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Abstract. A large specific surface area of WC nanopowder determines its high chemical activity and makes it very sensitive
to various impurities, among which oxygen is most harmful and unavoidable. During heating, oxygen interacts with carbon
of WC being removed in the form of CO/CO,, which finally leads to the appearance of embrittling n-phases in the hard
alloy, abnormal growth of WC grains, and formation of a porous microstructure. To prevent heavy decarburization of WC
during vacuum sintering of hard alloy from a nanocrystalline powder mixture WC—6wt.%Co, in this work we compared three
methods: addition of extra carbon to compensate for carbon loss as a result of decarburization; addition of Al to bind impurity
oxygen into Al,O, before it interacts with carbon of WC; and addition of ZrC to compensate for carbon loss and bind impurity
oxygen into ZrO,. Nanocrystalline powder mixtures based on WC-6 wt.%Co with and without additions of C, Al, and ZrC
were prepared from microcrystalline powders of WC, Co, Al, ZrC, and carbon black by high-energy milling, then they were
compacted in a cylindrical mold by uniaxial pressing at a pressure of ~460 MPa and sintered in graphite crucibles for 15 min
at 1380 °C in vacuum of ~1072 Pa. The heating rate to the temperature of sintering was 10 °C/min. The initial powders, powder
mixtures prepared therefrom, and sintered hard alloys were certified using X-ray diffraction, chemical analysis, scanning electron
microscopy, BET adsorption method, helium pycnometry, and Vickers method. The studies performed showed that the average
particle size in all the prepared powder mixtures does not exceed 100 nm, and the content of impurity oxygen in them varies
from 3.3 to 4.3 wt.% depending on the additives. It was established that only a part of oxygen contained in the powder mixtures
is in the chemisorbed state and takes part in the decarburization of WC during vacuum sintering. The Al additive is completely
oxidized during milling of the powder mixture and transforms into nanocrystalline Al,O,, which only aggravates carbon loss
during sintering and results in the formation of a multiphase and relatively porous microstructure of the hard alloy. On the
contrary, using carbon and ZrC additives we managed to prevent the decarburization of WC during sintering of the hard alloy
and to form a less porous microstructure in it. It was shown that the presence of ZrO, inclusions does not impede intensive
growth of WC grains during sintering, but rather promotes it. Carbon deficit slightly suppresses intensive WC grain growth
during sintering of hard alloy leading to the formation of n-phases and to an increase in the density and microhardness, but
the presence of oxide inclusions Al,O, and ZrO, in the microstructure reduces the values of these properties.
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AHHOTaL‘Mﬂ. bonbmas YACIbHasA TMOBEPXHOCTb HAHOIIOPOIIKa wC O6YCIIOBHI/IBaeT €r0 BBICOKYIO XMMHUYCCKYH) aKTUBHOCTbH

U JeNaeT €ro OYeHb YYBCTBUTEILHBIM K PA3IMYHBIM MPUMECSIM, CPEIU KOTOPBIX KHUCIIOPOI SIBISiETCSl Hanbolee BpeaHOU
u HensoesxkHoi. [Ipu Harpese kucnopos B3aumozeicTayer ¢ yrnepogom WC, ynanssice B Buae CO/CO,, 4To B KOHEYHOM MTOTE
MIPUBOJUT K 00Pa30BAHUIO B TBEPJOM CIUIABE OXPYHMUUBAIOIIUX TM-(a3, aHoManbHOMY pocTy 3epeH WC u GpopMUPOBaHHUIO
MOPUCTOW MHKPOCTPYKTYpBL. JIsi mpenoTBpamenust cuibHOTO obe3yrepoxuBanis WC TpH BaKyyMHOM CHEKaHHH
TBEP/IOTO CIIaBa M3 HAHOKPHUCTAJIHMYeckol mopomikoBoil cmecn WC—6mac.%Co B naHHOH paboTe CpaBHUBAINCH TPH
crocoba: nobaBiieHHe M30BITOUHOTO ymiepoja Ajs KOMIIGHCALUM MOTeph B pe3ylbrare 00e3ylIepOKUBAHUS; BBEACHHE
B IIOPOIIKOBYIO CMECH aJIFOMHUHUS JUISl CBA3BIBAHUS NPUMECHOTO Kuciopona B Al O, 10 B3anMojeiCTBHSA €10 ¢ YIIEpoaom
WC; ucnonbsopanue n100apku ZrC juis KOMIEHCALMH IOTEPU YIIEPOA M CBA3BIBAHUA IIPMMECHOTO Kucinopoaa B ZrO,.
Hanoxkpucrammyaeckue mopomkoBsle cMecu Ha ocHoBe WC—6Mmac.%Co ¢ nodaBkamu C, Al, ZrC u 6e3 HUX TOTOBHIINCH
u3 MUKpokpucTandeckux nopomkoB WC, Co, Al, ZrC u caxku ¢ IOMOLIBbIO BBICOKO?HEPIeTUYECKOIO pa3Moia, 3aTeM
KOMIAKTHPOBAJIUCH B IIUIIMHPUYECKOHU pecc-(hopMe Iy TeM OHOOCHOTO ITpeccoBaHus 1pu gasienun ~460 MIla u cnekanuch
B Ipa(UTOBBIX TUIVIAX B TedeHue 15 mun npu temmeparype 1380 °C B Bakyyme ~10-2 T1a. CKOpoCTh Harpesa 0 TEMIIEPATypPhI
cnekanusi coctapisuia 10 °C/MuH. ATTeCTalusi MCXOAHBIX TOPOIIKOB, MPHUIOTOBICHHBIX M3 HUX TMOPOIIKOBBIX CMeEcCeH,
a TAaK)K€ CIICUYCHHBIX TBEPABIX CINIAaBOB OCYLICCTBJISJIACH C ITOMOIIBIO pCHTFCHOBCKOﬁ )II/I(i)paKLlI/II/I, XUMHUYCCKOIo aHajiusa,
CKaHMPYIOLIEH AJIEKTPOHHOW MHKPOCKONHH, aJcopOruoHHoro Merona bOT, renueBoil nmukHoMeTpun U Metona Bukkepca.
HccnenoBanust OKa3ali, 9TO CPEAHUH pa3Mep YaCTHI] BO BCEX IPUTOTOBICHHBIX MOPOIIKOBBIX CMeCsX He mpeBbiaet 100 HM,
a coleprkaHue MPUMECHOTO KHCIOpOAa B HUX Bapeupyercs oT 3,3 1o 4,3 mac. % B 3aBUCHMOCTH OT J0OABOK. YCTaHOBJICHO,
4TO JIMIIb YaCTb COACPIKAILICTOCA B IOPOMIKOBBIX CMECAX KHCIOpOAa HAaXOAUTCSA B XCMOCOpGI/IpOBaHHOM COCTOSITHUH
U IpUHKUMaeT y4yactue B ooesyniepokuBannu WC ripu BakyyMHOM criekanuu. Jlo6aBka Al ipu pa3zmorie mopomkoBoii cMecu
THOJIHOCTBIO OKHCIISETCS W NPEBPAIAETCs B HAHOKpUCTaIndeckuil okeua Al,O,, 4To ToNbKO yCyryOiseT oTepro yrieposa
[IPY CHIEKaHUU U IPUBOJMT K (POPMHUPOBAHMIO MHOTO(A3HOH U OTHOCUTENBEHO MTOPUCTON MUKPOCTPYKTYPBI TBEPIOTO CILIaBa.
Hao6opor, ¢ momo1ikto 106aBok yriepona u ZrC ynaercs npeaoTBparuTb 00esyriepoxrnsanine WC npu criekaHud TBEPIOTO
cruiaBa U cpopMHUpOBaTH B HEM HAaMMEHEE MOPHUCTYI0 MUKPOCTPYKTYypy. IlokazaHo, 4yTO Hanuyne OKCHUIHBIX BKIIOUEHHUN
ZrO, He NIpenATCTBYeT MHTEHCUBHOMY pocTy 3epeH WC Npu crieKaHHH, a CKopee, Hao00poT, cnocoOcTByeT sToMy. Heduuur
yIIeposia HEMHOTO C/ICPKHMBAECT MHTEHCUBHBIA pocT 3epeH WC mpH ClIieKaHuHM TBEPJOro CIUIaBa, MPHBOIS K 00Pa30BaHHIO
N-(ha3 1 NOBBIIEHHUIO ITIOTHOCTH ¥ MUKPOTBEPAOCTH, HO IPUCY TCTBHE OKCUIHBIX BKIHoueHUi Al,O, u ZrO, B MUKPOCTPYKTYype
CHIKAET BEJTMYUHBI ATUX CBOWCTB.

KnroueBbie cnoBa: kapou| Bosb(ppama, altoOMAUHUN, KapOUI UPKOHHUS, BBICOKOIHEPTETUYECKUI pa3Mol, HAHOKPUCTAITMYCCKUAN
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Introduction powders is predominantly in the chemisorbed state,

Thanks to an outstanding combination of high
hardness values and impact toughness, hard alloys,
compared to other cutting materials (such as diamond
or high speed steels), have a wide range of applica-
tions in many industries, e.g. as cutting tools (turning,
milling, drilling tools) for metalworking, as part of the
components of drill bits for well drilling, tunneling,
and road pavement removal, as wear-resistant parts
in drawing and stamping tools, etc. [1-3].

In the vast variety of available hard alloys, WC—Co
system alloys are among the most common and
required. The combination of the high hardness and
strength of WC, which is maintained even at relatively
high temperatures, with the ductility and high impact
toughness of Co results in WC—Co alloys with high
hardness, strength and wear resistance [4; 5]. Research
into the physical, mechanical and performance proper-
ties of these alloys continues to this day. In the last
three decades, the main efforts were aimed at deve-
loping various methods of obtaining nanocrystalline
WC powders and mixtures based on them [6—10], as
well as methods of their consolidation [11-20] for the
production of hard alloys with a submicro- and nano-
crystalline structure, which would enable significant
improvement of their mechanical properties [21-23].

However, the transition from the use of microcrys-
talline to nanocrystalline carbide powders also exa-
cerbates their contamination problem. The extremely
large specific surface area of nanopowders determines
their high chemical activity and makes them very sen-
sitive to various impurities. The surface of carbide
nanoparticles may contain adsorbed water and other
impurities. Oxygen is the most harmful and unavoi-
dable of these contaminants, its content usually greatly
exceeding the total amount of all other impurities and
determining the overall purity of the carbide nanopow-
der [24]. It was shown in [25; 26] that vacuum heating
of nanocrystalline WC powders, regardless of their
production method, is accompanied by decarburiza-
tion of WC and leads to a change in their phase com-
position. When carbon is added to WC nanopowder,
the latter retains its single-phase nature, but the strong
growth of carbide particles is provoked, transforming
the powder into a microcrystalline one. In the case
of WC—-Co hard alloys produced from nanopowders,
decarburization during sintering caused by oxygen
adsorbed on the surface of nanoparticles ultimately
leads to the formation of embrittling n-phases in the
alloy and abnormal growth of carbide grains [27-29].

The study of micro- and nanocrystalline TaC pow-
ders has shown that the content of adsorbed oxygen
in them increases linearly with the specific surface
area of the powder and that most of the oxygen in the

forming several monolayers of the Ta,O, oxide phase
on the particle surface [30]. An assessment of the pos-
sible loss of carbide carbon due to the desorption
of chemisorbed oxygen in the form of CO showed
that high-temperature sintering of nanocrystalline
TaC powders, in contrast to microcrystalline ones, can
be accompanied by their significant decarburization,
which ultimately leads not only to a change in the com-
position (y) of TaC carbide, but also to a change
in the phase composition of the entire powder, which
was later confirmed experimentally [31]. Besides, the
desorption of chemisorbed oxygen in the form of CO
and CO, during sintering of dense compacts of car-
bide nanopowders results in the formation of a porous
structure [32]. To avoid this, the impurity oxygen must
be bound during sintering into strong, hard and refrac-
tory oxides that take the place of possible pores before
the oxygen begins to interact with the carbon of the
carbide. Candidates for this role may be Al or Zr, which
have a higher affinity for oxygen compared to W and
form the oxides Al,0, and ZrO, that are well known
as the basis of modern ceramic materials with high
mechanical strength, hardness, wear resistance, refrac-
toriness, chemical and corrosion resistance [33; 34].

As evidenced by numerous publications [35-38],
the practice of modifying WC—Co hard alloys with
Al O, or ZrO, nanoparticles to improve their physical
and mechanical characteristics and performance has
been in place for a long time. However, to form these
particles during sintering, oxide nanoparticles, rather
than pure metals, are added to WC-based nanocrystal-
line powder mixtures, as a rule. There are studies on
the effect of Al additives in WC—Co powder mixtures,
but they are usually microcrystalline powders with
a low content of impurity oxygen; therefore, no Al,O,
is formed after sintering and only the presence of inter-
metallic Al-Co phases is detected [39].

The aim of this study is to find out whether it is
possible to prevent strong decarburization of WC in
a compacted WC—Co nanocrystalline powder mixture
with the help of Al, ZrC, and carbon additives during
conventional vacuum sintering and how these addi-
tives affect the microstructure and microhardness of
the hard alloy.

Materials and Methods

To compensate for the loss of carbon and prevent
strong decarburization of WC during vacuum sinter-
ing of a hard alloy, the results of using three additives
were compared: carbon — to compensate for losses due
to decarburization; aluminum — for binding impurity
oxygen into solid and refractory oxide Al,O, before
its interaction with the carbon of WC; ZrC — to com-
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pensate for the loss of carbon and binding of impurity
oxygen into refractory oxide ZrO,.

The selected additives were introduced into the pow-
der mixture in different amounts, due to the sequence of
the experiments and the results obtained. The addition
of Al was calculated based on the loss of carbon, which
was determined from the change in the phase composi-
tion during the sintering of the WC nanopowder (with-
out Co). The sample sintered from the WC nanopow-
der contained, along with WC, about 7.5 wt. %' W,C,
which corresponds to ~0.2 % carbon deficiency (loss)
for the formation of single-phase WC. Assuming that
the loss of carbon occurred only as a result of interac-
tion with adsorbed oxygen with the formation of CO,
at least 0.3 % of oxygen would be required to remove
0.2 % of carbon. To bind 0.3 % oxygen into Al,O,
oxide, a minimum of 0.4 % Al is required, taking into
account that there is always an oxide film on the surface
of Al particles the thickness of which in nanopowders
obtained by milling is ~5 nm [40].

The carbon addition was calculated in a similar
way, but by the change in the phase composition of
the hard alloy made from the WC—-6%Co nanocrys-
talline powder mixture. According to the phase com-
position of the sintered hard alloy (wt. %: 83.7 WC,
8.2 Co,W,C, 4.7 Co,W,C, 3.4 Co,W), its carbon con-
tent does not exceed 5.3 %, while it should be at least
5.8 %. Thus, the addition of carbon to the WC—-6%Co
powder mixture to compensate for its loss was 0.5 %.

Likewise, the addition of ZrC was also calculated
from the change in the phase composition of the hard
alloy, but in this case, the possible presence of oxygen
on the surface of ZrC nanoparticles after milling was
taken into account. Therefore, the case of a sufficient
amount of oxygen on the surface of carbide particles
to be removed after interaction with the carbide car-
bon mainly in the form of CO, was considered, rather
than in the form of CO, as was considered in the case
with Al. A minimum of 1.3 % oxygen is required to bind
0.5 % carbon in CO,. But to avoid the loss of carbon
and completely bind this oxygen in ZrO,, at least
4.2 % ZrC is required. Assuming that the interaction of
impurity oxygen with carbide carbon can form not only
CO,, but also CO, 4.0 % of ZrC carbide was added to
the WC-6%Co powder mixture before milling.

Nanocrystalline powder mixtures of WC-6%Co
with and without additives were prepared using
high-energy milling of microcrystalline WC powders
(D,,=6 um,C_=6.15%,C, =0.07%,0,_ = 0.09 %,
Kirovgrad hard alloys plant (KZTS), JSC, Kirovgrad),
Co (D,, = 3 um, KZTS, JSC), Al (D, =25 um, RUSAL,
Krasnoyarsk), ZrC (D, =4 um, C_ =10.26 %,

Ciee = 1.72 %,0,, = 1.40 %, Donetsk Plant of Chemical

'Here and elsewhere - wt. %, unless otherwise stated.
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Reagents, JSC (DZKhR), Donetsk) and carbon black
(soot) grade T-900 (D, = 0.4 um, Russia).

Milling of microcrystalline powders taken in
a given ratio was carried out using a “Pulverisette 7”
planetary ball mill (Fritsch, Germany) using grinding
balls and grinding jar lining made of WC—6%Co hard
alloy. The same grinding mode was used to prepare all
powder mixtures: the rotation speed of the grinding jar
support disk was 600 rpm; the weight of the powder
taken for grinding was 10 g; the weight of the grind-
ing balls with a diameter of 3 mm ~100 g; grinding
jar volume — 45 mL; the volume of isopropyl alcohol
C,HO (high purity, 99.9 %, Component-Reaktiv, Ltd,
Moscow) added during milling was 10 mL. After mill-
ing, the powder mixtures were dried in the vacuum
drying cabinet VDL 23 (Binder, Germany) at a pres-
sure of ~10° Pa and a temperature of 85 °C.

The compaction of powder mixtures was carried
out at room temperature in a steel cylindrical mold
with a punch diameter of 7.45 mm using uniaxial
pressing at a pressure of ~460 MPa. Sintering of com-
pact samples placed in graphite crucibles was carried
out in a high-temperature vacuum furnace LF-22-2000
(Centorr/ Vacuum Industries, USA) for 15 min at
t=1380 °C in a vacuum of ~1072 Pa. The heating rate
to the temperature of sintering was 10 °C/min.

After sintering, the samples were cut in half along
the cross section, the surface of which was then ground
and polished on a “Buehler” machine (Germany) using
grinding discs and diamond suspensions with a disper-
sion of 30 to 1 pm.

The crystal structure, phase composition, and lattice
parameters of the powders were studied using X-ray
diffraction on an XRD-7000 diffractometer (Shimadzu,
Japan) with a Bragg—Brentano flat sample arrangement
in the angle range 26 from 10 to 140° with stepwise
scanning A(20) = 0.03° and an exposure time of 2s
at a point and CuK(11 , radiation. The X-ray phase analy-
sis (XPA) of hard alloys was carried out on a STADI-P
diffractometer (Stoe, Germany) with a Bragg—Brentano
flat sample arrangement in the angle range 26 from
5 to 120° with stepwise scanning A(20) = 0.03° and
CuKu1 , radiation. The X-ray patterns were analyzed

by the Rietveld method using the X'Pert HighScore Plus
Version 2.2¢ software package and the X-ray diffraction
data library built into it. The broadening of diffraction
reflections of WC was used to determine the average
size of coherent scattering regions (DCSR) of X-rays
and the magnitude of microstrains (g).

Chemical analysis of powders for the content of
total (C,,,) and free (C,,,,) carbon was carried out using
a “Metavak CS-30” analyzer (NPO Eksan, Izhevsk).
The total oxygen content (O, ) in these powders was
determined by reductive melting in a carrier gas flow
on an EMGA-620W/C gas analyzer (Horiba, Japan).



Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2023;17(1):49-62
Briakunov S.V., Kurlov A.S. Microstructure and phase composition of hard alloys produced ...

The morphology and particle size of powders, as
well as the microstructure of hard alloys, were studied
using a JSM 6390 LA scanning electron microscope
(SEM) (Jeol, Japan) equipped with a JED 2300 ana-
lyzer (Jeol, Japan) for Energy Dispersive X-ray (EDX)
analysis of the studied area.

The specific surface area (Ssp) of the powders was
measured by the Brunauer—Emmett-Teller (BET)
adsorption method using a “Gemini VII” surface area
and porosity analyzer (Micromeritics, USA) after degas-
sing the powders in a vacuum of ~10 Pa at a temperature
of 350 °C for 1 h. Assuming the approximation of the
same size and spherical shape of particles, the average

particle size Dy = , was determined from the

pcalc sp
measured value Seps where pcalc is the density calcu-
lated by the mixture rule according to the X-ray phase
composition.
The density of hard alloys (p,..) was deter-
mined using an “AccuPyc II 1340” helium pycno-

meter (Micromeritics, USA) and a measuring cham-
ber with a volume of 1 cm?. The porosity of hard
alloys was calculated according to the formula:
p= Pealc ~ Pmeas 100 %.
pcalc

The microhardness of hard alloys was measured
according to the Vickers method on a MICROMET-1
microhardness tester (Buehler, Germany) with an
automatic indentation of a diamond pyramid at a load
0f 200 g and a the duaration of loading of 10 s. At least
10 measurements (diamond pyramid indentations)
were carried out on each sample, after which both
diagonals were measured on each indentation, and the
average microhardness value and the measurement
error were determined from the data obtained.

Results and discussion

The X-ray diffraction patterns of all the initial pow-
ders (Fig. 1) used in this work for the preparation of

Intensity

a
WC (P-6m2) —98.4 %
W,C (P6,/mmc) — 1.6 %
1 W,C
A% J{ L llk L A M jk_}t ]
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a+p a+p

a-Co (P6;/mmc) —30.5 %
B-Co (Fm-3m)—69.5 %

Al (Fm-3m) — 100.0 %
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Fig. 1. X-ray diffraction patterns of the initial WC (a), Co (b), Al (¢) and ZrC (d) powders

Puc. 1. Pentrenorpammsl ucxoansix nopomkoB WC (a), Co (b), Al (¢) u ZrC (d)
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nanocrystalline powder mixtures show rather narrow
diffraction reflections, which confirms their coarseness.
The WC powder is two-phase (Fig. 1, @) and, along
with the main phase of hexagonal WC (sp. gr. P-6m?2),
contains a small amount of lower tungsten carbide
W,C with a hexagonal structure (sp. gr. P6,/mmc),
which indicates insufficient content of bound carbon in
the W—C system. According to chemical analysis, the
content of bound carbon (6.08 %) in WC powder is,
indeed, lower than the stoichiometric value (6.13 %),
however, there is present free carbon (0.07 %), there-
fore, the total carbon content in the powder (6.15 %) is
sufficient to achieve single-phase WC during sintering.
Cobalt Co powder (Fig. 1, b) is also two-phase and
contains both crystalline modifications: low-tempera-
ture (up to 427 °C) a-Co with a hexagonal structure
(sp. gr. P6,/mmc) and high-temperature (from 427 to
1495 °C) B-Co with a cubic structure (sp. gr. Fm-3m).
Al (Fig. 1, ¢) and ZrC (Fig. 1, d) powders are single-

phase and contain only cubic phases (sp. gr. Fm-3m)
of Al and ZrC, respectively.

According to SEM images (Fig. 2), the Al pow-
der (Fig.2, ¢) contains the largest particles (up to
30—40 um), which are several times larger than the
particles of other powders. Co and ZrC powders, on
the contrary, appear to be the most dispersed, show-
ing very small rounded particles <1 pum in size, how-
ever, most of them are tightly bound together and
form large agglomerates with a highly developed
surface, ranging in size from hundreds of nanometers
to several micrometers (Fig. 2, b, d). The WC powder
(Fig. 2, a) is similar in particle morphology to Al pow-
der (Fig. 2, ¢), but is closer to Co and ZrC powders in
particle size and their agglomerates (Fig. 2, b, d).

Table 1 shows the average, maximum, and mini-
mum particle sizes of the initial powders, determined
from their SEM images, as well as their specific sur-
face and the average particle size calculated from it.

A

Fig. 2. SEM images of the initial WC (a), Co (b), Al (c¢) and ZrC (d) powders

Puc. 2. COM-u3o6paskenust ucxoaubix mopoiikoB WC (a), Co (b), Al (¢) u ZrC (d)

Table 1. Characteristics of initial powders

Ta6nuya 1. XapaKTepUCTHKHU HCXOIHBIX OPOLIKOB

Powder D, ,pm Dwm | D .uym | S m¥g |p,.gem’ | Dy, pm
wC 3.03 0.52 12.08 0.19+0.01 15.70 1.97
Co 1.37 0.30 4.48 0.98 +0.01 8.80 0.69
Al 7.91 0.70 36.36 0.37+0.02 2.70 6.02
ZrC 1.83 0.39 5.98 0.68 + 0.01 6.63 1.32
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After preparation, all powder mixtures, according
to X-ray diffraction (Fig. 3) and SEM (Fig. 4), look the
same. The X-ray diffraction patterns of the mixtures
(Fig. 3) show the same reflections as for the initial
WC powder (see Fig. 1, @), which belong to the WC
and W,C phases. However, due to the small size of
the CSR and the presence of microdeformations, the
diffraction reflections in the X-ray diffraction patterns
of powder mixtures are noticeably broadened, due to

which weak reflections of Co and Al or ZrC, are not
visible. A quantitative analysis of the broadening of
WC reflections showed that the average CSR sizes and
microstrains for WC particles in all powder mixtures
have close values (Table 2). The same is observed on
the SEM images (Fig. 4), where powder mixtures have
very little differences both in terms of particle size and
morphology, although the initial powders were con-
siderably different, especially Al powder (see Fig. 2).
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o — WC (P-6m2) a
* —W,C (P6,/mmc)
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Fig. 3. X-ray diffraction patterns of nanocrystalline powder mixtures
WC-6Co (a), WC—6C0-0.5C (b), WC—6Co—0.4Al (¢) and WC—6Co-4ZrC (d)

Puc. 3. PeHTreHOrpaMMBbl HAHOKPHCTAJUTHMYECKHUX TTOPOIIKOBBIX CMeCceH
WC-6Co (a), WC-6Co0-0,5C (b), WC-6Co-0,4Al (¢) u WC-6Co—-4ZrC (d)

Table 2. Characteristics of nanocrystalline powder mixtures

Tabnmya 2. XapaKTepucTHKUA HAHOKPHUCTANIMYECKHUX MOPOIIKOBBIX cMeceii

Powder O, Wt.% | S, m*g | p_.,gem® | Dpo,onm | Dig,nm | € %
WC-6Co 33+0.1 5.81£0.05 14.99 69 47 0.81
WC-6Co—-0.5C 34+0.1 5.03 +£0.04 14.49 82 34 0.70
WC-6Co-0.4A1 | 42+0.1 8.12+0.06 14.74 50 33 0.75
WC-6Co—4ZrC 43+0.1 9.64 +0.06 14.25 44 39 0.88
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Fig. 4. SEM images of powder mixtures
WC-6Co (a), WC-6C0-0.5C (b), WC—-6C0o-0.4Al (¢) and WC-6Co-4ZrC (d)

Puc. 4. COM-u300paxeHHs IOPOIIKOBBIX cMeceit
WC-6Co (a), WC-6C0-0,5C (b), WC-6C0-0,4Al (c) un WC-6Co—-4ZrC (d)

Thus, all the additives used in this work not only did
not affect the grinding of WC, but themselves turned
out to be grinded and subjected to grinding and uni-
form distribution throughout the volume of the powder
mixture, including Al. This is also confirmed by the
values of the specific surface area of powder mixtures
(Table 2), which are an order of magnitude higher than
the values for the initial powders (Table 1), whereas
the average particle sizes in the mixtures calculated
from the specific surface turned out to be close in
magnitude to the average CSR sizes and do not exceed
100 nm (Table 2). It should be noted, however, that
the additives introduced into the powder mixture, as
expected, also introduced additional oxygen; its mea-
sured total content in nanocrystalline powder mixtures
significantly exceeds the amount estimated based on
the change in the phase composition (Table 2).

Despite the similarity of the obtained powder mix-
tures, hard alloys sintered from them significantly dif-
fer from each other both in phase composition (Fig. 5)
and in microstructure (Fig. 6). On the X-ray diffraction
pattern of the WC—-6Co hard alloy (Fig. 5, @), which
was sintered from the WC—-6%Co powder mixture
without any additives, diffraction reflections of three
other phases are clearly visible in addition to the
main phase WC, which indicate a carbon deficiency
and are extremely undesirable in a hard alloy [41].
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The addition of carbon to the powder mixture almost
completely made up for its deficiency in the sintered
hard alloy, its X-ray diffraction pattern of the main WC
and Co phases are observed, however, weak lines of
the Co,W,C n-phase are still present (Fig. 5, b). The
addition of aluminum, on the contrary, only exacer-
bated the consequences of carbide decarburization,
as a result of which the qualitative phase composition
of the alloy became similar to the composition of the
hard alloy from a powder mixture without additives
(Fig. 5, a), while the content of undesirable phases
increased (Fig. 5, ¢). Probably, during the preparation
of the WC-6Co—0.4Al powder mixture, all the alu-
minium introduced was completely oxidized to Al,O,
during intensive grinding, and while sintering, instead
of binding the oxygen adsorbed on the carbide par-
ticles, it, on the contrary, brought additional oxygen to
its surface, resulting in an even greater loss of carbon.
The addition of ZrC to the powder mixture allowed
to preserve fully the WC and Co phases in the hard
alloy sintered from the mixture, binding most of the
adsorbed oxygen into the monoclinic ZrO, oxide, as
evidenced by the X-ray phase composition of the sin-
tered alloy (Fig. 5, d).

According to the XRD results of hard alloys, the
assessment of carbon loss (~0.5 %) and the amount
of oxygen involved (~1.3 %) based on the change in
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Fig. 5. X-ray diffraction patterns of hard alloys
WC-6Co (a), WC-6C0-0.5C (b), WC—6Co0-0.4Al (¢), and WC-6Co—-4ZrC (d)
The inset shows an enlarged fragment of the X-ray diffraction pattern with the most intense (11-1) line of the ZrO, phase

Puc. 5. PertreHorpaMMbl TBEp/IBIX CIUIABOB
WC-6Co (a), WC—-6C0—-0,5C (b), WC-6C0—-0,4Al (c¢) n WC-6Co—-4ZrC (d)
Ha BcraBke — yBenuueHHbIH (parMeHT peHTreHOrpamMMbl ¢ Haubosee uHTeHcuBHON nunuei (11-1) paser ZrO,

the phase composition allowed for fairly accurate cal-
culation of the amount of carbon and ZrC additives
required to prevent WC decarburization. However, the
measured total oxygen content in nanocrystalline pow-
der mixtures (see Table 2) turned out to be several-fold
higher than the estimated one. This means that only
a part of the oxygen contained in the powder mixture
is in the chemisorbed state, while the rest is present
in other forms, including in the form of physically
adsorbed water, which is removed upon heating with-
out taking part in the decarburization of WC.

The microstructure of the WC—6Co alloy sintered
from a powder mixture without additives (Fig. 6, a)
looks rather dense and includes WC grains (light-

colored), the space between which is filled with
cobalt-containing phases (dark-colored) detected by
X-ray diffraction (Fig. 5, a), and a few pores (black)
no larger than 1 um in size. Only WC grains and
their intergrowths separated by a cobalt binder are
observed in the microstructure of the WC—6Co—0.5C
hard alloy sintered from a powder mixture with the
addition of carbon (Fig. 6, b). As can be seen from
XRD-analysis, the addition of Al to the powder mix-
ture filled the microstructure of the hard alloy sintered
from it (Fig. 6, ¢) with a large number of rounded
inclusions (black-colored), resembling pores, among
the grains of WC (light-colored) and cobalt-containing
phases (dark-colored), (Fig. 5, ¢). The EDX analysis
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Fig. 6. SEM images of hard alloys
WC-6Co (a), WC-6C0o-0.5C (b), WC-6C0—-0.4Al (c¢) and WC-6Co—4ZrC (d)
and the results of EDX analysis of the selected areas (e, f)
Puc. 6. COM-u300paxeHnst TBEP/IbIX CILIaBOB
WC-6Co (a), WC-6C0-0,5C (b), WC-6C0-0,4Al (¢) u WC—-6Co—-4ZrC (d)
u pesysnbrarel EDX-ananu3a BelIeIeHHBIX obnactei (e, f)
Table 3. Characteristics of sintered hard alloys
Tabnuya 3. XapaKTepUCTHKH CIIeYeHHBIX TBEPABIX CILIABOB
Sample D ,ym | D um | D_ ,um | HV,GPa | p__ . g/lem® |p_ ,glem®| p, %
WC-6Co 0.80 0.14 2.57 193+0.8 | 15.144+0.01 15.41 1.8
WC-6Co0-0.5C 0.84 0.21 3.23 184+0.5 | 15.03+0.01 15.07 0.3
WC-6Co0-0.4Al 0.78 0.25 1.63 18.0+ 1.0 | 14.76 +£0.01 14.99" 1.5
WC-6Co4ZrC 1.08 0.28 4.43 172409 | 13.79+0.01 13.86" 0.5
* Taking into account that Al and ZrC transformed completely into AL,O, and ZrO, .

showed that the rounded dark areas observed in the
microstructure of the WC-6Co-0.4Al hard alloy con-
tain aluminum and oxygen (Fig. 6, ¢, e) and are Al,O,
particles and not pores. The authors of [36] reported
similar inclusions in the WC-3Co-3Al,0; alloy,
detected using field emission scanning microscopy
(FESEM) and EDX mapping (MAP), which showed
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that these are Al,O,. The microstructure of the hard
alloy (Fig. 6, d) made from a powder mixture with the
addition of ZrC is a dense composition of carbide WC
(light-colored) and oxide ZrO, (dark-colored) grains
surrounded by a cobalt layer, as confirmed by the
EDX (Fig. 6, f) and XFA (Fig. 5, d) analysis. Though
in the WC-6Co0—4ZrC powder mixture WC and ZrC
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nanoparticles are distributed uniformly over the
entire volume, as it can be seen from the SEM images
(Fig. 4, d), individual microcrystalline ZrO, and WC
grains formed in the microstructure of the hard alloy
sintered from the powder, i.e. the growth of grains of
various phases was not limited, as expected, on the
contrary, it was supported.

Table 3 shows the average, minimum, and maximum
WC grain sizes determined from several SEM images
for each hard alloy. According to these data, the car-
bon deficiency in the alloy inhibits the growth of WC
grains, especially in the presence of Al,O, particles,
while the addition of carbon or ZrC, quite the contrary,
promotes the growth of carbide grains, as confirmed by
the average and maximum grain sizes in the hard alloy
(Table 3). It is known that the presence of free carbon
promotes the growth of WC grains during sintering,
especially in the case of liquid-phase sintering [42].
According to [43; 44], during the oxidation of ZrC,
there is a dissolution of oxygen in the carbide lattice;
it is first accompanied by the formation of oxycarbide
with the release of free carbon and zirconium from the
carbide lattice; as oxygen further dissolves, the oxycar-
bide transforms into the cubic ZrO, phase containing a
certain amount of carbon, and then upon complete oxi-
dation, it transforms into the ZrO, monoclinic phase,
which is seen in the X-ray diffraction pattern of the
hard alloy (Fig. 5, d). Unlike ZrC, during the oxidation
of WC, carbon leaves the carbide lattice in the form of
CO/CO,, leading to its decarburization [43; 45]. Thus,
heating of the WC-6Co—4ZrC powder mixture, ZrC
carbide not only binds the adsorbed oxygen into ZrO,
oxide, but also compensates for the loss of carbon in
WC, as is the case with the addition of carbon in the
WC-6C0—-0.5C mixture.

The additives used not only affected the micro-
structure of the hard alloy, but also led to a decrease
in its density and microhardness (Table 3). The cal-
culated density of the hard alloy with the WC—-6Co
phase composition is 14.97 g/cm?®. However, due to
the loss of carbon during sintering and the resulting
formation of undesirable phases (Fig. 5, a), the den-
sity of the WC—-6Co hard alloy (both calculated and
measured) exceeded the expected one. The hard alloy
WC—-6C0-0.5C turned out to be closest to the WC—-6Co
hard alloy both in terms of phase composition and
density. As X-ray diffraction patterns of hard alloys
produced from powder mixtures WC-6Co—0.4Al and
WC—-6Co—4ZrC did not show reflections of the initial
phases (Al or ZrC), while inclusions close in composi-
tion to ALLO, and ZrO, were found in the microstruc-
ture, the density of the samples pcalc was calculated
from the X-ray phase composition, taking into account
the amount of oxide, into which the entire additive
could turn. Calculations and measured density values

of hard alloys showed that additions of carbon and
ZrC, making up for the loss of carbon during sintering,
contribute to the formation of a microstructure with
the lowest porosity compared to carbon-deficient hard
alloys (Table 3).

Besides, the deviation of the phase composition
of the hard alloy from the perfect WC—6Co is accom-
panied by an increase in the inhomogeneity (scatter
of values) of its microhardness, as confirmed by the
measured value's error (Table 3). Overall, the mea-
surements have shown that carbon deficiency leads
to an increase in microhardness, while the presence
of Al,O, and ZrO, oxide inclusions in the hard alloy
microstructure, on the contrary, reduces it.

Conclusion

Homogeneous nanocrystalline powder mixtures
with the average particle size not exceeding 100 nm
based on WC-6Co with and without additives of C,
Al, ZrC were prepared by high-energy milling from
crystalline powders differing in their composition,
properties, quantity, and average particle size. In the
obtained mixtures, a high oxygen content was found;
the amount of oxygen increases with the introduction
of additives, especially Al. Though the original alu-
minum powder contained very large particles, it was
completely oxidized during milling and turned into
nanocrystalline oxide Al,O;; this fact only increased
the loss of carbon during sintering and led to the for-
mation of a multiphase and relatively porous micro-
structure of the hard alloy.

It was shown that only a part of oxygen contained
in the powder mixtures is in the chemisorbed state and
takes part in the decarburization of WC during vacuum
sintering. The use of carbon and ZrC additives allowed
to prevent the decarburization of WC during sintering
of the hard alloy and to form a less porous microstruc-
ture in it. However, even the presence of ZrO, inclu-
sions could not impede the intensive growth of WC
grains during sintering, on the contrary, it rather pro-
moted it. Besides, the microhardness measurements
have shown that carbon deficiency leads to an increase
in microhardness, while the presence of Al,O, and
Zr0O, oxide inclusions in the hard alloy microstructure,
on the contrary, reduces it.
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