml!/2 compared to the
sample after the sun, due to the high den-
sity of the structure, the strength of the
grain boundaries, and the narrow (0.4—
0.5 um) size interval Co layers.
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