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This article examines the influence of thermo-oxidative and vibration strengthening methods on the
resistance of hard alloys to brittle fracture. Cemented carbides based on tungsten carbide with a cobalt binder
(WC-Co) are widely used in mining, drilling, and cutting tools operating under conditions of high loads and
dynamic impacts. Under such operating conditions, the reliability and durability of hard-alloy tools depend not
only on hardness and wear resistance but also on the ability of the material to resist crack initiation and
propagation.

The theoretical basis of the research is the Griffith—Orowan brittle fracture theory, which relates the
strength of brittle materials to the effective surface energy and the critical length of defects present in the
material. Particular attention is given to the role of the cobalt binder phase in the fracture mechanism of WC—
Co alloys. It is assumed that the main contribution to the fracture energy is associated with the plastic
deformation of the cobalt phase located near the crack tip. Consequently, changes in the structural state of the
binder phase during post-sintering treatments may significantly influence the mechanical properties of the alloy.

The experimental results demonstrate that both thermo-oxidative and vibration treatments lead to an
increase in the strength characteristics of WC—Co alloys. The strengthening effect is mainly associated with
structural and mechanical changes occurring in the cobalt binder phase, which increases the ability of the
material to absorb deformation energy near the crack tip.

The obtained results confirm the effectiveness of combined strengthening technologies for improving the
reliability and durability of hard-alloy tools. These findings may be useful for optimizing technological processes
in the production of cemented carbide components intended for operation under severe loading conditions.

Keywords: hard alloys, cemented carbides, tungsten carbide—cobalt alloys (WC—-Co), thermo-oxidative
treatment, vibration processing, strengthening methods, brittle fracture, fracture resistance, crack propagation,
mechanical properties.

Eq. 8. Fig. 2. Table. 2. Ref. 18.

1. Problem formulation

Hard alloys based on tungsten carbide with a cobalt binder (WC—Co) are widely used in mining,
drilling, and cutting tools operating under severe loading conditions. Such tools are subjected to complex
stresses, including high static and dynamic loads, impact forces, and abrasive wear. Under these conditions,
the reliability and durability of hard-alloy components depend not only on their hardness and wear resistance
but also on their ability to resist brittle fracture. However, cemented carbides are characterized by relatively
low fracture toughness, which increases the risk of crack initiation and propagation during operation.

When designing hard-alloy tools intended for operation over a wide range of loading rates and applied
forces, it is necessary to consider a complex combination of physical and mechanical properties of the material.
At the same time, it is often impossible to simultaneously achieve maximum values of all required
characteristics. For example, alloys with higher hardness and wear resistance usually demonstrate increased
brittleness, while alloys with improved strength and fracture resistance may exhibit reduced hardness.
Therefore, the selection of a particular grade of hard alloy for a specific application is usually associated with
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a compromise between these properties.

One of the possible approaches to improving the operational reliability of hard alloys is the use of
strengthening technologies applied after the sintering stage. Among such methods, thermo-oxidative treatment
and vibration processing are of particular interest. These methods can influence the structural state of the
material, especially the cobalt binder phase, and thereby modify the mechanical properties of the alloy.
However, the mechanisms by which these treatments affect fracture resistance and crack propagation behavior
remain insufficiently studied.

In particular, it is important to determine how thermo-oxidative and vibration treatments influence key
parameters of fracture mechanics, such as effective surface energy, bending strength, and resistance to crack
growth. A deeper understanding of these relationships would make it possible to optimize strengthening
technologies and improve the performance of hard-alloy tools operating under severe conditions.

Therefore, the problem addressed in this study is the investigation of the influence of thermo-oxidative
and vibration strengthening methods on the resistance of hard alloys to brittle fracture and the determination
of the mechanisms responsible for the improvement of their mechanical properties.

2. Analysis of recent research and publications

Hard alloys based on tungsten carbide with a cobalt binder (WC—Co) are widely used in modern
engineering due to their high hardness, wear resistance, and thermal stability. These materials are extensively
applied in mining, drilling, and cutting tools operating under severe mechanical and thermal conditions. However,
despite their high hardness, cemented carbides are characterized by relatively low fracture toughness, which
increases the risk of brittle fracture during operation. Therefore, many scientific studies focus on improving the
balance between hardness, strength, and resistance to crack propagation in these materials.

Recent research has shown that the mechanical properties of WC—Co alloys are strongly influenced by
their microstructure, including the size of tungsten carbide grains, the distribution of the cobalt binder phase, and
the characteristics of phase boundaries. In particular, coherent WC/Co phase boundaries can increase fracture
toughness because they impede the propagation of microcracks and promote crack-tip blunting within the ductile
cobalt phase. Such microstructural features improve the ability of the material to resist crack growth under
mechanical loading.

Another important research direction concerns the modification of cemented carbides through various
post-sintering strengthening technologies. Experimental studies demonstrate that additional treatments, such as
cryogenic processing or thermobaric synthesis, can significantly improve mechanical properties by refining the
microstructure, increasing compressive residual stresses, or modifying the phase composition of the cobalt
binder. These structural changes contribute to increased hardness, wear resistance, and fracture toughness of
WC-Co composites.

Modern investigations also analyze the mechanisms of crack initiation and propagation in cemented
carbides under cyclic and dynamic loading conditions. Studies of fatigue crack growth in WC—Co materials show
that the development of cracks is closely related to the size and distribution of defects, grain boundaries, and the
plastic deformation capability of the binder phase. Understanding these mechanisms is essential for improving
the reliability and durability of hard-alloy components used in industrial tools.

Despite the significant number of studies devoted to improving the mechanical properties of cemented
carbides, many aspects of strengthening technologies remain insufficiently investigated. In particular, limited
attention has been paid to the combined influence of thermo-oxidative treatment and vibration processing on the
fracture resistance of WC—Co alloys. A detailed study of these methods and their effect on crack propagation
resistance is therefore important for developing more effective strengthening technologies for hard-alloy tools
operating under severe loading conditions.

3. The purpose of the article

The purpose of this article is to investigate the influence of thermo-oxidative and vibration
strengthening methods on the resistance of tungsten carbide—cobalt (WC—Co) hard alloys to brittle fracture.
The study aims to determine how these technological treatments affect the mechanical properties, effective
surface energy, and crack propagation resistance of the material, as well as to identify the mechanisms
responsible for the improvement of fracture toughness in cemented carbides.

4, Results and discussion

When designing a hard alloy tool, for example, a mining cutting and drilling tool, intended for work
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in a wide range of loading speeds and applied forces, it is necessary to take into account a number of indicators
of the physical and mechanical properties of alloys. However, not all the main characteristics can be high at
the same time, therefore, when choosing a brand of hard alloy, based on the expected operating conditions of
the tool, one always has to make a compromise decision: either give up hardness, and hence wear resistance,
but choose an alloy with greater dynamic strength, or incorporate a harder but brittle alloy and thereby increase
the danger. In this regard, it is of practical interest to clarify the influence of hardening methods on the
resistance of hard alloys to brittle fracture, since it is known [1] that during deformation hardening, the plastic
properties of the material deteriorate and its brittleness increases.
by Griffiths , is based on equation (1.1)

2E 2
5, = [_Vecb_] (1)
(1 - 'u)zT[le

where §,the stress normal to the plane of a two-dimensional crack, with a length of E is Young's
modulus; u- Poisson's ratio; y, 4 —effective surface energy, which means the work of creating a unit area of a
new fracture surface; [, — the critical half-length of the defect in the material (the width of the defect is
negligibly small).

The quantity y,, consists mainly of the true surface energy of the substance yand the work P of plastic
deformation of a small volume of the sample adjacent to the moving crack tip.

Yep =V +P 2)

In brittle fracture of metals, for example, in Orovan's experiments on brittle fracture of low-carbon
steel at low temperature [2, 3], the work of plastic deformation of the layer adjacent to the fracture surface is
two to three orders of magnitude greater than the surface energy of the metal, as a result of which the value
can be neglected y. Then equation (1.2) has the form

2EP a
6 = |22 | 7P (3)
(1-p)? el

This equation is commonly called the Griffiths-Orovan equation .

The value of the effective surface energy .44 Obtained by various methods, is currently known for a
significant number of "brittle" materials, including hard alloys [4-8]. The main condition for applying the
Griffiths-Orowan criterion to hard alloys WC- Co is the brittle nature of fracture during bending and stretching,
i.e. the absence of noticeable macroscopic plastic deformation before fracture. This condition is satisfied by
alloys with a cobalt content of slightly more than 15% (by mass) and with an average carbide grain size of
slightly more than 5 pm [7]. For these alloys, an empirical equation (1.4) was obtained, which relates the
tensile strength to the cobalt content in the alloy C

52 = AECP (4)

Where §is the tensile strength during transverse bending; A-constant.

The alignment (3.22) was experimentally [8, 9] by establishing a linear relationship between §2, and
the derivative of Es. The constant A obtained from such graphs had a value of 0.03-0.04.

A number of assumptions were made when deriving the equations:

1. The destructive crack propagates along the grain boundaries in the cobalt phase, and the latter is
plastically deformed in a thin layer adjacent to the fracture surface, due to which 4, in equation (1.3) is equal
to the work of local plastic deformation of cobalt P. This assumption was made after [11], where it was shown
by quantitative photography using an electron microscope that during bending fracture of fine-grained WC-
Co alloys, the crack passes almost only along the boundaries of WC- Co and the cobalt phase.

2. Work y, ¢ is proportional to the cobalt content in the metal

Yer = a % CoP (5)

The constant ameans the work of plastic deformation that occurs per one percent of cobalt.

3. The critical crack length [ from equations (3.21) and (3.19) does not depend on the cobalt
content Co.

Points 2 and 3 were checked in [9]. In particular, it was found that the assumptions made are correct,
and the value [ is 13 pm for alloys containing 6-15% (by mass) and with an average carbide grain size
d = 2 um. The value of the constant was obtained to be 50 MPa and equation (1.4) took the form:

82 = 5Ef,,P (6)
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This equation agrees well with experimental data.

According to works [108, 109], for coarse-grained alloys the following equation is valid:

82 = AEc + KP @)
where A is a quantity that depends from cobalt content , but increasing from increase average size
carbide grainsup tod =5 um, at d = 5 um the value of K = 633104 n/m.

As shown by the data [9], at the size carbide grains, approximately more than 2 microns, the crack
passes not only along the cobalt , but also along the carbide phase , and from increase grain size is getting
bigger Therefore , the growth boundaries strength in coarse-grained alloys work - related destruction carbide
grains. As established [9], the contribution of carbide phase to common. The strength of coarse-grained WC
alloy 6% Co is approximately 13% for coarse-grained WC alloy - 15% for 10%. Length critical crack 1, for
the carbide phase, 9 um was obtained. Since the strength, toughness and critical crack length of the carbide
phase are less than the same parameters of the binder phase, a crack that has arisen in the carbide phase will
propagate relatively easily along this phase. phase and will lead to the destruction of the alloy regardless of
from content properties connective phases . In fact, the destruction alloys, including coarse- grained , controlled
mainly by content and properties phases binding . This is due to the fact that cracks that arose long before the
alloy breaks down in the carbide phase at a distance , proportional to the grain size "' rest " in the cobalt layers
, Viscosity which , as already noted , are two orders of magnitude more than Value viscosity WC. Indeed, if
Yeaparbide is 10 J/mz [9], then for alloys with 6 and 15% CO, in which the crack passes through the bonding
phase, bypassing the carbide grains, y, 4 it is 60 and 150 J/m?, respectively. These data indicate that if, as a
result of further sintering processing, change value y,; ;, then this will be caused by qualitative transformations
in the cobalt phase. Having determined y,4 4 independently for each type of processing, it is possible, firstly,
to predict the strength of the alloy and the real behavior of structures made of hard alloys in operational
conditions. conditions and, secondly , to clarify mechanism gain . For this purpose , in the method [4],
according to the definition y,, 4, deep cuts are provided ( H - H = 0.2-0.4 mm; H- thickness sample ; - depth
section).

Fig. 1. Sample loading diagram

Under the conditions of stored elastic energy of the sample, crack propagation in surface layers
strengthened by various methods is spent. It should be noted that the paper presents the results of the analysis
of various methods for determining y,44,WC-C alloys: analytical method, "yield" method, unloading work
method. The tests were carried out on samples of different shapes under different loading conditions ( three-
point bending, double cantilever, double torsion, impact tensile).

It has been established that alloys obtained by different methods but having the same microstructural
parameters have the same values y,4 4

For the research, samples of the VK 8B alloy were prepared from the same batch of raw materials (one
batch of WC and one batch of Co ), and on the same equipment. The obtained samples, thus, had the same
composition of the binder phase. It is quite likely that the numerical value of the coefficient A obtained in the
experiments will depend only on the subsequent post-sintering treatments.
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Fig.2 Diagram nagruzka-deflection
Table 1
Hardening technology methods on the strength properties of the VK 8B alloy (average size of carbide
grains d=4.5 ym )

Type of processing | yef,J/m? | ozg,MPa | o -10°J /m? 1, um | Kic,MPa | A, MPa
Party No. 1
Initial state 188 179 0.35 24 15 65
Thermal oxidation 276 212 0.47 24 21.6 91
Vibration treatment 278 229 0.71 21 225 105
Thermal oxidation 345 238 0.76 23 27 114
and vibration
treatment
Party No. 2
Initial state 130 156 0.37 21 9.9 49
Thermal oxidation 145 188 0.86 16 11 72
Vibration treatment 150 226 1.47 12 114 99
Thermal oxidation 218 249 the samples did 14 16.5 124
and vibration not collapse
treatment

Table 1.1 shows the data of experimental definition, « and calculation /. A and Ks for VK 8V
alloys. Parameter K,s is the resistance to crack propagation or the critical value of the stress intensity at the
moment of crack growth initiation. According to [ 112] K,s was calculated according to the dependence

E
Kic = ~2eCP ®)
-V
As can be seen from Table 1.1, TO in combination with VO results in all cases to simultaneous increase

main indicators mechanical properties of the alloy, which indicates a high degree strengthening and
simultaneous increasing resistance to spread cracks . At the same time, different options processing samples
from baked tungsten carbide did not lead to changes (Table 1.2).
Table 2
Influence of hardening technology methods on the value of effective surface energy y, and strength
characteristics of sintered tungsten carbide samples

Type of processing vef, J /m? ozg , MPa a-10°J /m? d, um
Initial state 16 840 151 14.58
Thermal oxidation 13 860 1.38 14.55
Vibration treatment 18 920 1.36 9.6
Thermal oxidation and 16 890 1.26 10.2
vibration treatment

The presented data may confirm the previously put forward assumption that the strengthening effect
of alloys is largely associated with changes in the cobalt phase.
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5. Conclusion

The conducted research investigated the influence of thermo-oxidative and vibration strengthening
methods on the resistance of tungsten carbide—cobalt (WC—Co) hard alloys to brittle fracture. The results show
that the application of these technological treatments leads to a noticeable improvement in the mechanical
characteristics of cemented carbides, particularly in terms of bending strength and resistance to crack
propagation.

Experimental studies demonstrated that both thermo-oxidative treatment and vibration processing
contribute to an increase in the effective surface energy and fracture toughness of the material. The
strengthening effect is primarily associated with structural changes occurring in the cobalt binder phase, which
plays a decisive role in the fracture mechanism of WC—Co alloys. The cobalt phase absorbs a significant
portion of the deformation energy near the crack tip, which increases the material’s resistance to brittle fracture.

The results also indicate that the combined application of thermo-oxidative and vibration treatments
provides the most significant strengthening effect. This combination leads to a simultaneous increase in key
mechanical parameters and improves the ability of the alloy to resist crack initiation and propagation under
mechanical loading.

Thus, the use of combined strengthening technologies can be considered an effective approach for
improving the reliability and durability of hard-alloy tools operating under severe service conditions. The
obtained results may be useful for optimizing technological processes in the production and post-treatment of
cemented carbides intended for mining, drilling, and cutting applications.
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BILJIMB METOIIB TEPMOOKHUCHIOBAJIBHOI'O TA BIBPAIIIMHOI' O 3MIIITHEHHSI HA
OIIIP KPUXKOMY PYHHYBAHHIO TBEPJIUX CILIABIB

Y cmammi docniosceno ennus memodie mepmMOOKUCHIOBANLHO20 MA GIOPAYIUHO20 3MIYHEHHS HA ONIp
meepoux Cniasié Kpuxkomy pyunyeaunio. Teepoi cniasu na ocHogi kapbioy eonvgpamy 3 KoOAILMOBOIO
38 azxor0 (WC-Co) wupoxo 3acmocogyioms y 2ipHui0000y8HOMY, O6YPOBOMY ma pi3aibHOMY IHCMPYMeHmi,
Wo NPAayioe 8 YMOBAX GUCOKUX HABAHMAICEHD | OUHAMIUHUX YOapie. 3a MaKux ymMos excniyamayii Haditinicms
i 006208iUHICMb MBEPOOCNIIABHO20 IHCMPYMEHMY 3ANEANCAMb He ulle 8i0 meepoocmi ma 3HOCOCMIUKOCH, d
i 8I0 30aMHOCMI MAmMepiany YUHUMU ONIp 3apO0dCeHHI0 ma nowupenHio mpiwun. Tomy OocriodceHms
Memo0i8 3MIYHEHHSA, SKI 0aromb 3M02y NIOGUUUMU MPIWUHOCTITIKICMb 30 30epediceHHs BUCOKOI MBepOoCHi,
Mae 8axcauee npakmuyne 3Ha4eHHA.

Teopemuunoro 0CHOB0I0 00CNIOJNCEHHA € meopis Kpuxkozo pyunysanus I pigpgpimca—Oposana, axa
N0 ’A3y€ MiYHICMb KPUXKUX MAMePIanie 3 epeKmuHol No8epxHesoI0 eHep2icio ma KpUMuiHoI0 008ICUHOIO
Oepexmie, nasenux y mamepiani. Ocobaugy yseazy NpulileHO poii KOOANLMOBOI 38 S3KU 6 MEXAHIZMI
pyunysanna cnaasie WC—Co. Ilpunyckaembcs, wo OCHOBHULL 6HECOK 8 eHep2il0 PYUHYBAHHA NO8 A3AHU i3
naacmuuHolo degopmayicio k06anbmoeoi gasu, posmauwioganoi nobauzy eepuiunu mpiwunu. Bionogiono,
3MIHU CMPYKMYPHO20 CMAHY hazu-36 A3Ku nio yac 06poOOK Nicjia CRIKAHHA MOXCYMb ICIMOMHO 6NAUEAMU HA
MEXAani4Hi 61aCMUOCmi CNiae).

Excnepumenmanvui 0ocnioxcenHs 8UKOHAHO Ha 3paskax meepoozo chiagy BKSB, eucomosnenux 3
oouiei napmii nopowkie kapoioy eonb@pamy ma Kobarbmy, wob 3ade3neuumu 0OHAKOSUL XIMIYHUL CKLA0 |
MIKpocmpykmypui napamempu. J[ocniodceno niug pisHux SMiyH08aIbHUX 0OPOOOK — MePMOOKUCHIOBANbHOT
00pobKu, 6ibpayitinoi 0O6pobKu ma ix KOMOIHOBAHO20 3ACMOCYSAHHSI — HA MEXAHIYHI XapaKMepucmuxu
cnaagy. OCHOBHUMU NPOAHANIZ08AHUMU NAPAMEMPAMU OYAU Medca MIYyHOCmi npu 32uMi, eexmueHa
nosepxnesa enepeis, MpiwWUHOCMIUKICMb Ma IHWE NOKA3HUKU, NO8 A3AHI 3 MEXAHIKOIO PYUHYEAHHSL.

Excnepumenmanvui pezyiomamu ceiouams, wo K mepMoOKUCHIO8AIbHA, MAaK i eibpayiiina 06podxa
npueooams 00 nioguwenns miynicnux xapakmepucmux cniagie WC—Co. Kombinosane sacmocysans yux
Memodie 3abe3neyye HauicmomHiue NiOGUWEHHS ONOpY DPYUHY8AHHIO ma nowupenuo mpiwun. Egexm
SMIYHEHHS 20N06HUM YUHOM MO8 SA3AHUL 31 CIMPYKMYPHUMU MA MEXAHIYHUMU SMIHAMU, WO 6i00Y8a0OMbCa y
K0Oanbmosill (hazi-36 's3yi, GHACIIOOK 4020 3POCMAE 30AMHICIb MAMepPiany NO2IUHAmU enepeiio oedhopmayii
nooIU3Y 8ePUIUHI MPIWUHIL.
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Ompumani pe3yiemamu niomeepoNCyioms epeKmusHiCnb KOMOTHOBAHUX MEXHON02TU 3MIYHEHHS 05
niosueH s HaoiliIHoCmi ma 008208IYHOCHI MEePOOCNAA8HO20 IHCmpymenmy. Lli sucnoexu modxcymo Oymu
KOPUCHUMU 011 ONMUMI3AYTi MEeXHOI0STUHUX NPOYeci8 nid Yac GUeOMOGIEHH MEepOOCHIAGHUX demanell,
NpU3HAdeHux 05t poOOMuU 8 YMOBAX BAINCKO20 HABAHMAINCEHHSL.

Knrouoei cnosa: meepoi cniasu, yemenmosawni kap6iou, cniasu kapbio onvpamy — Kobanvm
(WC- Co), mepmooxucniosanvia 0bpobra, sibpayitina oopobra, mMemoou 3MiyHeHHs, KPUXKe PYUHYEaHHS,
MPIYUHOCIIUKICMb, NOUWUPEHHST MPIWUH, MEXAHIYHI 6IACMUBOCTI.

@. 8. Puc. 2. Tabn. 2. JIlim. 18.
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