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Oxidation kinetics and mechanism of nickel alloys
© 2022 . M.l. Aheiev, V.V. Sanin, N.V. Shvindina, Yu.Yu. Kaplanskii, E.A. Levashov

National University of Science and Technology (NUST) «MISIS», Moscow, Russia
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Abstract: The study covers the effect of alloying elements on the kinetics and mechanism of oxidation at 1150 °C for 30 hours of
heat-resistant nickel alloys obtained using such technologies as centrifugal SHS metallurgy (SHS(M)), vacuum induction melting
(VIM), elemental synthesis (ES), hot isostatic pressing (HIP). A comparative analysis was carried out for alloys based on nickel
monoaluminide and standard AZhK and EP741NP alloys. It was found that kinetic dependences are described mainly by parabolic
approximation. The logarithmic law of oxidation with the rapid (within 3—-4 hours) formation of the primary protective layer is typical
for alloys doped with molybdenum and hafnium. In the case of AZhK and EP741NP, oxidation proceeds according to a parabolic
law at the initial stage (2-3 hours), and then according to a linear mechanism with the voloxidation and complete destruction of
samples. Oxygen and nitrogen diffusion proceeds predominantly along the nickel aluminide grain boundaries and it is limited by
the Al,O3 + Cry,03 + X,,0,,, protective film formation. SHS(M) alloys feature by a positive effect of zirconium and tantalum added as
dopants on heat resistance. The Ta,O5 phase is formed in the intergranular space, which reduces the rate and depth of oxidation.
The zirconium-containing top layer Al,O3 + ZrsAl;0 5 blocks the external diffusion of oxygen and nitrogen, thereby improving heat
resistance. Doping with hafnium also has a positive effect on oxidation resistance and leads to the formation of submicron and
nanosized HfO, inclusions that suppress the grain boundary diffusion of oxygen. MoO3, M0o30,4, CoMoO, volatile oxides are formed
in alloys with a high content of molybdenum and compromise the protective layer integrity. A comparative analysis of the oxidation
kinetics and mechanism for samples consisting of the base B-alloy with Cr + Co + Hf additives showed a significant effect on the heat
resistance of the sample preparation method. As the proportion of impurity nitrogen decreases and the Cr,05 sublayer is formed,
the oxidation mechanism also changes.

Keywords: nickel alloys, heat resistance, oxidized layer, centrifugal SHS metallurgy, elemental synthesis.
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KuHeTuka 1 MexaHU3M OKUCNIeHUS HUKENEeBbIX CM1aBoB

M.U. Arees, B.B. CanuH, H.B. LLiBbiHauHa, 10.10. KannaHckuii, E.A. JleBawwoB
HaumoHanbHblii nccnegoBarenbCkuin TexHonorndeckuin yamsepcutet (HUTY) «MUCuC», r. Mocksa, Poccus

Crarbs noctynuna B peaakumio 16.03.2022 r., sopaborara 21.03.2022 r., nognucaxa B nevarb 01.04.2022 r.

AHHOTauums: ViccnenoBaHo BAUSIHWME NETVPYIOLLNX SNIEMEHTOB Ha KMHETUKY U MEXaHU3M OKucneHunsa npu Temnepartype 1150 °C
B TeyeHne 30 Y4 XXaponpoyHbIX HUKENEBbIX CMIABOB, MOJIYYEHHbIX MO TEXHONOrMAM LeHTpobexHon CBC-meTannyprum (CBC-M),
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BakyyMHOro MHOYKUMOHHOro nepennasa (BUM), anemeHTHOro cuHtesa (3C) n ropsyero naocrtatmyeckoro npeccosanus (FAMM).
lMpoBeneH cpaBHUTENbHbIV aHANM3 CMJIaBOB HA OCHOBE MOHOANIIOMUHNAA HUKENS U CTaHAAPTHbIX CniaBoB Mapok AXKK n M741HIM.
BbIiBNEHO, 4TO KMHETUYECKME 3aBMCMMOCTM ONUCLIBAIOTCS NPenMyLLecTBEHHO napabonmyeckon annpokcumaumei. Jlorapuomm-
4YeCKUI 3aKOH OKMCIEHMS C ObICTPbIM (B TeYeHne 3—4 4) GopMUpoBaHMEM NEPBMYHOIO 3aLLMTHOMO CNOS XapakTepeH A9 CNaBoB.,
nernpoBaHHbIX MonndaeHom u radpHnem. B cnyvae AXK v 3M741HM Ha HavyanbHOW cTaaumn (2—3 4) OKMCNIEHME MPOMUCXoaAUT NOo
napabosMyeckoMy 3akoHy, a B AaJibHENLLEM — MO JIMHENHOMY MEXaHU3My C 0OBbEMHbBIM OKMCIIEHVEM U MOJIHbIM Pa3pyLUEHNEM
o06pasuos. Anddysna kucnopoa 1 asota NpoTekaeT NPEMMYLLECTBEHHO MO rpaHULAaM 3EPEH antoMUHUAA HUKENS 1 IUMUTUPY-
eTca o6pasoBaHvneM 3aWwnTHOM nnexkn coctasa Al,O3 + Crpy05 + X,0,,. Ang cnnasos, nony4eHHbIx metogom CBC-M, xapakTep-
HbIM SBISIETCS NONOXMUTENIbHOE BAUSIHME HA XapPOCTONKOCTb NIErMpyiowmx 400aBOK LMPKOHWS 1 TaHTana. B mexsepeHHOM npo-
cTpaHcTBe o6pasyeTtca dpasa Ta,Og, KOTOPas CHMXaeT CKOPOCTb U FyOuHY okmcneHuns. LinpkoHuniicoaepxalumii BEpXHUin cnoi
Al,O3 + ZrsAl300 5 GnokmpyeT BHeLWH I Anddysnio KMCIopoaa 1 a3ota, TeM CaMbIM NOBbILWIAA XapoCTOWKOCTb. JlernposaHne
radHMeM Takxe NONIOXUTENbHO CKa3blBAETCH HA OKUCUTENbHOW CTOMKOCTM CMIaBOB U NPUBOAUT K 00pa3oBaHmMio CyOMUKPOHHbIX
1 HaHopa3MepHbIX BktoYeHnin HfO,, KoTopble N0JaBnsioT 3epHOrpaHnyHyo auddysnio kncnopopa. B o6pasuax ¢ NoBbILLEHHBIM
copepxanvem monnbaeHa dopmupytotcsa netyyme okenabsl MoOz, Moz 04, CoM0O,, kOTOPbIE pa3pyLLaoT LLEOCTHOCTb 3aLLMTHO-
ro cnosi. CpaBHUTENbHbIV aHaNn3 KUHETUKN U MexaHu3ma okmcneHns obpasuos n3 6azosoro B-cnnaea c gobaskamu Cr + Co + Hf
nokasas CyLl,eCTBEHHOE BJIMSIHWE Ha XapOCTOMKOCTb cnocoba nonyvyeHms o6pasuoB. [pu CHUXEHUN 401 NPUMECHOr0 a3oTa u
o6pasosaHusa noacnos Cr,03 MEHAETCA U MEXAHN3M OKUCTIEHUS.
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Introduction

Alloys based on monoaluminide nickel are promis-
ing for using in components of gas-turbine engines. At
the same time, they have low strength properties at room
temperature, resulting in the high risk of fracture and
insufficient processability due to difficult machining
[1—5]. Plasticizing additives of chromium, molybde-
num, and rare-earth elements are introduced into such
materials, in order to increase fracture toughness [3—7].
In the case of hot-path alloys the key parameter is oxi-
dation resistance at increased temperatures, fatigue and
thermo-cycle impacts, as well as the degree of alloying
and the surface state determine their heat resistance
[8]. High-temperature oxidation as a type of chemical
corrosion leads to an emergence of additional stress con-
centrators and reduction of mechanical properties due to
softening of grain interfaces [§—14].
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A comparison of thermodynamic calculations and
experimental data regarding the oxidation process for
coarse-grained nickel monoaluminide alloyed with
chromium and molybdenum showed that oxides Cr,05
and Al,0; form a protective layer at the interfaces pre-
venting oxygen diffusion. Molybdenum promotes for-
mation of volatile suboxides which leave pores in the
sample upon evaporation [15]. The formation of oxi-
dized layers near the surface is selective in nature and
depends on the composition of introduction elements
in the B-phase, the temperature, and the oxidation en-
vironment [16].

Hierarchically structured B-alloys doped with chro-
mium, cobalt and other elements with high heat resis-
tance and creep resistance are known. Studies [17—25]
show the possibility of obtaining spherical powders for
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selective laser melting (SLM) by two process flowcharts:
(1) centrifugal SHS casting (SHS-M), vacuum induc-
tion remelting (VIR), and plasma rotating electrode
process; (2) elementary synthesis of powders (ES) and
their plasma spheroidization. Authors [26] investigated
the effect of an alloying element (X) on the resistance
to elastic, plastic deformation and the creep activation
energy (Q). Alloying enabled modification of the struc-
ture near the grain boundaries and binding of introduc-
tion elements in additional compounds. For example:
molybdenum provided an increase in strength, thermal
stability, creep resistance and resistance to sulfide cor-
rosion. Zirconium reduced the size of structural com-
ponents and increased the heat resistance. Introduction
of tantalum marked an increase in creep resistance and
fatigue strength of the alloy. Micro additions of rhenium
during combined alloying with molybdenum in combi-
nation with heat treatment significantly increased the
yield strength (o), ultimate compressive strength (6,,.,)
and the degree of plastic deformation (€) [26]. Moreover,
introduction of up to 15 % Mo and 1.5 % Re by the set of
properties provided the greatest increase in mechanical
properties of cast alloys [26].

When inheriting a 3-level structure of B-alloy doped
with chromium, cobalt and hafnium, the evolution of
its structure at all stages of production was noted: ES,
hot isostatic pressing (HIP), SLM, SLM + HIP +
heat treatment (HT) [27]. Precipitation tests of alloys
in the temperature range of 600—1100 °C confirmed
the necessity of after-treatment (HIP and HT) [27].
The simultaneous release of strengthening nanoparti-
cles of the Laves phase (Cr,Nb, Co,Nb), Heusler phase
(NipAlHf) and carbides (Hf,Nb,)C noticeably improved
the mechanical properties of the alloy with niobium
and hafnium. Alloying with chromium, cobalt and haf-
nium in the SLM + HIP +HT state at room tempera-
ture enabled the following level of properties to be ob-
tained: o, = 2850 MPa, 6, = 1170 MPa, € = 16 %,
and at 1 = 900 °C — o, = 378 MPa, o, = 300 MPa,
0O = 380 kJ/mol. The alloy with 0.9 % Hf surpassed the
alloy with Cr, Co and 0.25 % Hf in terms of high-tem-
perature strength and creep resistance at ¢t = 900 °C:
Oycs = 640 MPa, 6= 495 MPa, 0 = 775 kJ/mol. It pos-
sessed close values of 6, = 2720 MPa, 6., = 1220 MPa,
and € = 12 % at room temperature [27].

At the same time the question of the influence of the
composition and method of production of nickel alloys

on the oxidation resistance at high temperatures re-
mains open. Therefore, the objective of the study was to
compare the kinetics and mechanism of oxidation at 1 =
= 1150 °C for 30 h of nickel B-alloys, AZhK, EP74INP
in the SHS-M, VIR, ES, HIP and HT states.

Research materials
and methods

In order to study heat resistance, samples were man-
ufactured according to two process flowcharts (see the
table): (1) centrifugal SHS casting by the method [18—
20, 26], vacuum-induction remelting; (2) elementary
synthesis of powder + hot isostatic pressing [28].

A well-known alloy [18, 25] with additions of chro-
mium, cobalt and element (X) according to the table
was chosen as the basis. For the base alloy represented
by samples &8, 9 and 12, the dependences of heat resist-
ance on the method of their production were plotted.
The SHS-M alloys produced by centrifugal SHS cast-
ing were ingots with a diameter of 80 mm and height of
25—30 mm. They were obtained at an optimum centrif-
ugal acceleration of a = 1505 m/s2 [26]. The features of
synthesis are described in detail in [17, 18].

The ES method in the layer-by-layer burning mode
was used to obtain sintered masses of 5 compositions
(see the table). They were ground to a fraction of not less
than 100 um, after which the powder was consolidated
by HIP on a gasostat HIRP10/26-200 (ABRA AG, Swit-
zerland) according to [27]. The ES + HIP method is de-
scribed in [22—25].

Samples 8§ mm in diameter and 4 mm high were cut
on an EDM machine GX-320L (CHMER EDM, Chi-
na) and ground to a roughness of R, = 5. Oxidative an-
nealing was carried out in air at 1150 °C for 30 h with
periodic weighing of the samples. The change in their
mass, reduced to a unit surface area, over a certain pe-
riod of time was evaluated. Based on the experimental
data, oxidation curves were plotted and approximation
equations were derived.

The phase composition of oxidation products was de-
termined using X-ray diffraction phase analysis (XRD)
on a diffractometer D2 PHASER (Bruker AXS GmbH,
Germany) using CuK,-radiation in the range of angles
of 20 = 10°+140°.

The surface morphology and the interface of oxi-
dized samples were studied using a scanning electron
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Content of alloying elements (X) and approximation equations for the oxidation function

of the investigated {3 alloys

ConepxaHue nervpytowmx anemeHToB (X) 1 ypaBHeHUs annpokcumaLmn GyHKLMM OKUCAEHNS

uccneayembix 3-cniasos

Sample Method Alloy element X, % Oxidation equation
No. of production X) wt./at. q
1 La La 0.0831/0.03 y=—0.0502x% + 3.1978x + 2.6451
2 Mo Mo 2.44 /1.18 y=—0.0538x% + 3.2244x + 4.2907
3 Zr Zr 0.48 /0.24 y=—0.0204x% + 1.2605x + 1.7022
4 Ta Ta 2.11/1.07 y=—0.028x + 1.8015x + 2.9724
5 SHS-M Re Re 1.48 /0.75 y=—0.0469x% + 2.7109x + 4.0148
6 Mo Mo 15.20 /7.84 y=214In(x) + 31.7
Mo 15.40 /8.0
7 Mo, Re y=113In(x) +41.7
Re 1.40 / 0.40
Hf Hf 0.98 /0.25 y=—0.048x> + 3.0074x + 4.213
SHS-M + VIR Hf Hf 0.97/0.25 y=4.87In(x) + 3.78
Nb 2.01/1.00
10 Nb, Hf y=28.8%In(x) +9.24
Hf 3.47 /0.90
Mo 4.06 /2.00
11 Mo, Nb, Hf Nb 1.96 /1.00 y=28.27In(x) + 11.11
Hf 3.39/0.90
12 Hf Hf 0.96 /0.22 y=5.33In(x) +4.75
ES + HIP
Mo 7.93/4.00
13 Mo, Nb, Hf Nb 1.92 /1.00 y=-0.2621x%+ 16.896x + 29.971
Hf 3.32/0.90
Mo 11.64 /6.00
14 Mo, Nb, Hf Nb 1.88/1.00 y=—0.6548x% + 44.62x + 17.681
Hf 3.25/0.90
y=—2.7111x%+ 92.107x — 30.405
3 EP74INP 3 =129.95x + 234.17
AP+ HT 8.2829x% — 12.77x + 13.403
y=3. x-—12.77x + 13.
16 AZhK y=234.27x+ 31.89

microscope (SEM) S-3400N (Hitachi, Japan) with an
energy dispersive spectrometer NORAN System 7 X-ray
Microanalysis System (ThermoScientific, USA), and
also on a transmission electron microscope (HRTEM)
JEM-2100 (Jeol, Japan) using a Gatan 650 Single Tilt
Rotation Analytical Specimen Holder (Gatan, Inc.,
USA). Samples (lamellae) were produced from pre-pre-
pared foils using the focused ion beam (FIB) method on
a Quanta 200 3D FIB instrument (FEI Company, USA).

HRTEM foils were obtained by ion etching on the PIPS
IT System instrument (Gatan Inc., USA).

Results and discussion

Analysis of kinetic curves and the composition of
oxidation products described the influence of alloying
additives on the solubility of oxygen, the course of poly-
morphic transformations and the formation of volatile

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N°3
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suboxides. In contrast to simple metals, the interfaces of
oxidized multicomponent intermetallic alloys are more
complex. This is due to different chemical affinity to
oxygen of alloying elements, the formation of multiple
oxide phases and solid solutions, as well as different mo-
bility of atoms in the oxide phase and the alloy.

Figure 1 shows the oxidation curves of the samples
studied, and the above table provides their correspond-
ing equations of approximation. The character of the
curves corresponds to the parabolic law of oxidation for
samples I—5, &, 13—14, to the logarithmic law for sam-
ples 6, 7, 9—12; and to the mixed law for samples 15, 16.
In the latter case, at the initial stage (3—4 h) a parabol-

Am/S, g/m2
c
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ic dependence was observed, and after violation of the
sample integrity (Figure 2) the oxidation nature obeys
a linear law and is controlled by the rate of the chemical
reaction.

For samples I—5, §, 13 and /4, the highest oxidation
rate is observed during the first 7—10 h. After the forma-
tion of a protective oxide layer, its values decrease and
approach zero. Thus, the controlling oxidation process
in this case is diffusion in a solid phase.

The oxidation process of samples 6 and 7 differs
substantially from the others and is characterized by
the action of additional factors associated presumably
with the destruction of the external oxide layer due to

0 Am/S, g/rn2
b

Am/S, g/m2
0
d

504

40

304

20

10 1

Fig. 1. Oxidation kinetics of nickel alloys at 1150 °C
a— Sample I-5;b— 6and 7,c¢— I0and 11;
d—8,9and 12;e— 1316

Puc. 1. KuHeTnka okucieHus

HUKEJIEBBIX CILIaBOB npu Temmepatype 1150 °C
a—o6p. I-5;b—6u7,c—10ull;d—8 9u 12
e— 13—16
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Fig. 2. Appearance of § alloys, EP741NP, AZhK samples after heat resistance tests at # = 1150 °C for 30 hours

Puc. 2. Buenrnuit Bux o6pasios u3 -crmaBos, DI1741HIT, AXKK mociie ncisITaHWi Ha XXapOCTOMKOCTh

npu ¢t = 1150 °C B reuenue 30 u

internal stresses. This is confirmed by the change in
their color and a friable surface, as seen in Figure 2.
The oxidation kinetics of samples 9—12 depends on the
content of molybdenum, niobium, hafnium and the
size of the B-phase grains. The HfO, particles located
at grain interfaces block the surface diffusion of alumi-
num and oxygen.

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N°3

On the surface of oxidized samples, a layer with a
certain relief and shade (see Figure 2) is visible. Visual
analysis of samples /—12 shows the absence of physical
destruction. Samples /3 and /4 fractured in full due to
the release of volatile molybdenum suboxides. At a lower
content of Mo in the alloy (sample //) the samples did
not fracture.
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Fig. 3. XRD spectra of the oxidized surface of samples

Puc. 3. JludpakinoHHbBIE CIIEKTPbl OKMCIEHHOI MTOBEPXHOCTHU 00pa3IioB
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Samples 15 and 16 from alloys EP741NP and AZhK
also fractured completely. As a result of diffusion there
is a high concentration of excess vacancies under the
oxide layer. When critical thickness is reached, there is
gradual cracking of the film with transformation into a
loose oxide. The operating temperatures of parts made
of these alloys are limited to the interval of 750—800 °C
[28], which is noticeably lower than the test temperature

125um

125410 pm

180+ T0-um

of 1150 °C. However, our work was aimed at a compara-
tive analysis of the oxidation kinetics of a group of alloys
under the same conditions.

The diffraction spectra of the surface of B-alloys,
oxidized at t = 1150 °C for 30 h, are shown in Figu-
re 3. The main peaks correspond to the nickel mon-
oaluminide (NiAl) phase as the alloying additives
pass into a solid solution. The main oxidation prod-

I 10£1 pm

340£10um

140+10 pm

100£10 pm

; 1_0:t4 .pm. I

i
-:'«.. 18+4 pm

Fig. 4. Microstructures of alloys indicating the oxidized layer thickness

Puc. 4. MUKpPOCTPYKTYPHI CIIJIABOB C YKa3aHUEM TOJIIMHBI OKUCICHHOTO CJIOS
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uct is y-Al,03, and some accompanying oxides are
present.

Figure 4 shows the microstructures of oxidized
and transition layers of the study samples with the in-
dication of typical thicknesses. A feature of the alloys
under study with different alloying systems is the for-
mation of a continuous, tightly adhering oxide film at
the initial oxidation stage. This inhibits the diffusion
penetration of oxygen and nitrogen to the metal. The
analysis of the MeO—Me transition layer indicates

e S

.

50 pm 50 pm

diffusion of oxygen and nitrogen. The data presented
in Figure 4 shows the influence of alloying elements,
the molybdenum (2.5—15.0 at.%) and hafnium con-
tent (0.25—0.9 at.%), as well as the alloy production
method (SHS-M, VIR, ES, HIP) on the oxidation
depth and thickness of the transition Me—MeO layer.
A more detailed analysis for each composition is pre-
sented in Figures 5—17.

Sample 7 has a considerably lower (in comparison
with calculation) content of lanthanum. This is due to

Fig. 5. Microstructure (a), marked analysis areas (b—d) and map of oxidized layer element distribution in Sample 2

(see table)

Puc. 5. MuxkpocTtpykTypa (a), BelaejeHHbIe 001acTu aHanu3a (b—d) v Kapra pacripenesieHUs 3JIEMEHTOB

OKMCJIEHHOTO CJI0s1 B 00p. 2 (CM. Tabiu1Ly)
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its high affinity to oxygen, participation in the reduc-
tion metallothermic reaction during synthesis and par-
tial transition into a slag phase [26]. Therefore, the alloy
with low lanthanum content was excluded from further
studies.

Figure 5 shows microstructures of the oxidized layer
of sample 2 with molybdenum. Diffusion of oxygen and
nitrogen occurs predominantly at grain interfaces and
intergranular interlayers of phases containing Cr—Mo.
At the NiAl—MeO interfaces, the Ni3Al phase can be

B’
T

e

[

r
¥

S

/ 10.0mm x

100 pm

observed as a result of Al,O5 formation and aluminum
depletion of the NiAl phase.

Analysis of samples after 30 h of testing shows the
Me—MeO transitional layer. At the initial stage there is
reactive diffusion of oxygen along the grain interfaces of
the B-phase solid solution with the formation of a solid
Al,O53 and Cr,O film. At the same time, nitrogen also
diffuses deep into the sample, reacting with aluminum
to form AIN, and depleting NiAl to Ni;Al (light gray ar-
eas). In the molybdenum-doped alloy, maximum thick-

100 pm

Fig. 6. Microstructure (@), marked analysis areas (b—d) and map of oxidized layer element distribution in Sample 6

Puc. 6. MukpocTpyKTypa (a), BelaeJeHHbIe 00JacT aHaiu3a (b—d) u KapTa pacnpene/ieHus 3JIeMEHTOB

OKMCJICHHOTO CJIOS B 00p. 6
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ness of the transition layer can be observed (see Figu-
re 4). Molybdenum in oxidation forms oxides MoOQ;3,
Mo;0,4 and CoMoOy, which sublimate and lead to pe-
riodic destruction of the integrity of the protective layer.
This then contributes to the diffusion of new portions of
active nitrogen and oxygen ions.

Thus, this cyclic mechanism is used to move the
oxidation front deep into the sample, as confirmed by
the studies of sample 6 with an increased content of mo-
Iybdenum, the results of which are shown in Figures 4
and 6.

A characteristic difference of sample 6 is penetration
of oxygen and nitrogen to the depth of up to 34010 um
(see Figure 4). In Figure 6, we can identify the appear-
ance of more areas of oxide and nitride components. In
addition, the burning out of molybdenum in the form of
suboxides affects the thickness of the surface oxide lay-
er: 20x5 um for sample 2; and 1305 um for sample 6.
A distinctive feature of the oxidation kinetics of the
latter is the more intense inhibition of the film growth
over time according to the logarithmic law. Oxidation

’I-'\‘.‘—d"

25 pum

starts at a high rate, but its value quickly decreases and
is further controlled by the process of electron transfer
through the oxide film.

Figure 7 shows the characteristic microstructures of
the MeO—Me transition layer in sample 4 with tanta-
lum. The analysis of the kinetic curves of high-tempe-
rature oxidation revealed that the modification with tan-
talum makes a positive result, slowing down the oxida-
tion rate (see Figure 1, a).

Distribution of oxygen and nitrogen in the oxidized
layer can be conventionally divided into three sub-
layers: / — solid oxide film of Al,O; with Ta,05, Cr,05
inclusions and a small amount of AIN; // — oxides with
predominantly AIN content; //] — metallic layer with
nitride inclusions and without oxides.

Tantalum located in the intergranular space is oxi-
dized to Ta,05. Compared to the Mo-containing sys-
tem, the B-phase depletion to NizAl does not occur.
A detailed study of the structure of the Ta-containing
alloy [26] established the concentration shift of chromi-
um dissolved in the B-phase solid solution to the grain

Fig. 7. Microstructure (a), marked analysis area (b) and map of oxidized layer element distribution in Sample 4

Puc. 7. MukpocTpykTypa (@), BblaejdeHHast 00JacTh aHaau3a (b) 1 kaprta pacrnpeneaeH s 3JIeMEHTOB OKUCIEHHOTO

cJIos B 060p. 4
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Fig. 8. Microstructure and map of oxidized layer element distribution in Sample 5

Puc. 8. MUKpoCTpyKTypa 1 KapTa pacrpeneaecHus 3JIEeMEHTOB OKUCJICHHOTO CJIOSt B 00p. 5

interfaces. Thus, in the first place, chromium interacts
with oxygen to form a volatile oxide. It is due to these two
distinctive features that the oxidation rate is reduced.

In the comparative analysis of sample 3 with the ba-
sic composition, a slight slowdown of oxidation processes
can be observed (see Figure 1, a, d). The reason for the de-
crease in the oxidation rate can be traced from microstruc-
tures and the elements distribution map of the MeO—Me
transition layer presented in Figure 7. As shown above, in
the parabolic dependence, diffusion along the interfacial
boundaries is the controlling process.

The total depth of the oxidized layer decreases as the
size of the structural components decreases, the grain
interfaces branch and the diffusion path increase. This
is confirmed in the case of rhenium-modified alloy (see
Figure 1, a). Figure 1, b shows the comparison of kinetic
oxidation curves for samples 6 and 7. This also confirms
a decrease in the dynamics of oxidation processes with
additional alloying with rhenium. The oxidation of al-
loys with rhenium does not form a dense layer of Al,O4
on the surface, which has a negative effect on the heat
resistance. The main recommendation in this case is to
use combined alloying, in order to introduce, along with
rhenium, an element that inhibits oxidation processes,
such as zirconium.

Figure 9 shows microstructures of the oxidized layer

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N°3

of sample 3 with zirconium. This alloying system showed
the best result in a series of experiments (see Figure 1, a).
The SEM images of the cross section of oxidized samp-
le 3 are shown in Figures 9 and 10. The thickness of the
oxidized layer was 105 pum, which is an order of mag-
nitude smaller than in the other samples. In Figure 9,
we can identify the Al,O5 layer with inclusions of chro-
mium-cobalt oxide phases characteristic of all samples.
The white light dots distributed throughout the oxidized
layer correspond to the ZrO, phase. Nanosized ZrO,
formations are present in the main Al,0O5-based layer
(see Figures 9, c and 10).

Analysis of Figure 10 shows that under the Al,O5 +
+ ZrO, layer there is a thin continuous film of Cr,03,
which is typical for this alloying system. The upper oxide
layer of Al,O3 + ZrO, presumably inhibits the external
diffusion of oxygen and nitrogen, and also blocks the
sublimation of volatile chromium oxide Cr,0;. Thus,
it gradually forms a dense layer across the Me—MeO
transition surface, forming a second continuous barrier
oxide layer.

The oxide layer of sample 3 with zirconium af-
ter heat-resistance tests was chosen for the analysis by
HRTEM and electron beam diffraction on a JEM-2100
microscope (Jeol, Japan). Figure 11 shows an image of
the alloy structure and the oxide layer formed, as well

13
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Fig. 9. Microstructure (@), marked analysis areas (b, ¢) and map of oxidized layer element distribution in Sample 3

Puc. 9. MukpocTpyKTypa (@), BblAeIeHHbBIe 00J1acTh aHaiu3a (b, ¢) 1 KapTa pacripene/eHus 3JIEMEHTOB

OKVCJIEHHOTO CJI0sI B 00p. 3

as a map of distribution of the main elements therein.
Between the NiAl matrix layer and the outer oxide layer
there is a layer of the Ni3Al phase with evenly distributed
inclusions of Co, Cr, and Cr,05. The upper oxide lay-
er consists of Al,O5 with inclusions of ZrO, (dark gray
areas), confirming the results of the EDX analysis (Fi-
gure 12, spectra I, 3, 4). Based on the quantitative ra-
tio of the main components in spectral region 2 (Figu-
re 12), the phase was investigated by HR TEM and elec-
tron beam diffraction, thus establishing the phase of
complex oxide ZrsAl;0 s (Figure 13).

The Zr;Al;0 5 phase has a hexagonal crystal lat-
tice (space group P6smc). The lattice periods of the
Zr;Al;0 5 phase, calculated on the basis of the electron
diffraction pattern, with regard to the Miller indices are:
a=14.153 A, c=5.671 A.

Thus,
complex oxide in the form of nano-sized crystallites
ZrsAl30( s impregnated into the Al,Os layer. This
combination reduces the catalytic activity and pos-

high-temperature oxidation produces a

itively affects the oxidation resistance of the alloy at
t=1150 °C.
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Fig. 10. Microstructure and map
of MeO—Me layer element distribution
in Sample 3

Puc. 10. MukpocTpyKTypa
M KapTa pacrpenejeHus JIeMCHTOB
ciost MeO—Me B 00p. 3

53400 15.0kV 9.5mm 00k 10.0um

S um

2.5 MEM

Ni;Al+Cr,04

r 2.5 MEM

=]

» MEM

2 MKM

2,5 MEM 2,5 MEM

Fig. 11. TEM image of Sample 3 structure, oxide layer formed and map of main element distribution

Puc. 11. [IDM-u3o6paxeHue CTpyKTypbl 00p. 3 1 06pa3oBaBILIerocsi OKCUIHOTO CJIOS,
a Takke KapTa pacrnpeneaeHusi OCHOBHBIX 2JIEMEHTOB
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1 pm
Spectrum (0] Al Cr Co Ni Zr
1 54.65 3.93 - - - 41.42
2 4528  23.69 - - - 31.04
3 56.35 3755 391 0.46 0.78 0.95
4 58.27 3.22 - - — 38.51

Fig. 12. Chemical composition (at.%) of boundary oxide
layer regions

Puc. 12. Xumuyeckuii cocras (at.%)
006J1aCTel MOrpaHNYHOTO OKCUIHOTO CIIOS

Comparative analysis of oxidation curves (see Figu-
re 1, d), as well as the composition and microstructure of
oxidized samples (Figures 14, 15) from the basic 3-alloy,
obtained by different process flowcharts: SHS-M [18]
(Figure 8), SHS-M + VIR [18, 19] (Figure 9), ES with
subsequent spheroidization of the powder and HIP [20]
(sample 12), showed that the technology used has an ef-
fect on their heat resistance. Figure 1, d shows the differ-
ence in the oxidation kinetics of sample & (SHS-M) from
samples 9 and /2 subjected to additional after-treatment.

Analysis of the microstructure (see Figures 4, 14) of
the transition layer of samples & (SHS-M) and 9 (SHS-M
+ VIR) demonstrates a 2-fold difference in the thickness
of the oxide and transition layers: 100£10 and 50%10
um, respectively. In sample 9 (SHS-M + VIR), the AIN
phase is not formed in the MeO—Me transition layer,
indicating that the metal is refined during VIR [19]. The
impurity nitrogen content in samples § and 9 is [N] =
0.0044 and 0.00083 wt.%, respectively. Its reduction
leads to a different oxidation mechanism similar to that
of sample 3. Here a dense protective Cr,05 sublayer is
formed under a loose Al,05 + Cr,05 layer. In this oxi-
dation mechanism, diffusion occurs only at phase inter-
faces and penetrates deep into the sample in the form of
«wedges» (see Figure 14, b).

The VIR process is a useful way of refining alloys
from detrimental impurities. However, it also has some

Fig. 13. TEM image of the Zr;Al;0, 5 phase with an electron diffraction pattern along the zone [011] axis

Puc. 13. I9M-uzob6paxenue hasbi ZrsAl;0 s ¢ 371eKTpOHOrpaMMolii B1osib ocu 30HbI [011]
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Al203+Cr203

Fig. 14. Microstructure of the oxidized layer of Sample & (SHS-M) (a) and Sample 9 (SHS-M + VIR) (6)
Puc. 14. MukpocTpyKTypa oKHcaeHHOoro cjiost 0opasios & (CBC-M) (a) u 9 (CBC-M + BUII) ()

10 pm

Fig. 15. Microstructure (a, 6) and map of oxidized layer element distribution in Sample 72 (ES + HIP)

Puc. 15. MukpocTpyKTypa (a, 6) U KapTa pacrpeaejeHus 3JIEeMEHTOB B OKMCIIEHHOM ciioe oop. 12 (BC + T'UIT)

drawbacks described in [18—20]. A more efficient and
less energy-consuming method for refining cast SHS al-
loys is vacuum annealing at # = 0.7tm, which removes
up to 70 % of impurity nitrogen and hydrogen. The
reduction of residual oxygen content is possible only
during full metallurgical processing (VIR). Sample 12
(ES + HIP) has similar kinetics to sample 9 (see Fi-
gure 1, d), while the mechanisms of counteracting the

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N°3

diffusive penetration of oxygen and nitrogen are dif-
ferent.

The impurity oxygen content in these systems is
[O] £ 0.12 wt.%. [20]. The oxidation process in the
alloy begins at the interfaces of the consolidated pow-
ders. The element distribution map demonstrates the
distribution areas of Al,05; and Cr,05 oxides, con-
tributing to the destruction of samples, along with
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10 ym 10 pm 10 pm

Fig. 16. Microstructure (a, 6) and map of oxidized layer element distribution in Sample 70 (ES)

Puc. 16. MukpocTpyKTypa (a, 6) U KapTa pacrpeaejeHus 3JIeMEHTOB OKHUCJIeHHOTO cyios B 00p. 10 (DC)

10 pm 2 10.pm

Fig. 17. Microstructure (a, 6) and map of oxidized layer element distribution in Sample /7 (ES)

Puc. 17. MukpocTpyKTypa (a, 6) 1 KapTa pacrpeaejacHus 3JIeMEHTOB OKUCIEHHOTO cjios B 00p. 11 (BC)
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the action of volatile molybdenum oxides (samples 13
and 74).

The mechanisms of protection against external dif-
fusion of oxygen and nitrogen in sample 12 (ES + HIP)
and 9 (SHS + VIR) are similar and depend on the for-
mation of a thin protective film of Cr,0;. When the ni-
trogen content in the sample is less than 0.0017 wt.%, the
AIN phase is not formed during oxidation [25]. In fine-
grained samples (ES + HIP) [25], the limiting factor for
oxygen penetration deep into the sample is a branched
system of grain interfaces.

Figures 16 and 17 show the microstructures of the
oxidized layer of samples 10 and /I obtained by the ES
method [27]. Comparing the kinetic functions of their
oxidation to the SHS-M samples, similar patterns can be
noted. However, analysis of the microstructures showed
that their oxidation mechanisms are somewhat different.
The primary layer consists of Al,O; with inclusions of
HfO,, CoNb,Og, but in the oxide layer the pores noted
in Figures 16 and 17 are formed by evaporation of volatile
niobium and molybdenum suboxides. The latter destroy
the primary Al,O;5 layer, leading to intense oxidation at
the initial stage (see Figure 1, ¢). Larger niobium inclu-
sions in the oxide layer of the alloy form the CoNb,O¢
phase. Hafnium oxide HfO, is uniformly distributed
as submicron and nanoscale inclusions along the grain
interfaces, thereby suppressing oxygen diffusion inside
nickel aluminide [29]. In sample [0, a thin protective
layer of Cr,0Oj5 is observed under the Al,O5 layer.

In alloy 1/ the Cr(Mo) solid solution phase is also
located at the grain interfaces along with HfO, inclu-
sions. The initial oxidation period is similar to that of
sample /0. However, due to the molybdenum there is
more active oxygen diffusion deep into the sample at the
grain interfaces with the formation of Al,O5 and volatile
MoO;, which are sublimated and do not impede further
oxygen penetration.

Conclusion

1. Kinetic curves were constructed and equations
corresponding to them were established for approx-
imation of the oxidation process at t = 1150 °C for
30 h of various heat resistant nickel alloys based on nick-
el monoaluminide obtained by centrifugal SHS metal-
lurgy (SHS-M), vacuum induction remelting (VIR), ele-
mentary synthesis (ES) and hot isostatic pressing (HIP).

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N° 3

Depending on the alloy composition and the method of
its production, the nature of the curves corresponds to
parabolic, logarithmic or mixed oxidation laws.

In the case of alloys AZhK and EP741NP, at the in-
itial stage (3—4 h) a parabolic dependence is observed,
and after violation of the sample integrity the oxidation
character obeys a linear law and is controlled by the rate
of the chemical reaction.

2. Alloying interstitial elements contribute to the
growth of oxidation resistance of B-alloys. This is due
to the formation of additional phases. In the sample
(SHS-M) alloyed with tantalum, the Ta,O5 phase is
formed in the intergranular space, which reduces the
oxidation rate and depth.

A zirconium-doped sample (SHS-M) showed the
best result: the degree of oxidation for 30 h was 21 g/m?.
The zirconium-containing top layer of Al,O; +
+ Zr;Al, 0y 5 blocks the external diffusion of oxygen and
nitrogen, thereby increasing the heat resistance.

Hafnium alloying causes the formation of submicron
and nanoscale inclusions of HfO, at the grain interfaces,
suppressing the grain interface diffusion of oxygen, and a
thin protective Cr,O; layer is formed under the Al,O; layer.

In alloys with molybdenum volatile oxides of MoOs,
Mo;0,, and CoMoOQ, are formed which destroy the in-
tegrity of the protective layer. As the concentration of
molybdenum increases, the depth of oxygen and nitro-
gen penetration increases, too.

3. Comparative analysis of the kinetics and mecha-
nism of oxidation of basic B-alloy samples with chromi-
um, cobalt and hafnium additions showed a significant
effect on the heat resistance of the method of obtaining
samples. The oxidation mechanism also changes with
the reduction of the percentage of impurity nitrogen and
formation of the Cr,05 sublayer.
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Abstract: The article discusses the features of combining the self-propagating high-temperature synthesis (SHS) of the TizAIC,
MAX phase porous skeleton with infiltration by aluminum melt in a spontaneous mode in order to obtain enlarged samples of
TizAlC,—Al ceramic-metal composite (MAX cermet) in an air atmosphere. A new scheme was developed for obtaining long-length
SHS cermet samples from a bulk density charge with spontaneous infiltration by melt in the same direction with the combustion
wave movement, which makes it possible to regulate the time gap between the end of the TizAIC, synthesis and the beginning of
the spontaneous pore filling with aluminum melt. This technology was used to obtain a TizAIC, SHS skeleton with a total length of
250 mm and a diameter of 22-24 mm where the depth of infiltration with pure aluminum was about 110 mm, and impregnation
with the Al-12%Si alloy was 130 mm. The paper provides comparative data on density, microstructure, and phase composition at
different areas along the length of MAX cermet samples obtained. It was found that infiltration with pure aluminum destroys the
TizAIC, MAX phase to transform it into a mixture of TiC + TiAl; phases in the SHS cermet, and 12 % Si added to the Al melt promote
TizAlC, preservation in the cermet to a some extent. Instead of MAX cermet samples with the target composition of TizAIC,—Al
and TizAIC,—(Al-12%Si), long-length samples of SHS cermets with a different actual phase composition were obtained: TiC-
TiAlz—Al and TiC-TizAlC,-TiAl3—(Al-12%Si), respectively, where the TizAIC, MAX phase either practically absent or present in
small quantities. The average hardness values of TiC-TiAls—Al and TiC-TizAlIC,-TiAl3—(Al-12%Si) SHS cermets were HB = 640 and
740 MPa, density p =2.88+3.16 g/cm8 and 3.03+3.13 g/cm3, and residual porosity 1= 17.0+24.6 % and 17.6+20.3 %, respectively.

Keywords: self-propagating high-temperature synthesis (SHS), MAX phase, TizAIC,, spontaneous infiltration, MAX cermet, TizAlCo—
Al, microstructure, phase composition, physical and mechanical properties.
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UccnepoBaHne BO3MOXHOCTYM NONyYeHUs ANMHHOMEpPHbIX 00pa3uoB MAX-kepmeTa
TizAlIC,—Al metopom CBC ¢ camonpou3BonbHOi MHGUNbTPaLMel pacniasom anioMUHKUS
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AHHOTauumsa: PaccmMoTpeHbl 0COHEHHOCTU COBMELLEHUS MPOLLECCA CaMOPACTNPOCTPAHSIIOLLErOCS BbICOKOTEMIMEPATYPHOIO CUHTE-
3a (CBC) nopucToro kapkaca MAX-dasebl TizAIC, ¢ MHbUNLTpaLmein pacniasom anioMMHMS B CAMOMPOM3BOJIbHOM PEXMME C LieNbio
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nonyyeHns o6pasuoB KepaMmko-meTanandeckoro komnoduta (MAX-kepmeta) TigAIC,—Al yBennyeHHbIX pa3MepoB B BO3AYLLHOWN
aTmocdepe. PazpaboTaHa HOBas cxemMa U3roToBneHUs AJIMHHOMEPHbIX 06pa3yoB CBC-kepMeToB U3 LWNXTbl HACLIMHOW NMIOTHOCTMU
C CamMOnpoun3BOJIbHON MHPUABTPALMEN pacnaaBOM B CYTHOM HanNpaBieHNN C ABVXEHUEM BOJIHbI FOPEHNS, MPU KOTOPOI MOXHO
perynnmpoBaTtb BPEMEHHYIO Nay3y MexX/dy MOMEHTOM OKOH4YaHusa cuHTesa TizAIC, n Havanom npouecca camornpon3BoJibHOIO 3a-
NOJIHEHMSA MOP pacniaBoM anioMUHMS. Mo faHHoN TexHonormum 6ein cnHTeanposaH CBC-kapkac TizAlC, obiwen annHon 250 Mm
1N anameTpoMm 22-24 MM, B KOTOPOM FyOuHa MHPUABTPALLUK YNCTBIM anioMUHUEM cocTaBma okosio 110 Mm, a nponuTka cnna-
BOM Al-12%Si — 130 mM. [NpurBeaeHbl CpaBHUTENbHbIE AaHHbLIE MO MAOTHOCTU, MUKPOCTPYKTYpPE U pa30BOMY COCTaBY Ha Pa3HbIX
yyacTkax no gnvHe obpasuosB nonyyeHHbix CBC-kepMeToB. YCTAHOBNEHO, YTO MHPUALTPALUSA YACTbIM alloOMUHUEM pa3pyLuaeT
MAX-dasy TizAlC,, npespaLias ee B cmecb das TiC + TiAl; B CBC-kepmeTe, a sobaska 12 % Si k Al-pacnnaBy cnoco6CTByeT HEKO-
Topomy coxpaHeHnuio TizAIC, B kepmeTe. BmecTo 06pasuos MAX-kepmeToB ¢ uenesbiM cocTaBoM TigAlC,—Al n TisAlC,—(Al-12%Si)
noslyyYeHbl ANNHHOMEpPHble obpasubl CBC-kepMmeToB C ApyruM peasibHbiM $asdosbiM coctaBoMm: TiC-TiAlz—Al n TiC-TizAIC,—
TiAl3—(Al-12%Si) cooTBeTCTBEHHO, B KOTOPbIX MAX-dasa TizAIC, nam npakTMyeckn oTCYTCTBYET, AN NMEETCa B HEOObLUNX KO-
nuuecteax. CpegHue 3HaveHus teepaoctu CBC-kepmeTtos TiC-TiAlz—Al n TiC-TizAIC,-TiAlz—(Al-12%Si) coctasunn HB = 640 n
740 MMa, nnotHocTb p = 2,88+3,16 n 3,03+3,13 F/CMS, a ocTatoyHas nopuctocTb 1 = 17,0+24,6 n 17,6+20,3 % cooTBeTCT-
BEHHO.

KntoueBbie cnosa: camopacnpoCTpaHaoLWMnes BbICOKOTemMnepaTypHeiin cnHTes (CBC), MAX-dasa, TizAlC,, camonponsBonbHas
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Introduction

In the past 25 years MAX phases including titanium
aluminum carbide (TizAlC,) have been attracting much
attention. Their unique properties combine the advan-
tages of ceramic and metallic materials as demonst-
rated in [I, 2]. So far more than 150 different MAX
phases have been synthesized and studied. MAX phas-
es have not yet been applied commercially [2], howev-
er, despite their large number and attractive properties
arising from their unique layered crystal structure, low
weight, excellent oxidation resistance up to 1400 °C in
aggressive environment, high resistance to mechanical
damage, thermal shock and radiation, crack bridging,
and good machinability by both cutting and electrical
erosion. One notable exception is chromium alumi-
num carbide (Cr,AlC), which is used in sliding current
collectors instead of carbon current collectors on high-
speed trains in China.

The main limiting factor in transferring MAX phas-
es to the market is the absence of suitable methods for
producing high-purity MAX phases in large quantities

at an acceptable cost [2]. In this respect, one of the most
promising methods could be self-propagating high-tem-
perature synthesis (SHS). This is characterized by sim-
plicity, short synthesis time, low energy consumption,
flexibility and possibility of increasing the production
scale, as well as an acceptable cost of synthesis products
[2—4]. The main drawback of this technology is the high
content of side phases and impurities (carbides, interme-
tallic compounds, and residues of unreacted reagents) in
the synthesized MAX phases. With this in mind, the fur-
ther development and improvement of the SHS method
as a process foundation for the creation of economically
justified facilities, i.e. the commercialization of MAX
phases and new ceramic and composite materials and
products based on them is of undoubted interest.

This work considers the application of the SHS
method for the synthesis of the porous framework of
the TizAIC, MAX phase followed by spontaneous infil-
tration with aluminum melt to obtain a ceramic-metal
composite (MAX cermet) Ti;AlC,—Al of increased
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dimensions in air atmosphere. (MAX phase compos-
ites with metals are referred to as «MAXMETs» or
«MAX-MMCs» in English-language literature [5—7],
but in Russian-language sources we propose the name
«MAX cermet», given that MAX phases refer to new
ceramics [8, 9]). Compound Ti;AlC, is one of the most
popular MAX phases and is characterized by low weight,
good crack resistance, ductility and oxidation resistance
at high temperatures. This makes its use very attractive in
composite materials with metals, i.e. in MAX cermets,
in aerospace engineering [6, 9, 10]. Metal Al-bonded
Ti,AlC and Ti;AIC, titanium aluminum carbide-based
cermets have high values of the yield strength, impact
strength and mechanical energy dissipation [11, 12].
They are considered much more effective than alumi-
num and other metals for the protection of spacecraft
against high velocity impacts from micrometeorites and
orbital debris.

Both solid-phase powder metallurgy and liquid-phase
infiltration methods can be used to manufacture frame-
work MAX cermets [13]. For example, Ti;AlC,—Al cer-
mets were fabricated from pure Al powders and 40 vol.%
Ti;AlC, by hot isostatic pressing [12]. It was found that
nanocrystalline agglomerates of Ti;AIC,, distributed
evenly in the Al matrix, form a solid continuous frame-
work. Evaluation of the mechanical properties of cermets
in the temperature range of 20—500 °C by conducting
compression tests at a constant deformation rate showed
that the yield strength of cermet was about 2 times higher
than that of aluminum matrix in the temperature range
under study. New cermet Ti;AlC,—Al;Ti—Al was fab-
ricated by hot pressing of Ti;AlC, and pure Al powders
[14]. Strong interfacial bonding occurred due to the for-
mation of the Al;Ti phase between Ti3;AlC, and Al. The
bending strength, compressive strength, compressive
yield strength and Vickers hardness number of cermet
reinforced with 30 vol.% Ti;AlC, were measured. These
were 398 MPa, 404 MPa, 359 MPa, and 1.91 GPa, re-
spectively.

Methods of infiltration (impregnation) of a porous
ceramic framework with metal melt are one of the most
common technologies used in the production of cer-
mets. They allow products of complex shape with low re-
sidual porosity and low cost to be obtained, when com-
pared to the methods of powder metallurgy. This is due
to the possibility of using relatively inexpensive foundry
equipment [13].

Methods using spontaneous infiltration without the
application of external pressure are the simplest and
therefore most attractive. However, the spontaneous im-
pregnation of a ceramic framework is possible only when
the metal melt wets the ceramics, i.e., when the contact
angle is 6 < 90°. The smaller the value of 6, the easier
infiltration takes place.

The wetting angle depends on the nature of the ce-
ramic and metal phases, the temperature and duration
of their contact, and the gas environment. MAX phases
of titanium Ti3SiC,, TizAlC, and Ti,AIC, similar to ti-
tanium carbide (TiC), are not wetted by pure liquid alu-
minum (6 > 90°) at temperatures below 900 °C. This is
due to the presence of an oxide film and contamination
on the MAX phase surface. However, at higher tempera-
tures and over time, the contact angle decreases to values
of 8 < 90°, i.e., wetting begins. This is explained by the
fact that wetting is determined by chemical reactions at
the interface and their influence on the destruction of
the oxide film on the surface.

As noted in [15], little information is available at
the present time on the use of the infiltration meth-
od to produce MAX cermets with an aluminum metal
phase. The same work demonstrates that MAX cermet
systems of the titanium—aluminum aluminum carbide
system, namely Ti;AlC,—2024Al with a framework
structure, can be produced successfully from porous
Ti3;AlC, blanks by infiltration without pressure by alu-
minum alloy melt 2024Al at # = 930 °C [15]. TizAIC,
blanks with porosity of 48, 41 and 35 % were previously
obtained by vacuum sintering at ¢ = 1450 °C from Ti, Al
and TiC powders. During infiltration lasting 180 min,
the reaction between Ti atoms deintercalated from po-
rous Ti3AlC, and Al atoms from liquid 2024Al in pores
formed intermetallic compound Al;Ti to the amount of
15 to 28 vol.% with a Ti;AlC, framework porosity from
35 to 48 % respectively. At room temperature, cermet
formed from the Ti;AlIC, framework with a porosity of
41 %, composition, vol.% of 52Ti;A1C,—19A1;Ti—29Al,
and relative density of 95.41 %, showed the best set of
mechanical properties: flexural strength of 510 MPa,
compressive strength of 729 MPa and compressive strain
of 5.49 %.

The authors of [10] obtained porous frameworks of
the MAX phase of Ti;AlC, by SHS after heating in a
microwave oven. Then after cooling they were trans-
ferred to a metal mold, heated to 750 °C and impreg-
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nated for 1—2 minutes with aluminum cast alloy melt
Al—13%S at 720—740 °C by casting under the pressure
of 90 MPa. The quantitative X-ray Diffraction (XRD)
phase analysis showed that SHS produced a ceramic
framework of two major phases Ti,AlC and Ti;AIC,, as
well as a small amount of TiC, wt.%: Ti,AlC — 66.54,
Ti;AlC, — 30.32, and TiC — 3.14. After infiltration un-
der pressure by the Al—13%Si melt, the MAX cermet
was formed with a volume ratio of the ceramic and metal
phases of about 50 : 50 and a relative density of at least
95 %. Due to the short duration and low temperature of
the infiltration process side intermetallic phase Al;Ti
is not formed. The hardness of the cermet increased
by a factor of 4 relative to the soft matrix (Al—13%Si),
588 HV versus 160 HV, and the wear rate was less than
half that of the A1—13%Si alloy.

In the above examples using infiltration, the MAX
cermets of the Ti;AIC,—Al system were produced
using 2-stage technologies with long external heating
at high temperatures, i.e., at sophisticated equipment
and with high energy consumption. Single-stage ener-
gy-saving process of force SHS compaction allows the
thermal effect of SHS to be used for both the synthesis
of the TizAlC, MAX phase framework and simultane-
ous melting of aluminum, and its rapid forced infiltra-
tion under the pressing pressure into the synthesized
framework in obtaining a compact Ti,AIC—Al MAX
cermet [16].

However, the simplification of this approach by re-
fusing to use sophisticated pressing equipment, while
using the SHS process both for the synthesis of the MAX
phase framework and for the simultaneous melting of the
metal and its spontaneous infiltration into the framework
without applying excessive pressure results in a non-uni-
form composition of MAX cermet with partially filled
pores in the framework [17]. This can be explained by the
fact that only a small amount of metal can be melted due
to the SHS reaction heat. This is insufficient for com-
plete filling of pores in the MAX phase framework by
spontaneous infiltration. The SHS heat consumption for
heating and melting of aluminum leads to rapid cooling
of the SHS framework, making it difficult to wet it with
a metal melt and complicating the flow of spontaneous
infiltration.

In this regard, the authors of this paper propose a new
simple method of obtaining cermets based on the use of
the porous ceramic framework SHS process, followed by
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spontaneous infiltration with a metal melt prepared in
advance by heating from an external source. This allows
the requisite amount to be used, in order to completely
impregnate the ceramic framework of sufficiently large
dimensions without applying excess pressure. This was
successfully demonstrated by the example of obtaining
the TiC—AlI cermet [13, 17]. This technology was used
to produce MAX cermets Ti,AIC—AI and Ti;AIC,—
Al in the form of small samples. They were obtained by
air burning of briquettes pressed at 25 MPa (23 mm in
diameter and 10 mm high) of the corresponding mix-
tures of titanium, aluminum and graphite powders with
an average delay time of 8 s after completion of burning,
and the subsequent immersion of the synthesized hot
MAX phase framework into the aluminum melt or its
pouring with Al melt for spontaneous infiltration of the
SHS framework [18, 19].

The study of the possibility to produce samples of
MAX cermets of increased sizes compared to those ob-
tained earlier by the new method is of undoubted interest.
This would include long samples whose length is several
times greater than the diameter of their cross-section.
Long samples of the TiC—Al cermet in the form of cy-
lindrical rods up to 130 mm long were obtained from a
composite charge blank of 13 separately pressed charge
briquettes (10 mm high and 23 mm in diameter), tightly
pressed to each other with ends touching. It is techno-
logically difficult to produce a one-piece pressed charge
blank of a significant length with uniform charge density
distribution [13].

The purpose of this work was to investigate the pos-
sibility of applying a new simpler flowchart to use of the
SHS process with spontaneous infiltration with alumi-
num melt, in order to obtain long Ti;AlC,—Al MAX
cermet samples from a bulk density charge in air atmos-
phere, taking into account the features of formation of
the TizAlC, MAX phase.

Research materials
and methods

Previous studies have shown that the structure and
fractional composition of initial powder reagents sig-
nificantly affect the TizAlC, content in the SHS frame-
work, as well as its structure after synthesis in air atmos-
phere [20]. Therefore, in the present work, the grades
of titanium TPP-7 (d ~ 300 um, purity 97.9 %), alumi-
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nmum PA-4 (~50 pm, 99 %) and graphite S-2 (~15 um,
98.5 %) were selected as the main powder reagents which
allow the SHS framework to by synthesized in the air
with the highest Ti;AlC, content without significant
macrostructural defects, cracks, large pores, etc. Alu-
minum melt with a temperature of 900 °C for the SHS
framework infiltration was prepared from A85 grade
aluminum (purity not less than 99.7 %) in a Graficar-
bo electric furnace (Italy). The A1—12%Si alloy was ob-
tained by dissolving silicon in aluminum melt.

Pre-dried initial powders were mixed in a ball mill
for 20 min. The powder charge mixture of 3Ti + Al +
+ 2C was poured into a cylindrical single-layer paper
cup 22 mm in diameter and 250 mm long without ad-
ditional compaction. The SHS reaction was carried
out by burning the charge in bulk inside a paper cup
placed horizontally on a sand base. The burning of the
charge was initiated with a nichrome electric glow spi-
ral by means of ignition charge of TPP-7 grade titani-
um and P701 carbon black powders with a mass ratio
of4:1.

The ignition charge supplied a thermal impulse to
the charge at a distance of 40 mm from the place of con-
tact of the charge blank with the Al melt bath. Initiation

of the ignition charge and pouring of the melt into a re-
cess prepared in the sand were carried out simultaneous-
ly. SHS reaction startup from the contact of the charge
with the hot melt did not occur. Taking into account the
experimentally determined velocity of the burning wave
(~6 mmy/s), this distance (40 mm) enabled a pause of
5—6 s, sufficient for completion of secondary structure
formation in the burned SHS framework and synthesis
of Ti;AlC,.

The burning velocity was determined by video film-
ing (at a frequency of 60 frames per second) of the burn-
ing process of a 200 mm long charge blank. The vid-
eo image was analyzed to determine the length of the
burned SHS framework to the time of its burnout ratio.
The experiment flowchart is shown in Figure 1. Its data
shows that the SHS initiation site can be shifted along
the charge blank by adjusting the pause between the pas-
sage of the burning wave and the infiltration front. The
ability to adjust the pause is necessary to provide a cer-
tain time delay for charge mixtures of different compo-
sitions and press densities, which can have significantly
different burning rates.

The SHS cermet obtained was divided into equal
cylinders 20 mm long, in order to study the microstruc-

Fig. 1. Ti3AIC,—Al SHS cermet production diagram (top view)

1— filament, 2 — igniter, 3 — Al melt at # = 900 °C, 4 — melt infiltration front, 5 — conditional front of Ti3AlIC, secondary structure

formation, 6 — burning front, 7— SHS charge, 8 — sand

A — area of 3Ti—1Al-2C initial reagents; B — area of TiC, + TiAl, primary structure formation; C — area of Ti;AlC, secondary structure
formation; D — area of Al infiltration; (C + D) — TizAlC, area containing infiltrated aluminum in pores

Puc. 1. Cxema nonyuyenust CBC-kepmera Ti;AlC,—Al (Bun cBepxy)

1 — crivupanb HakanuBaHusl, 2 — 3anai, 3 — Al-pacrnas ¢ = 900 °C, 4 — ¢poHT nHGUIBTPaLUU pacIuIaBoOM,

5 — yc0BHBI ()POHT BTOPUYHOTO CTPYKTYpoobOpasoBaHus TizAlC,, 6 — ppoHT ropenus, 7 — muxra CBC, & — necok
A — obnactb ucxonHbIx peareHToB 3Ti—1A1-2C; B — obnacTb nepBUYHOro cTpykTypoodpaszosanus TiC, + TiAl;

C — 061acTb BTOPUYHOTO CTPYKTYpoobpa3oBaHus TizAlC,; D — obaactb uHGMIbTpauuu Al;

(C + D) — obnacts Ti3AlC,, conepxaiias UHOUIBTPUPOBAHHBII AIIOMUHMIA B TOpax
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ture and phase composition at a certain distance from
the beginning of the sample contacting the molten met-
al. The microstructure of the samples was studied using
a scanning electron microscope (SEM) JSM-6390A
(JEOL Ltd., Japan). Phase composition was determined
by means of X-ray diffractometer ARL X’trA-138
(Thermo Scientific, Switzerland) using CuK, radiation
with continuous scanning in the interval of angles 26 =
= 5°:80° with the speed of 2 deg/min. Sample density
was evaluated by hydrostatic weighing in water. Hard-
ness (HB) was measured using the Brinell method by
indentation of a steel ball (¢ = 5 mm) with a load of
2,5 kN, since a relatively large ball allows averaging of
structural heterogeneities (small pores).

Results and discussion

Preliminary experiments on the use of SHS to pro-
duce MAX cermets by initiating burning at the place of
contact of the charge with the melt showed the impossi-
bility of preserving the MAX phase in the final compos-
ite. The introduction of the cooler metal melt into the
hot SHS framework resulted in its rapid cooling and in-
hibiting high-temperature reactions of formation of tita-
nium aluminum carbide MAX phases. This occurred in
the afterburning zone for at least 4—6 s after the burning
wave passed [21]. Therefore, conditions for the forma-
tion of the MAX phase in the afterburning zone can be
ensured by adjusting the time pause between the pas-
sage of the burning front and the infiltration front. On
the other hand, too long a pause can lead to significant
cooling of the framework. This can ultimately make it
impossible for it to be wetted and spontaneously infil-
trated by the aluminum melt or substantially limits the
infiltration depth.

When SHS is initiated at a distance of 40 mm from
the melt bath, 2 burning fronts are created simultane-
ously, moving in opposite directions of the charge blank.
The first burning front moves towards the melt bath, and
after traveling a distance of 40 mm, reaches the begin-
ning of the charge blank at the point of contact with the
melt. The already red-hot SHS framework melted the
oxide film on the surface of the melt bath. At a burning
wave velocity of 6 mm/sm it took about 6—7 s to over-
come this distance (40 mm). At this point, the alumi-
num melt began to infiltrate into the SHS framework,
in which the second burning front continued to move in
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the opposite direction from the melt bath. Thus, a time
pause (6—8 s) between the second (main) burning front
and the infiltration front was provided.

The appearance of the SHS cermet obtained based
on Ti3AIC, is shown in Figure 2. It can be seen that a
part of the burnt fuse remained in the upper part of the
sample on the left, which at a distance of ~40 mm from
the beginning of the sample initiated the SHS reac-
tion, triggering 2 burning waves in different directions.
Zone [ with a length of about 40 mm on the sample was
formed first and performed a process function in this
circuit. Given that the pause between the end of burning
in this zone 7 and the beginning of infiltration was less
than 6 s, the function of this section of the SHS frame-
work was reduced, in order to provide a pause between
the second burning wave (moving to the right side of the
sample) and the infiltration front. The first section of the
100 mm long sample has a larger diameter of 24 mm.
It is silver in color, and has a slightly deformed surface,
indicating the presence of aluminum in the framework
pores. An increase in diameter of the impregnated part
of the framework may be due to the Rehbinder effect,
as well as features of the high-temperature chemical in-
teraction of the Al melt/silumin with the 3Ti—Al—2C
SHS system. The right section measuring 60—70 mm is
distinguished by a white plaque and a smaller diameter
(~20 mm).

In order to study the completeness and depth of the
aluminum melt infiltration into the SHS framework,
the MAX cermet samples obtained were cut into 10 ap-
proximately equal cylindrical disks with an average
thickness of ~14 mm for the Ti;AlC,—Al sample with
target composition, with an initial length of 160 mm
and ~15 mm for the Ti;AlC,—(Al—12Si) sample with
/=170 mm. The loss of 20 mm of the total length was
due to material consumption when cutting sample
disks with a cutting wheel about 2 mm thick. Thus,
9 cross-sections were obtained in succession along
the length of MAX cermet samples. The appearance
allows the quality of impregnation to be assessed
visually.

Figure 3, a shows that the first 4 cross-sections prac-
tically have no pores or voids, while possessing a homo-
geneous metallic luster, indicating good wetting of ce-
ramics by metal in this section up to ~60 mm long. In
cross-sections 5—§&, an increasing number of dark pores
can be noted: from few single pores in cross-section 5;

29



lzvestiya Vuzov. Poroshkovaya Metallurgiya i Funktsional'nye Pokrytiya - 2022 - Vol. 16 - N2 3

to the predominance of dark pores over silver pores in
cross-section & The images of cross-sections & and 9
are characteristic of an unimpregnated SHS framework
of TizAlC,, so conventionally the distance at which
cross-section 7 with obvious signs of impregnation was
obtained can be taken as the depth of impregnation, i.e.,
about 110£10 mm.

Figure 3, b shows that starting from the first section,
small pores are observed from one to several pieces,
clearly distinguishable on the homogeneous silver sur-
face of the cut. Cross-sections 4—7 show pore clusters
in specific areas of the cross-section. Cross-sections &
and 9 have the appearance of an unimpregnated frame-
work, with no obvious traces of the presence of signifi-
cant amounts of metal. Taking into account the average

length of each individual sample disk (15 mm) and loss
per cut (2 mm), impregnation in this case was com-
pleted on the 8™ sample disk, and its depth was about
130£10 mm. Increase of the infiltration depth up to
~130 mm may be explained by increased fluidity of the
melt and its wetting of the framework in the presence of
silicon in the melt.

Figure 4 shows that the density distribution curves of
SHS cermets of Ti;AlC,—Al and Ti;AlC,—(Al—12Si)
target compositions have a similar nature and they de-
crease smoothly along the length of the samples from
3.0—3.2 to 2.0 g/cm?>. At the same time, the density of
Al—12Si-based cermet is slightly higher. This may indi-
cate a more complete impregnation with silumin melt,
when compared to pure aluminum.

160 mm zone

Fig. 2. Cermet sample after SHS

1 — zone from 0 to 40 mm, in which the pause between the SHS process and melt infiltration was less than 6 s

Puc. 2. O6pa3zen kepmera rocyie CBC

1 —30na ot 0 mo 40 MM, B KoTopoii nmay3a mexy mpoueccom CBC u nndunsrpaimeiil paciuiasa Oblia MeHee 6 ¢

Fig. 3. Successive cross sections of long-length SHS cermets with target compositions TizAlC,—Al (a)

and Ti;AIC,—(Al-12Si) ()

Puc. 3. ITocnenosaresnbHble MoNepedHble ceueHU s AMnHHOMepHbIX CBC-kepMeToB 1eneBbix coctaBoB TisAIC,—Al (a)

u Ti;AIC,—(AI—12Si) (b)
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When examining the fracture microstructure, the
laminar phase of TizAlC, is observed predominantly in
the final part of the sample. Traces have not been de-
tected in the cross section obtained in the initial part of
the sample at a distance of 40 mm. Photographs of the
fracture microstructure at distances of 100 and 160 mm

p,g/sm’

>

3,04

————
- ~ —
~ i

SNTi,AIC,~(Al-128i)
\\

2,54 Ti,AIC,-Al ~

2,0

1,5

Number

Fig. 4. Density distribution over MAX cermet
disk samples

Puc. 4. PacnipeneneHue NIOTHOCTH
o oopasuaM-nuckam MAX-KepMeTOB

20kV X500 50pm

from the beginning of the sample at the point of contact
with the melt bath are shown in Figure 5.

Figure 5, a shows equiaxial particles of titanium
carbide and a small number of multidirectional plates
similar in appearance to Ti;AlC, plates. The latter are
predominantly observed in Figure 5, b with a small
number of rounded TiC particles. It is important to note
that at a distance of 160 mm, traces of impregnation are
almost absent. The pores in the framework remained
unfilled with metal which could lead to a large amount
of the observed phase of TizAlC,. The X-ray diffraction
patterns of fractures of samples shown in Figure 5 are
shown in Figure 6.

According to the height of peaks in Figure 6, a, it
can be concluded that the main phases in the cermet
at a distance of 100 mm are Al and TiC, while TizAlC,
and TiAl; are present in a much smaller amount. Ac-
cording to Figure 6, b, in a fracture, at a distance of
160 mm, there are no traces of aluminum. Only re-
fractory phases of the TiC and TizAlC, framework are
observed. According to the results presented, it can be

30KV - X1,000 /" 10pm

20KV, X1,000: 2 10

Fig. 5. Fracture microstructure of the sample with target composition Ti;AlC,—Al at a distance of 100 mm (a)

and 160 mm (b) from the sample origin

Puc. 5. MukpoctpykTypa n3ioMoB obpasua uenesoro coctasa TisAlC,—Al Ha pacctossHum 100 MM (@) 1 160 MM (b)

OT HayvaJia oOpa3siia
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concluded that the aluminum melt impregnating the
SHS framework generally destroys the MAX phase of
Ti;AlC,. This is consistent with the previously obtained
data [19]. Therefore, it is not sufficient only to ensure
the completion of structure formation of Ti3AlC,. The
issue of chemical resistance of Ti3AIC, to the incoming
aluminum melt superheated during infiltration as a re-
sult of heat exchange with the hot SHS framework also
needs to be considered.

Study of the microstructure of the MAX cermet
sample obtained by infiltration with the Al—12%Si
silumin melt was carried out on transverse fractures of
the sample at distances of 40, 80, and 120 mm from the
melt bath (Figure 7). At all sites a significant number of
Ti;AlC, plates is observed. It is important to note that a
significant part is in the metal matrix or tightly in con-
tact with it, and the silumin melt has impregnated deep-
er than pure aluminum.

Fracture diffraction patterns of these sections, shown
in Figure 8, revealed the following phase composition:
Al, TiC, TisAlC,, TiAl,, and TiAl; for sample sections
at both 40 mm and 80 mm from the melt bath. Conse-

quently, the addition of 12 % Si to Al contributes to the
TizAlC, content increase in the impregnated part of the
framework. In addition, systematic peaks of TiAl; and
TiAl, compounds have been detected, and a shift of Al
peaks was noted (see Figure 8, b). This is due to the pres-
ence of silicon in the A1—12%S melt.

Thus, the SHS cermet with the TizAlC,—Al target
composition, obtained by infiltration of pure alumi-
num, has a different real phase composition: TiC—
TiAl;—Al. At the same time, the silumin-based SHS
cermet TizAlC,—(Al—12Si) at the 0—40 mm section,
is also another real composition of TiIC—TiAl;—(Al—
12Si). At the 40—120 mm section, the composition is
TiC—Ti3AlC,—TiAl;—(Al—12Si). In general, alu-
minum actively destroys Ti;AlC,, and the addition of
12 % Si to it contributes to the preservation of TizAIC,
in obtaining long-length SHS cermet by spontaneous
infiltration of the metal melt. This is probably due
to less deinterculation of Al from the MAX phase of
Ti;AlC, into the A1—12%Si melt compared to the pure
aluminum melt.

The results of hardness studies in cross sections of
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Fig. 6. Fracture XRD patterns of the sample with target composition Ti;AlC,—Al at a distance of 100 mm (a)

and 160 mm (b) from the sample origin

Puc. 6. Iudpaxkrorpammer n310MoB obpasia nenesoro coctaBa Ti3AlC,—Al Ha pacctostauu 100 MM (@) u 160 MM (b)

OT Ha4aJia 06pa3ua
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Fig. 7. Fracture microstructure of the sample with target composition Ti;AlC,—(Al—-12Si) at a distance of 40 mm (a),

80 mm (b) and 120 mm (c¢) from melt bath

Puc. 7. MukpocTpykTypa usnoma obpasua nenesoro cocrasa TisAlC,—(Al—128Si) na paccrosuuu 40 MM (a),

80 MM (b) 1 120 MM (c) OT BaHHBI pacrijiaBa

the SHS cermets obtained are shown in Figure 9. This
shows 3 prints with diameters of 2.63, 2.7 and 2.22 mm
after indentation of a steel ball with &5 mm. Af-
ter processing the results (prints) of at least 10 tests,
the average Brinell hardness value for cermets of the
TizAlC,—Al target composition (in the 100 mm zone)
was approximately 640+180 MPa. For Tiz;AlC,—
(A1—12%Si) (in the 80 mm zone) it was 740310 M Pa,
which according to the international standard of the
hardness value conversion can be estimated condi-

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N°3

tionally by the values of the strength limit of ~220 and
~250 MPa respectively [22].

The greater hardness of SHS silumin-based cer-
mets can be explained by higher mechanical properties
of silumin (about 500 MPa) compared to pure alumi-
num (200—300 MPa). The significant dispersion of
hardness data and relatively low strength of compos-
ites can be associated with significant residual porosi-
ty, as well as uneven structure across the cross section
of the composite as shown in Figure 3. The density of
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Fig. 8. Fracture XRD patterns of the sample with target composition Ti3AlC,—(Al—12Si) at a distance of 40 mm (a)

and 80 mm (b) from melt bath

Puc. 8. ludpakrorpammsl n3noMoB odpa3sia Leaesoro coctasa TizAlC,—(Al—12Si) Ha paccTossHuu 40 MM (a)

u 80 MM (b) OT BaHHBI pacrjiaBa

TizAlC,—Al cermets was p = 2.88+3.16 g/cm3, which,
taking into account the phase composition, corre-
sponds to the residual porosity of P = 17.0+24.6 %.
For Ti;AIC,—(Al—12%Si) cermets the values are p =

<Ay

. { fd ¢
- L]
Segment 2 _'

2,22 mm -y

. LR
= o Segment 3
it & “f

s, : 5 *

Fig. 9. Indents on the section of SHS cermet with target
composition Ti;AlC,—(AI—-12Si) after hardness test

Puc. 9. OTrnieyaTKy MHAEHTOPA Ha CEYCHU U
CBC-kepmera uenesoro cocrasa TizAlC,—(Al—12Si)
ITOCJIe UCIIBITAaHW ST Ha TBEPIOCTD

=3.03+3.13 g/cm3 and P=17.6+20.3 %. Consequently,
the addition of 12 % Si to Al leads to an insignificant
decrease in the sample density dispersion and, as a
consequence, the residual porosity, contributing to a
more uniform distribution of the metal over the SHS
framework during infiltration.

If we focus on possible applications of MAX
phases [2], the developed SHS cermets can be used
as light wear-resistant materials. The presence of
porosity makes them lighter, and as electrodes for
application of wear-resistant coatings. In order to
further increase the completeness and depth of infil-
tration, the temperatures of the SHS framework and
aluminum melt need to be increased, while at the
same time providing measures to reduce the chemi-
cal interaction between them by searching for alloy-
ing components.

Conclusion

This study investigated the possibility of applying a
new circuit of the previously proposed method, in order

34

W3BecTns By30B. [lopolKoBas METanayprysa n QyHKUNOHabHbIE nokpbiTns = 2022 = T. 16 = N° 3



Self-Propagating High-Temperature Synthesis

to obtain long-length samples of MAX cermets on an
aluminum matrix basis using the SHS process. In this
case the synthesis of the TizAlC, MAX phase porous
framework was carried out by means of the bulk den-
sity charge combustion in air atmosphere, followed by
spontaneous impregnation with aluminum melt. This
provided the pause necessary for the formation of the
MAX phase between the passage of the burning and im-
pregnation fronts.

However, instead of MAX samples with the TizAlC,—
Al and Ti;AlC,—(Al—12Si), target compositions, the
cylindrical samples of SHS cermets with increased
dimensions (Iength up to 110—130 mm and mean di-
ameter of 24 mm) were produced with different real
compositions: TiC—TiAl;—Al and TiC—Ti;AlC,—
TiAl;—(Al—128Si), respectively. In these samples the
MAX phase of TizAlC, is either practically absent or
present in small amounts. This result can be explained
by the fact that active destruction occurs during spon-
taneous infiltration of the Tiz;AlC, MAX phase syn-
thesized framework by pure aluminum melt. The ad-
dition of 12 % Si to the Al melt promotes an increase
in the Ti3AlC, content in the SHS cermet obtained, as
well as increasing the total depth of infiltration from
~110 to ~130 mm.

The average hardness value of TiC—TiAl;—Al and
TiC—Ti3;AlIC,—TiAl;—(Al—12Si) SHS cermets is
HB = 640 and 740 MPa, which corresponds conven-
tionally to the ultimate tensile strength of the obtained
materials of about ~220 and 250 MPa, respectively.
In the case of the TiC—TiAl;—Al sample, the density
is 2.88—3.16 g/cm3, and the residual porosity is 17.0—
24.6 %, and for the TiC—Ti;AIC,—TiAl;—(Al—
12Si) cermet these parameters are equal to p = 3.03+
+3.13 g/em?, P=17.6+20.3 %.
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Abstract: Research into WC-Co submicron hardmetals involving measurement of hardness, coercivity and microstructural
characterization, as well as analysis and comparison of results from recent literature led to the development of a unified constitutive
expression for Vickers hardness in a form that separates the effects of the tungsten carbide grain size from those of the cobalt binder
volume fraction. With the proposed expression for HV one may recalculate and compare hardness values for hardmetals featuring
the same average grain size but differing in the binder matrix content. The paper shows that, in contrast to the Lee-Gurland model,
the proposed constitutive expression framework treats the hardmetal hardness as a function of the carbide skeleton hardness
(Hwc) and contiguity (C) described as HV = CH\y¢c. The carbide skeleton hardness depends on the WC grain size only, and it is
described by the Hall-Petch equation. The results of parallel hardness and coercivity measurements led to an empirical equation
relating H, to the WC grain size and the Co volume fraction. Based on the complete experimental data, the relationship between the
coercivity and Vickers hardness was explored, and a simplified relationship between these physical values was proposed to carry
out the primary HV evaluation based on the measured coercivity values. As noted in the paper, the above equations are valid for
relatively narrow WC grain size distributions with a maximum coefficient of variation of 0.5.
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3aBucumocTb cBOMCTB TBepAabix cnnasoB WC—Co ot nx cocrasa
M XapaKTepUCTUK MUKPOCTPYKTYpbI

B.A. MecuH, A.C. Ocmakos, C.10. BoiikoB
000 «Bupwuan», . CaHkT-MeTepbypr, Poccus

Crarbs noctynuna B peaakumio 22.02.22 r., popabotana 14.04.22 r., nognncanxa B neqats 20.04.22 r.

AHHOTauuma: B xoae npoBeAeHHbIX MCccneaoBaHuii CcyOMUKPOHHBIX TBepAbIx crnaBoB cucteMbl WC—Co, BKlOYaBLLMX B cebs aun-
arHoCTUKY TBEPAOCTU, KOSPLUUTUBHOM CUJIbl U NApaMeTPOB MUKPOCTPYKTYPbI, @ TakXXe aHafiM3 U ConocTaB/ieHNe pe3ynbTaToB 13
COBPEMEHHbIX INTEPATYPHbLIX MICTOYHUKOB, NPeacTaBeHa 06beaHEHHas MOe b, COrfIaCHO KOTOPOW BblpaXeHue s TBEpLOCTU
no Bukkepcy MOXHO NpeacTaBuUThL B BUAE, MO3BONSIOLLEM PA3LeNNTh BIMSHUE pa3mepa 3epHa kapbuaa Bonbdpama u 06beMHO-
ro coaepXxaHuns ko6ansToBoOM CBA3KU. [peanoxeHHOe BbipaxXeHne AaeT BO3SMOXHOCTb MPOBOAMTL NEpepacyeT U CONOCTaBNATb
3HauveHus HV ans TBepabix CMIaBOB C OAMHAKOBLIM CPEAHMM Pa3MeEPOM 3epHa U Pas3fiMyHbIM COAEPXaHUEM CBA3KU. B paboTe
nokasaHo, 4To B 0Tin4mne ot mogenu Jin-fepnanga B paMmkax npeacraBnsemMoli Mogenn TBepAoCTb CryiaBa onpeenseTcs TBepao-
CTbio kKapbupaHoro kapkaca (Hygc) v ero cmexHocTblo (C) n 3apaetcs cooTHoweHnnem HV = CHy,c. Npun aTom BennynHa Hyyc 3aBucut
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TONbKO OT pa3mepa 3epHa kapbuaa sonbdpama n onnucbiBaeTcs ypaBsHeHnem tuna Xonna-rlertya. No pesynstatam napannienbHbiX
M3MepeHnii TBepAoCTU 1 KOIPLUTUBHOW CUJibl (H,) NONYy4eHO SMNNPUYECKOe ypaBHEHNE 3aBUCUMOCTHN BENNYUHBI H, OT pasmepa
3epHa WC 1 o6bemMHoro cogepxaHus Co. Ha ocHoBaHUM BCE COBOKYMHOCTM 3KCNEePUMEHTaNbHbIX AaHHbIX UCC/ieA0BaHbl CBA3M
KO3PLUMTUBHOM CUJbl N TBEPAOCTM MO BMKKEPCY 1 NPenioXeHO YNPOLLEHHOE COOTHOLLEHME MeX Ay 3TUMK PpU3nyecknmm nokasa-
TensMu, No3BoNSIOLLEE NPOBOANTL NEPBUYHYIO 3KCMPECCHYIO OLEHKY BEIMYMHbI HV N0 n3MepeHHbIM 3Ha4eHUSIM KOSPLUMUTUBHOM
cunbl. B paboTe oTMevaeTcs, YTO NPUBEAEHHbIE COOTHOLLEHUS CNPaBeaMBbl A1 OTHOCUTENbHO Y3KOro pacrnpeneneHuns 3epeH
WC no pasmepam ¢ koadduumeHToM Bapuaumm He 6onee 0,5.

Kntouesble cioBa: TBepAbI CNiaB, MUKPOCTPYKTYpa, TBEPAOCTb No Bukkepcy, KOSpUMUTMBHAS cuna, pasmep 3epHa, coaepxaHue
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Introduction

Many reviews and research papers have investi-
gated the relationship between the microstructure
and composition of WC—Co grades and their proper-
ties such as hardness (HV) and coercivity (H,) [1—4].
Most studies assume that HV and H, values are func-
tions of the WC grain size (dywc) and the volume frac-
tion of the Co binder (V). Empirical HV and H, vs.
dwc and V, relationships are used to build the re-
levant physical models [5—10]. For most dyc mea-
surements, various versions of a single approach, the
linear intercept method, are used. Unfortunately, in
the case of grades with close hardness and coercivity
values, these works report very different WC grain si-
zes. Such discrepancies are particularly evident in the
submicron grain size range. For example, in the case
of grades containing 10 wt.% of Co and the average
grain size dyc = 0.5 pm, the reported hardness rang-
es from 1540 to 1820 HV;, for dyc = 0.6 um, 1610 to
1798 HV3y, and for ¢ dyc = 0.7 pm, 1431 to 1720 HVj3,,.
The empirical relationships are also very different and
therefore of little use.

Papers [11—13] consider the metrological aspects of
WC grain size measurements. The results presented in
[3, 6, 10] seem to be highly reliable. We believe that the
empirical hardness vs. grain size and binder content re-
lationships from [3, 6] can be used to find the relation-
ships with other hardmetal properties.

The hardness vs. WC grain size relationships in [3]
measured by the linear intercept (d,) are Hall—Petch-
type relationships for grades with 6 and 10 wt.% Co, re-
spectively:

HV=970 + 540d,~"/2, (1)
HV =850 + 485d,'/2, )

Kresse T. et al. [6] obtained an empirical equation for
hardness, and tungsten carbide grain size (where d is
the max Feret diameter) vs. cobalt volume content from
the experimental results for WC—Co grades in a wide
range of Co contents (5—25 wt.%):

HV = o(Vo)[729 + 718(dg + 0.13)71/2), €)

wherein the first factor o(V,) = 0.5/(V, + 0.331) rep-
resents the contribution of the binder, and the second
factor, that of the carbide component as a Hall—Petch
relationship with the complex argument (dg + 0.13).
It limits the infinite growth of HV as dp approaches
zero. Comparing the estimations with equations (1)—(2)
and (3) is of considerable interest, but first, we need to
find the d vs. d relationship.

The study objectives are as follows:

— to analyze the WC—Co grades’ hardness vs. com-
position and microstructure relationship;
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— to use the measured HV and H, values for a num-
ber of grades, and to identify the coercivity vs. composi-
tion and microstructure relationship;

— to prove the existence of a correlation between
the HV, H,, and dy, values for the WC—Co hardmetal
under certain conditions.

Test samples and methods

The samples consisted of submicron WC—Co tool
hardmetal from Sandvik (Sweden), Konrad Friedrich
and Konrad Micro Drill (Germany), Iscar (Israel), Ge-
sac (China), and Virial (Russia). The carbon content is
close to the stoichiometric value.

In order to evaluate Vickers hardness, the polished
microsections were analyzed using a Falcon 508 hard-
ness tester (Netherlands) at 294 N.

A Koerzimat 1.096 CS measuring system (Germany)
was used to measure coercivity. We estimated the mi-
crostructural features using the Fiji software (USA) by
analyzing the images obtained with a Mira 3 scanning
electron microscope (SEM) (Tescan, Czech Repub-
lic). The images represented the surfaces of the samples
etched and pre-polished with diamond suspensions.
The etching process consisted of soaking the samples in
the Murakami solution for 60s followed by rinsing and
a 10-minute ultrasonic bath cleaning. Five SEM imag-
es were used to estimate the grain size. The FOV was
7.22 um, with 80* magnification.

Hardness vs. WC grain size
and Co binder content

The linear intercept (d.,) method assumes that the
single WC grain size is the length of an arbitrary chord.
Therefore, the grain size is the «average» chord length.
The grade’s average grain size estimated with the linear
intercept method is double-averaged and does not sig-
nificantly depend on WC grain shape. If we assume the
equivalent circle diameter (d,q,) to be the grain size, its
average value does not depend on the WC grain shape,
and the d; to dq, ratio loosely depends on the grain
morphology: dq, ~ 1.15 d [13].

When the max Feret diameter (the longest chord)
is assumed to be the grain size, the average grain size
(dp) strongly depends on the grain isometricity. We can
expect that in commercially available grades the de-
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gree of grain isometricity varies in a relatively narrow
range. Therefore, in order to find the d, /df ratio, we
selected 6 grades from different manufacturers. Their
average grain size dc was 0.39—0.68 pm. We used the
samples to measure d, and dg. We obtained d, /dg =
=(.70%0.04.

Since the variation did not exceed 10 %, we used the
result to modify equation (3):

HV=10.5/(Veq + 0.331)] x

x [729 + 601(d, + 0.09)~/2], (3a)
For grades with 6 and 10 wt.% Co respectively we ob-
tain:

HV =842 + 694(d. + 0.09)"'/2, @)

HV =135+ 606(d, + 0.09)"1/2, ()

These equations are more suitable for comparison of
the grade hardness vs. WC grain size relationships pre-
sented in [3] and [6].

Fig. 1 shows the hardness vs. grain size relationships
for grades with 6 and 10 wt.% Co content obtained from
equations (1), (4) and (2), (5), respectively. Our experi-
mental data and the data from the studies [3, 6, 10] are
also indicated.

Within the experimental data scattering for the 0.2—
5.0 um grain size range, the approximations present-
ed in [3] and [6] give similar results. In the nanoscale
range (d, < 0.2 pm), the plastic deformation mechanisms
change, and equations (1) and (2) are no longer valid.
Therefore, it is preferable to use modified equation (3a).
For example, in the case of grades with 10 wt.% Co and
0.14 um [14] and 0.061 um [15] grain sizes, equation (3a)
gives 2000 and 2294 HV hardness values, respectively.
This is in satisfactory agreement with the experimental
values (2036 and 2356 HV).

The model by Kresse T. et al. [6], where the grade’s
hardness is determined by the hardness of its carbide
network while the contribution of the Co content is ex-
pressed as a normalizing function. For d, > 0.2 pm the
model unifies the Hall—Petch factors for different Co
concentrations:

HV=10.5/(Vco, + 0.331)](850 + 485d,7/?). (©6)

For example, for 10 wt.% Co, a(V,) = 1, we ob-
tain equation (2). For 6 wt.% Co, a(V,) ~ 1.155,

—_ .
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Fig. 1. Hardness of 6 wt.% Co grades (a),
and 10 wt.% Co grades (b) as a function of WC grain size

Solid lines mean calculation as per Equation (1) (a)

and Equation (2) (b) [3], dashed lines mean calculation

as per Equation (4) (a) and Equation (5) (b);

symbols mean O — experimental data from [3];

A — experimental data from [6]; O — experimental data from [10];
& — Virial’s own measurements

Puc. 1. 3aBUCHMOCTb TBEPIOCTH CIJIABOB ¢ 6 Mac.% (a)
u 10 mac.% Co (b) ot BemmunHbI 3epHa WC

CIUIoIIHbIC IMHUW — PacyeT Ha OCHOBaHUM ypaBHeHUI (1) (a)

u (2) (b) [3], wTprxoBble — pacyer 1o ypaBHeHUsM (4) (a) u (5) (b);
3HAYKM — IKCIepUMeHTabHbIe naHHbIe [3] (O), [6] (A), [10] (O)
u cooctBeHHbIe u3MepeHust OO0 «Bupuan» (&)

then HV = 982 + 560d,~"/2, which is almost identical
to ().
For V¢, = 0, equation (6) becomes:

HViye = 1284 + 733d,7'/2, (7)

where the factors are similar to the results presented in
[16] (1382 and 731) and [17, 18] (1112 and 911). Equa-
tions (3a) and (6) enable comparison of the hardness of
grades with different binder volume contents (at least for
the 0.08 < ¥, < 0.24 range), and to estimate the grain
sizes.

The physical meaning of o(¥,) becomes clear, if we
compare it to the carbide network contiguity (connec-
tivity). C. Roebuck B. et al. [12] proposed the following
equation for contiguity:

C=1-127v5%7. ®)

Fig. 2 shows a comparison of o(V,) and C values
for WC—Co grades with the V-, < 0.24 cobalt volume
content. It follows that:

oV, = 1.5C. 9)

Then the expression for hardness can be exp-
ressed as

HV=C(1284 + 733d.7'/%). (10)

HV'vs. tungsten carbide grain size and binder content
in WC—Co grades is well described using the compre-
hensible phenomenological model. The grade’s hardness
depends on the hardness of its carbide network, while the
volume content of the binder governs the contiguity of
the network.

It should be noted that, as shown in [19], the WC—
WC interfaces may or may not contain Co interlayers
3 to 30 nm thick, depending on the carbon content.
It is not clear how the presence of such nanosheets af-
fects the mechanical properties of the grade and whether
we should adjust the concept of the carbide network and

o 1,5C
1,6 1,6
144 14
1,24 1,2
1,04 -1,0
0,8 -0,8
0,6 T T T 0,6

0 09 1 052 Oa3 VCO
Fig. 2. Ratio between the coefficient ou(V,) ()
and contiguity C (2) depending on Co binder fraction

Puc. 2. CooTHoureHne Mexny KoabduuneHToM o V,) (1)
U cMexXHOCThIO C (2) B 3aBUCUMOCTH OT COJIepKaHU S
Co-cBsI3KHU
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its contiguity in grades with nearly stoichiometric car-
bon content.

Coercivity vs. WC grain size
and Co binder content

In order to find the coercivity vs. WC grain size re-
lationship for a number of tool hardmetals from dif-
ferent manufacturers (6, 10, and 12 wt.% Co content),
we concurrently measured H, and HV. Then we applied
combined equation (6) to the measured HV values, in
order to estimate the grain size (dp). The solid lines in
Fig. 3 show the curves for 6, 10, and 12 wt.% Co alloys.
They are well fitted by the following empirical equa-
tions:

H, =547 +102d,7", (12)
H,=50.8 +83d,~", (13)
H,=53.0 +76d,7". (14)

Within the margin of error, we can assume the free
terms in equations (12)—(14) are all equal to 53 Oe,

-1 -1
d, , pm
Fig. 3. Coercivity HC as a function of WC grain size

in grades with different Co binder content:

O — grades with 6 wt.% Co; O — grades with 10 wt.% Co;
A — grades with 12 wt.% Co

Puc. 3. 3aBUCHMOCTb KOSPLIIMTUBHOM CHIIBI OT pazmepa
3epHa WC B cr1aBax ¢ pa3iuYHbIM COepXaHUeM
Co-cBs3ku, mac.%: 6 (O0), 10 (O) u 12 ()
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Fig. 4. Coefficient k as a function of cobalt volume
fraction

Puc. 4. 3aBucumoctb KoadduireHTa kK oT 00bEMHOTO
comepkaHus KobaspTa

while the k& multiplier of a’P_1 linearly varies with the
binder volume content (Fig. 4) within the 6—12 wt.% Co
range. This relationship can be expressed as k£ = 131 —
— 283V,

By substituting the calculated d|, value with d, in
equations (12)—(14), we obtain the following expres-
sion for the H, coercivity vs. grain size and binder con-
tent:

H, =53+ (131 — 283V)d, . (15)

Since the empirical dependences (12)—(14) and, re-
spectively, (15) were obtained with the grain size (d)
values estimated by equation (6), they are valid for the
0.2—5.0 um grain size.

Hardness vs. coercivity
relationship

Fig. 5 shows our concurrent H, and HV measure-
ments for 6, 10, and 12 Co wt.% alloys. The solid lines
indicate the estimated coercivity vs. hardness relation-
ships obtained from equations (6) and (15). It follows
from the figure that the relationships satisfactorily de-
scribe the experimental data. The data variation is due
to certain variations of the hardmetal manufacturing
process variables. The manufacturers usually specify
[20—25] a fairly wide range of acceptable hardness and
coercivity values: 50 HV and 35 Oe, respectively.
Such a variation should be considered when analyzing
the relationships for many different grades.

In hardmetal manufacturing, magnetic measure-
ments are one of the first express NDT stages of sintered

41



lzvestiya Vuzov. Poroshkovaya Metallurgiya i Funktsional'nye Pokrytiya - 2022 - Vol. 16 - N2 3

HV

1000 T

0 200 400 H,

Oe

Fig. 5. Relationship between hardness and coercivity
in the researched grades

Solid lines mean HV and H, calculated as per Equation (6)

and Equation (15), respectively, for grades with 6 wt.% Co (1);

10 wt.% Co (2); 12 wt.% Co (3); symbols mean experimental data:
O — grades with 6 wt.% Co; O — grades with 10 wt.% Co;

A — grades with 12 wt.% Co

Puc. 5. CooTHollleHre MeX Ty TBEPAOCThIO
U KOSPLUMTUBHOM CUJION B UCCIEIOBAHHBIX CITJIaBax

CIulolIHbIe IMHUU — pacyeTHbIe JaHHble U1 HV u H, criiaBoB
c6 (1), 10 (2) u 12 mac.% Co (3) o ypaBHeHuUsiM (6) 1 (15)
COOTBETCTBEHHO; 3HAYKM — SKCIIEPUMEHTAJIbHbIC JaHHBIC IJIsI
craBoB ¢ 6 Co (O), 10 Co (O) u 12 mac.% Co (A)

products. As Fig. 6 shows, for 10 wt.% Co grades, the
following linear approximation

HV=1932H,+ 1112. (16)
can be used as an express hardness assessment from co-
ercivity (in the 110—350 Oe range).

It should be noted that the hardness and coercivity
of WC—Co grades depend not only on the average grain
size and Co binder content, but also on a number of oth-
er factors [3]. Therefore, we can expect some deviations
from the proposed relationships for grades with wide or
bimodal WC grain size distributions [26]. For example,
the VHSII grade, 10 wt.% Co (from Virial) was deve-
loped to offer both relatively high hardness (1400 HV)
and fracture toughness (> 13.5 MPa-m"/ 2). It has a wide
WC grain size distribution. As shown in Fig. 6, it results
in a noticeable change in the HV to H, ratio compared
to the grades with a narrower grain size distribution
(CVlessthan 0.5).

400

200

Oe

(&

Fig. 6. HV(H,) ratio for grades with 10 wt.% Co
(part of Fig. 5)

Solid line corresponds to theoretical curve 2in Fig. 5, dashed line
corresponds to linear approximation as per Equation (16);
® — mean experimental data for VHS11 grade (Virial)

Puc. 6. CootHowenne HV(H,) ayisi crijiaBoB
¢ 10 mac.% Co (dparmeHT puc. 5)

CrutolrHasi TMHUST COOTBETCTBYET pacueTHOU KPpUBOiA 2

Ha puc. 5, IITpUXoBasi — JIMHEHAas alMmpoOKCUMAIIs COTJIaCHO
ypaBHeHUIO (16); ® — sKCIIeprMeHTaIbHbIE JaHHbIE 7S CIUIaBa
VHS11(O0O0 «Bupmuan»)

Discussion

As we noted earlier, Roebuck B. et al. [3] provided
the experimental approach to building the models by
describing the hardness vs. WC grain size and bind-
er content relationships. Kresse T. et al. [6] proposed a
semi-empirical model in which grade’s hardness is de-
termined by the hardness of its carbide network normal-
ized with a binder content factor. The carbide network
hardness in their model is a Hall—Petch function of a
complex argument. The max Feret diameter is assumed
to be the WC grain size. It makes it impossible to direct-
ly compare the results since most publications refer to
the average grain size determined by the linear intercept
method.

We obtained the experimental hardness vs. average
WC grain size relationships using the linear intercept
method (d.), the max Feret diameter (dg), and modi-
fied equation (3) to (3a), in which dc is included. Such
a modification makes it possible to compare a large
number of published experimental datasets with the es-
timated values. The comparison showed that the hard-
ness vs. average grain size and binder volume content
relationship (3) [6] provides a good agreement with ex-
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perimental data in a wide range of grain sizes: from the
nanoscale to coarse.

In the case of d, > 0.2 pm, we applied the o(Vc,)
normalization factor, in order to produce equation (6)
which expresses the grade’s hardness as a single Hall—
Petch relationship for different Co binder contents.
The a(V¢,) to C ratio for hardmetals which we found
makes the unified model clearer: The hardness of a
grade with a nearly stoichiometric carbon content is a
product of the carbide network hardness and contiguity.

In order to find the coercivity vs. grain size relation-
ship, we used d, estimated from the hardness values
produced by equation (6). The HV variation of the same
grain sizes can lead to a dj, estimation error. We evalu-
ated the average deviation of the experimental hardness
values from the trend curve presented in [3]. It does not
exceed 30 HV, which corresponds to a less than 9 % un-
certainty of the estimated grain size value. Since hardness
values deviations are random, the estimated dj, errors are
also random. This will cause more scattering relative to
the trend curve, as we analyze the coercivity vs. grain size
relationship. If the number of samples is sufficient, it does
not affect the trend curve equation. Another confirmation
of this is the good agreement between the experimental
and estimated HV and H, values as shown in Fig. 5.

Conclusions

1. We analyzed studies [3] and [6] and proposed
a combined model to express HV as:

HV=10,5/(V + 0,33D)](850 + 485d,71/2)

and to compare the harnesses of grades with the same
grain sizes and different binder volume contents in the
0.08 £ V¢, £0.24 range for d, > 0.2 pm.

2. As a part of the model, we obtained a simple re-
lationship between the grade’s hardness, the carbide
framework hardness (H V), and contiguity (C):

HV=C-HVyc,
HViye = 1284 + 733d.7'/2,

3. The coercivity vs. grain size and binder content
relationship was found for grades with a 6—12 wt.% Co
content:

H.=53+ (131 — 283V, d.~".

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N° 3

4. We proposed an equation for the coercivity
vs. hardness for grades with a 10 wt.% cobalt binder con-
tent:

HV=1,932H, + 1112.
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Abstract: This research was conducted to obtain non-stoichiometric tantalum-hafnium carbonitride powder of the Fm3m (225)
structural type using a combination of mechanical activation (MA) and self-propagating high-temperature synthesis (SHS) methods.
Mechanical activation for 60 min in a low-energy mode (347 rpm) forms Ta/Hf/C composite particles 1to 20 um in size with a layered
structure and contributes to a uniform distribution of elements. SHS of a mechanically activated Ta + Hf + C mixture in a nitrogen
atmosphere (0.8 MPa) leads to the formation of a single-phase tantalum-hafnium carbonitride powder with the Tag 55Hfg 75C 5Ng 3
composition where particles feature by a «<spongy» morphology with pores and caverns and consist of submicron grains. Spark
plasma sintering (SPS) was used to obtain a bulk sample of tantalum-hafnium carbonitride with a grain size of 3 to 5 um, relative
density of 98.2 + 0.3 %, hardness of 19.8 + 0.2 GPa, and crack resistance of 5.4 + 0.4 MPa-m'"/2. The kinetics of (Ta,Hf)CN oxidation
at 1200 °C in air is described by a parabolic law suggesting the formation of an HfgTa,O0,; + mHfO, oxide layer with a low oxygen
diffusion rate where the oxidation rate is 0.006 mg/(cmz-s). A (Ta,Hf)CN oxidation mechanism is proposed, which states that Ta,Og
and HfO, are formed on the surface of grains at the first stage that react with each other at the second stage to form a HfgTa,04;
homologous superstructure and monoclinic HfO,. CO, CO,, NO and NO, gaseous oxidation products are released with the formation
of pores and cracks.

Keywords: carbonitride, mechanical activation, self-propagating high-temperature synthesis (SHS), ceramics, spark plasma
sintering (SPS), oxidation resistance.
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MonyyeHne HeCcTEXMOMETPUYECKOrO TaHTaN-ragpHMeBoro KapooHuTpuaa
n uccnepgosaHue ero OKUCJIUTENIbHOM CTOMKOCTU
B.C. CysopoBa, A.A. Henanywes, [1.0. MockoBckux, K.B. Kyckos
HauuoHanbHbI uccnenoBaTensckuin TexHonorndeckuin yauepeutet «MUCuC», r. Mockea, Poccus
Cratbs noctynuna B pegakumio 14.04.2022 r., popaboraxa 21.04.2022 r., nognucaHa B neyarb 29.04.2022 r.

AHHOTauua: B paHHoin paboTe koMOMHaLMENn METOA0B MEXaHNYECKOro akTuBnpoBaHus (MA) n camopacnpocTpaHsaoLWwero-
ca BbicOKOTemmnepaTypHoro cuHtesa (CBC) nosiydyeH MopoLIOK HECTEXMOMETPUYECKOro TaHTan-radHMeBoro kapboHUTpu-
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pa cTpykTtypHoro tuna Fm3m (225). MexaHnyeckoe akTuBMpoBaHue B TedeHne 60 MUH B HU3KO3HEPreTU4eCckoM pexunme
(347 06/MuH) NnpnBOANT K GOPMUPOBAHUIO KOMNO3ULMOHHbLIX YacTuy, Ta/Hf/C cnoncTol CTpykTypbl, pasMep KOTOPbIX Bapbu-
pyetcsa oT 1 go 20 MKM, 1 cnocoBCTBYET PpaBHOMEPHOMY pacrpenesieHno aneMeHToB. Npoayktom CBC mexaHOakTUBUPO-
BaHHOW cmecu Ta + Hf + C B cpene asoTa (0,8 MlMa) sBnsetca ogHodas3HbIM NOPOLWOK TaHTan-radpHneBoro kapboHuTpraa
coctasa Tag 25Hfg 75Co 5N 3, 4aCTULILI KOTOPOrO XapakTepuayTca ryéyaTon Mopdonorveli ¢ nopamMu n KaBepHamm 1 cocToaT
13 CyOMUKPOHHbIX 3epeH. MNocpeacTBOM UCKPOBOro nna3meHHoro cnekanus (UMNC) nonyvyeH o6bemMHbIi oOpasel, TaHTan-rad-
HMEBOro KapOboHUTPUAA, pa3Mep 3epeH KOTOPOro BapbupyeTcs OoT 3 A0 5 MKM, C OTHOCUTENbHOM NAOTHOCTbLIO 98,2 £ 0,3 %,
TBEPAOCTbI0 19,8 = 0,2 [Mla 1 TPELMHOCTONKOCTbIO 5,4 + 0,4 MIMa-m"2. Kunetunka okucnenus (Ta,Hf)CN npu Temnepatype
1200 °C Ha BO34yxe onucbiBaeTcs napabonnyeckMm 3aKOHOM, YTO CBMAOETENbCTBYET O GOPMUPOBAHUN OKCUOHOIO ClOs
HfgTa,047 + mMHfO, ¢ HU3KOM CKOPOCTLIO ANDDY3NM KMCIOPOAA, CKOPOCTb OKMUCEHNS Npy 9ToM cocTasnseT 0,006 MI'/(CM2-C).
MpennoxeH mexaHnam okncnexns (Ta,Hf)CN, 3aknovalowmiics B TOM, 4TO Ha NePBOM CTagMn Ha NOBEPXHOCTU 3epeH pop-
mupytotcs Ta,Os n HfO,, KOTOpble Ha BTOPOI CTaauu BCTYNaloT B peakumio Apyr ¢ ApYyroMm ¢ 06pa3oBaHMeM roMOJIOrMYHON
cBepxcTpyKTyphl HfgTa,047  MOHOKNUHHOTO HfO,. BoicBOGOX AeHUE ra3oo6pasHbix NpoaykTos okucnexnms CO, CO,, NO 1 NO,
conpoBoxaaetca 06pas3oBaHMEM MOP U TPELLVH.

Kntouesble cnoBa: kKapboOHUTPUA, MEXaHNYeCckoe akTUBMPOBAHME, CaMOPaCNpPOCTPAHSIOLNIACS BbICOKOTEMMNEPATYPHLIN CUHTE3

(CBC), kepamuka, nckpooe nnasmeHHoe crnekaHue (UMC), okucnntenbHas CTOMKOCTb.
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Introduction

Few of the most advanced materials can withstand
intensive mechanical and thermal loads above 2000 °C.
The only choice is group IVB and VB transition metal
compounds: borides, carbides, and nitrides. Due to the
presence of strong covalent and ionic bonds, these ma-
terials have high melting temperatures (>2,500 °C), ex-
cellent mechanical and thermophysical properties, and
chemical and phase stability [1, 2]. Tantalum and hafni-
um carbides are of special interest among other refrac-
tory compounds. They have the highest melting points
(3,880 and 3,890 °C, respectively), a higher hardness
(~25 GPa), elastic modulus (~450 GPa), and strength
(~250 MPa) while thermal conductivity ranges from 20
to 30 W/(m-K) [3—5].

A significant disadvantage of refractory com-
pounds is their relatively low oxidation resistance.
Most of them work well in protective atmospheres,
while in the air they oxidize intensively at 400—800 °C,

forming porous and cracking oxide films, which
cannot protect the base material from further oxida-
tion [6].

There are several approaches to increasing their
heat resistance. For example, the addition of SiC to
refractory ceramics initiates the formation of a dense
MeSiO, oxide layer, thus preventing oxygen diffusion
to the material [7, 8]. Another approach is to create
more complex compounds from refractory transition
metal carbides and nitrides. Such solid solutions tend
to have enhanced physical, mechanical, and thermo-
physical properties, and higher oxidation resistance,
since refractory oxide films with low oxygen diffusion
rates are formed [9]. Savvatimskiy A. et al. [10] showed
that the Ta, goHf|, ,oC melting temperature is 4030 °C.
It significantly exceeds the melting temperatures
of tantalum and hafnium carbides, the current «re-
cord-breakers». Kurbatkina V. et al. [11] demonstrated
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that double carbides (Ta, Hf)C and (Ta, Zr)C have a
higher hardness and Young’s modulus compared to bi-
nary compounds.

Among the complex compounds, transition met-
al carbonitrides are no less interesting in terms of
high-temperature applications. Hong Q.J. et al. [12]
performed a theoretical analysis and showed that the in-
troduction of nitrogen atoms into the lattice of refractory
(Ta, Hf)C increases not only the melting point but also
the oxidation resistance. As they reported, for the Ta—
Hf—C—N system the tantalum-hafnium carbonitride
(Hfj 75Tag 25Cy 5N o5) has the highest properties. We
thus decided to manufacture this compound and ana-
lyze its properties.

However, the synthesis of non-stoichiometric com-
pounds is challenging. Conventional technologies pro-
duce only MeC,N;_, stoichiometric phases, since it is
not possible to adjust the nitrogen content in the final
product. An alternative method for producing a wide
range of multicomponent compounds is self-propa-
gating high-temperature synthesis (SHS) [13], as de-
veloped by A.G. Merzhanov and I.P. Borovinskaya in
1972. This is a simple, single-stage, and highly efficient
process.

This study aims to manufacture (Ta, Hf)CN dense
ceramics by means of spark plasma sintering. The raw
material is the powder produced by SHS of mechanical-
ly agitated activated Ta + Hf + C mixture in a nitrogen
environment. Ceramics oxidation resistance was also
studied.

Materials and methods

Hafnium powder HFM-1 (TU 48-4-176-85 (97)
specification, particle size d < 50 um, 98.8 % purity),
tantalum powder TaP-1 (TU 1870-258-00196109-01
95.136-69 specification, particle size d = 40+60 um,
99.9 % purity) and carbon black P804T (TU 38-1154-
88 specification, particle size d < 0.2 um, 99.5 % purity)
were used as precursors. The mechanical milling was
performed in an argon environment using a 4.8 Grade
argon (GOST 10157-79, 99.993 % purity). The SHS pro-
cess involved filtration combustion in grade 1 nitrogen
(GOST 9293-74, 99.999 % purity).

Before synthesis, the Ta + Hf + C powder mixture
(24.3 Ta + 72.1 Hf + 3.6 C wt.%) was mechanically
activated in an Activator-2S high-performance plane-
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tary ball mill (Activator, Russia). The powder mixture
and steel balls (1:20 weight mass ratio) were loaded
into steel jars filled with argon at 0.6 MPa. Mechan-
ical activation lasted for 60 min at a 347 rpm speed
of the jars.

A constant-pressure lab reactor was used for the SHS
process. The activated Ta + Hf + C powder mixture was
placed loosely on a removable reactor rack. The reactor
chamber was evacuated with a fore vacuum pump. Then
nitrogen was pumped through a dedicated pipe to a pres-
sure of 0.8 MPa. A self-sustaining exothermic reaction
was initiated by briefly applying a voltage to the tungsten
coil connected to the power supply.

The SHS powder was consolidated with a Labox 650
spark plasma sintering machine (SinterLand, Japan) in
an argon environment at 2000 °C, 50 MPa press pres-
sure, and 20 min. holding time. The heating rate was
100 °C/min.

The microstructure and elemental composition were
analyzed with a JSM-7600F scanning electron micro-
scope (JEOL Ltd., Japan) equipped with an INCA SDD
61 X-MAX X-ray microanalysis system (Oxford Instru-
ments, UK) in backscattered electron mode, 15 kV ac-
celerating voltage and 3 nm resolution.

The phase composition of the powders after mechan-
ical activation and SHS and of the sintered samples was
studied using a Diffray-401 X-ray diffractometer (Re-
search Instruments, Russia), CuK|, radiation, step scan-
ning mode (scanning step: 0.1°) 20° to 100°angle range,
2 s exposure. The ICDD PDF databases were used to
analyze the resulting spectra.

The nitrogen and carbon contents in the synthesized
powders and sintered samples were determined by car-
rier gas hot extraction. A TC-600 (Leco, USA) instru-
ment estimated the amount of nitrogen and oxygen in
the compounds by IR adsorption (for oxygen) and ther-
mal conductivity (for nitrogen) analysis during the re-
duction melting of the samples in a resistance furnace in
a helium flow. A CS-600 (Leco) instrument was used to
measure the carbon content. For this purpose, the sam-
ples were subjected to oxidative melting in an induction
furnace and the amount of CO, released was measured
by IR absorption.

The density of compacted ceramic materials was de-
termined by hydrostatic weighing under GOST 20018-74
[14]. At least 10 measurements were taken in air and
distilled water (p,, = 0.9978 g/cm3). A layer of vaseline
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(py = 0.870 g/cm3) was applied to cover the open pores.
We applied an ES 220A analytical balance (Precisa,
Switzerland), £0.0001 g accuracy.

A Micro-Hardness Tester (CSM Instruments, Swit-
zerland) was used to measure Young’s modulus (F) at a
100 mN applied load.

We used a Durascan 70 hardness testing machine
(Struers ApS, Denmark) to estimate the hardness and
crack resistance of the consolidated materials by the
Vickers method, GOST 2999-75 [15]. A max load of
9.8 kg was applied for 20 s. After the load was removed,
the diagonals of the imprint on the sample surface and
the crack lengths were measured. At least 10 measure-
ments were taken with each sample. The software eval-
uated the hardness automatically. We used the Anstis
equation to assess the fracture toughness:

12
ch,:o,om[HiV] (:3%’ (1)

wherein F'is Young’s modulus, GPa; HV is the hardness,
GPa; Pis the applied load, N; c is the crack length from
the center of the imprint to the crack end, m.

We used an SSHOL 1.1,6/12-M3 electric furnace
(Tula-Therm, Russia) at 1200 °C for 180 min to study
the chemical kinetics and oxidation of a box-shaped
(Ta, Hf)CN shape. The samples were measured using
a micrometer. Before the analysis, the samples were
polished on a Tegramin grinding and polishing system
(Struers, Denmark). The sample was placed on a plat-
form in the furnace in an alundum crucible. The degree
of oxidation was assessed after 5, 10. 15, 20, 30, 60, 120,
and 180 min using the gravimetric method. We measu-
red the weight gain using a GR-202 analytical balance
(AND, Japan), 1074 g accuracy. Before weighing, the
samples and with crucibles were cooled to room tempe-
rature.

Results and discussion

Mechanical activation (MA) is an important step
before SHS. It enhances reactivity and helps control the
microstructure of the combustion products [16]. Fig. 1
shows that the MA of tantalum, hafnium, and carbon
powders (Ta + Hf + C) for 60 min resulted in forma-
tion of composite Ta/Hf/C particles ranging from 1 to
20 um. A detailed examination of their cross sections
identified the layers (Fig. 1, b and ¢) corresponding to

heavy (Ta and Hf: light areas) and light (C: dark areas)
elements.

Fig. 2 shows the (Ta, Hf)CN microstructure after
SHS of a mechanically activated Ta + Hf + C mixture
in a nitrogen environment. The morphology of SHS
powder particles (Fig. 2, a) is identical to that of the
composite Ta/Hf/C particles after MA (see Fig. 1, a).
Cross-sectional analysis of (Ta, Hf)CN particles dis-
covered pores and caverns. A more detailed examina-
tion revealed melted grains from 1 to 3 um (Fig. 2, b).
This can be explained by hafnium and tantalum melting
during combustion (adiabatic combustion temperature
t,q = 3073 °C) and the formation of (Ta, Hf)CN through
the liquid phase. As Fig. 2, ¢ shows, Ta, Hf, C, and N
are evenly distributed after SHS.

Chemical analysis indicated that the SHS powder
contains 3.7 wt.% C and 2.2 wt.% N, which corresponds
to Hf; 75Ta; ,5C 5N »5. It should be noted that the oxy-
gen content does not exceed 0.8 wt. %.

Fig. 3 shows the sample XRD patterns after SHS and
spark plasma sintering (SPS). The crystal structure of
the sintered (Ta, Hf)CN substance is identical to that of
the synthesized powder. Its space group is Fm3m (225).
However, after sintering, the main phase peaks became
more symmetrical, indicating a homogenization of the
chemical composition across the sample during SPS.
The (Ta, Hf)CN lattice parameter after SHS and SPS
is 0.455 nm. This is between HfC (0.464 nm) and HfN
(0.453 nm). The value we obtained is higher than that
for TaC (0.446 nm) and TaN (0.434 nm). In both cases,
the XRD patterns show HfO, peaks of the P42/nmc (14)
space group.

Fig. 4 shows a typical microstructure of the sample
after sintering. The grain size of the main (Ta, Hf)CN
phase (light areas) varies from 3 to 5 um, with small
HfO, inclusions (dark gray areas) at their boundaries.
The sintered (Ta, Hf)CN powder has a 98.2 = 0.3 %
relative density and high mechanical properties (hard-
ness H = 19.8 + 0.2 GPa, Young’s modulus £ = 570 +
+ 20 GPa, fracture toughness K, = 5.4 + 0.4 MPa-m'/?).
This is comparable to the properties of similar materials
[11, 17—19].

We studied the kinetics and oxidation mechanism
of the Hf|;5Tay,5Cy 5Ny 25 using a muffle electric
furnace at 1200 °C for 180 min. Fig. 5 shows the ki-
netic curve of the sample mass change. The oxidation
of tantalum-hafnium carbonitride follows a parabo-
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f/C cross section

5 um
I

Fig. 1. Micrograph (a), cross section (b) of Ta/Hf/C composite particles and map of element distribution
after mechanical activation (c)

Puc. 1. MukpodoTrorpacusi (a), morepeuHoe ceueHue (b) komnozunoHHbIx yactui Ta/Hf/C
¥ KapTa pacrpeneeHus 3JIEMEHTOB ITOCJIe MEXaHUYECKOTO aKTUBHPOBAHUS (C)

(Ta, HHCN crc ection

10 pm 10 pm
— e

Fig. 2. Micrograph (a), cross section (b) of (Ta,Hf)CN particles and distribution of elements after SHS (c—f)

Puc. 2. Mukpodororpadus (a), nonepeuHoe ceueHue (b) yactuul (Ta,Hf)CN u pacnpeneneHue 3eMeHTOB
nocyie CBC (c—f)
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Fig. 3. XRD patterns of (Ta,Hf)CN samples
after SPS (7) and SHS (2)
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Fig. 4. Microstructure of sample (Ta,Hf)CN (a)
and map of element distribution after SPS (b)

Puc. 4. Muxpoctpykrtypa obpasua (Ta,Hf)CN (a)
u KapTa pacnpeaeneHus anemeHToB nocie UTIC (b)

lic law. Between 0 and 30 minutes, the max oxidation
rate was 0.012 mg/(cm2-s); as the oxide layer grew, it
decreased to 0.004 mg/(cm?-s). The average oxidation
rate was ~0.006 mg/(cmz‘s) and the weight gain was
62 mg/cm?.

As Fig. 6 shows, a dense oxide layer is formed on the
surface of the Hf-sTag,5Cy 5N 25 sample after ox-
idation. XRD indicated (Fig. 7) that it consists of two
phases: monoclinic HfO,, P21/c(14) space group; and
the Hf¢Ta,0;; orthorhombic superstructure (/ma2(46)).
The intensity of the complex oxide peaks is much greater
than that of hafnium oxide. It indicates the predomi-
nance of HfgTa,O,; in the oxide layer.

Based on the results presented in this work and the
literature [24], we may assume the following oxidation
process (Fig. 8). Initially, Ta,O5 and HfO, are formed
on the surface of (Ta, Hf)CN grains as result of the re-
action

8Hf( 75Tag »5Co sNp 25 + 14,50, =
— Ta,05 + 6HfO, + 4CO, + 2NO,.  (2)

The Hfj75Tay 5CysNj 5 compound has a high
Hf content, so mainly HfO, is formed on the surface
of the particles. Since the Gibbs energy for the Ta,O5
formation (AG = —72 klJ/mol [20]) is more negative
when compared to that for HfO, (AG = —1088 kJ/mol
[21]), Ta,O5 is most probably located at the surface of

Am/S, g/cm2
0,07

0,06
0,051
0,04
0,03
0,02+

0,014

o " 4 g0 160 . min

40 80 120

Fig. 5. Kinetic curve of (Ta,Hf)CN sintered sample
oxidation

Puc. 5. Kuneruueckast KpuBast OKMCICHU S
crneyeHHoro obpasiua (Ta,Hf)CN
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HfsTa;047 + HFO;

100 pm
e

100 pm 100 pm
— E—

Fig. 6. Micrograph of (Ta,Hf)CN cross section after oxidation at = 1200 °C and distribution of elements in oxide layer

Puc. 6. Mukpodororpadus rnornepeuHoro ceyeHust oopasua (Ta,Hf)CN nocie okuciaenus ipu ¢t = 1200 °C
M pacrpeesiecHre 3JIEMEHTOB B OKCUITHOM CJI0€

A Hf,Ta,0,, — Ima2(46)
® HfO, — P21/c(14)

30 40 50 60 70 80 90 100 110 20, degrees

Fig. 7. XRD pattern of (Ta,Hf)CN oxide layer

Puc. 7. Judpaxkrorpamma okcuaHoro cios (Ta,Hf)CN
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A co, co,, NO, NO,

(o)}

=

HfO,

Ta:O;.

Fig. 8. (Ta,Hf)CN oxidation mechanism

Puc. 8. Mexanusm okucnenus (Ta,Hf)CN

HfO,, as shown in Fig. 8. The phase diagram [22] in-
dicates that HfO, and Ta,O5 oxides mutually react at
t = 1200 °C to form HfgTa,O;; and a monoclinic
HfO, substance:

7Hf02 + TaZO5 = HfsTﬁzO” + Hf02 (3)

Gaseous CO, and NO, are generated during the
(Ta, Hf)CN oxidation (reaction (2)). The gases pass
through the oxide layer, forming pores and cracks.

From studies [23, 24] we can conclude that
Hf¢Ta,0,7 as an oxide layer has a lower oxygen diffusion
rate compared to HfO,, high density, and adhesion to
the substrate. It explains the relatively low oxidation rate
of (Ta, Hf)CN.

Conclusion

An SHS process applied to a mechanically activated
Ta + Hf + C mixture produces a Hfj, 75Tag ,5C( 5Ng 25
single-phase non-stoichiometric tantalum-hafni-
um carbonitride powder. Mechanical activation con-
tributed to the uniform distribution of elements and
the formation of composite Ta/Hf/C particles. SHS
produces spongy particles consisting of submicron
grains.

The SPS process at = 2000 °C, 50 MPa and 20 min
holding time produces bulk tantalum-hafnium carboni-

o
I

&
0888§ - (gg&% =) 8‘5%“6%
/3

(Ta,HCN

\O; 0,

v
Liddy

HfsTa>017 + mHfO,

O,

586568

HOOHHG

HfsTa,04; +
me02

-

HfsTazoﬁ +
n'IHf02

tride with 98.2 + 0.3 % relative density, 19.8 + 0.2 GPa
hardness, 570 = 20 GPa Young’s modulus, and 5.4 *+
+ 0.4 MPa-m'/? fracture toughness. The mechanical
properties of the resulting ceramics are higher than
those of binary compounds. They are comparable to
double carbides.

The tantalum-hafnium carbonitride demonstrat-
ed high oxidation resistance (0.006 mg/(cmz-s)) at
t=1,200 °C in the air. The oxidation kinetics follows the
parabolic law. This can be explained by the formation of
an oxide film with a low oxygen diffusion rate. The film
consists of the HfgTa,0;; homologous superstructure
and the HfO, monoclinic substance.
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Refinement of the eutectic composition in the LaBg—VB, system
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Abstract: The LaBg—VB, alloy with the eutectic structure was obtained by cold crucible induction melting followed by crystalliza-
tion. The mole ratio of components in the initial powder mixture was 35 : 65. The structure and composition of the LaBg—VB, material
were studied by X-ray diffraction, scanning electron microscopy, and X-ray microanalysis. The composition of the alloy is repre-
sented by two boride phases — cubic LaBg and hexagonal VB,. Two-phase eutectic regions up to 500 um in size represent a LaBg
matrix filled with 0.8-2.0 um thick VB, fibers (filamentary, rod crystals). VB, fibers are predominantly oriented along the direction of
the temperature gradient that appeared when cooling the melt, i.e. from the outer surface of the sample to its center. The integrated
phase area analysis was used to determine the eutectic composition: 42 + 1 mol% LaBg and 58 = 1 mol% VB..
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YTo4uHeHMne aBTeKTUYecKoro cocraea B cucreme LaBg—VB,

E.C. HoBocenos', B.W. Anbmswes?, A.1. Hecmenoe', Ai.MN. Aauunosuy’

! CankT-MeTepbyprekuii rocyaapcTBEHHbI TEXHONOTMYECKHIA MHCTUTYT (TEXHUYECKMIA YHUBEPCUTET)
(CN6Ir'TU (TY)), r. CankT-MNeTtepbypr, Poccus

2 HayyHo-uccnenoBarensckuin TexHonorndeckuin MHCTuTyT (HUTU) um. AT, Anekcanzposa,
r. CocHosublit bop, JlenuHrpaackas 06n., Poccus

Cratbs noctynuna B pegakumio 29.04.2022 r., gopaboraxa 14.07.2022 r., nognucana B neyats 18.07.2022 r.

AHHOTaumsa: Cnnas ¢ 9BTEKTUYECKON CTPYKTYPOW cuctemsl LaBg—VB, Obi NONyYeH MHAYKLMOHHOM NaBKkon METOLOM XOI04HOI0
TUMNS C Nocneayowen kpuctannmaaumein. MosibHoe COOTHOLLIEHME KOMMOHEHTOB B MCXO4HOM NOPOLUKOBOM CMECK COCTaBASASIO
35 : 65. MeTomamMun peHTreHoBCKOM Andpakunm, CKaHUPYIOLLEA 31EeKTPOHHOW MUKPOCKOMUN U MUKPOPEHTreHOCNeKTPpanbHO-
ro aHanusa nuccnefoBaHbl CTPYKTypa 1 coctas matepuana LaBg-VB,. CocTtas cnnasa npeactasneH Asymsa dpasamu 60pnaos —
Kybuyecknm LaBg 1 rekcaroHanbHbiM VB,. [1ByxdasHblie aBTekTu4eckne obnact paamepom Ao 500 Mkm npeacTtasnsioT coboi
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maTpuuy LaBg, HanonHeHHyto BonokHamu VB, (HUTEBUAHBIMU, CTEPXHEBLIMU KpucTannamu) TonwmHon 0,8-2,0 Mkm, KoTOpbie
NPEeNMyLLECTBEHHO OPUEHTUPOBAHbLI BAOJIb HANPaB/ieHNa TEMNEPATYPHOro rpagmeHTa, BO3HMKLLEro Npu oxnaXaeHnn pacnnaea,
T.€. OT BHELUHen NoBepxHOCTM obpasua k ero ueHTpy. C nomMoLLbio MeToAa aHanm3aa MHTerpasnbHon nnowann ¢das ycTaHOB/EH COo-

CcTaB 9BTEeKTUKM: 42 £ 1 Mon. % LaBg 1 58 £ 1 mon. % VB.,.

KnoyeBsble crioBa: reKcaGopM,u, naHTaHa, ,EI,VI60pI/I,£I, BaHaaud, 9BTEKTUKA, MeTO XON10OHOIo TUIrnia, aHM3oTponungd.
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Introduction

Materials using quasi-binary systems containing
rare-earth metal hexaborides (primarily LaBg) and
transition metal diborides (MB,, where M can be Ti,
Zr, Hf, Ta, Nb, V, Cr, W, and Mo) have been the fo-
cus of research for decades due to their outstanding
thermal emission properties [1—4]. When compared
to poly- or single-crystal LaB, commonly used for
making thermal emission cathodes, materials based on
LaB¢—MB, eutectic systems have a lower work func-
tion and higher emission current density at the same
operating temperature. Studies [2, 5, 6] show that the
cathode manufacturing process significantly affects its
thermal emission properties: directionally crystallized
cathodes made from LaB¢—VB, and LaB;—ZrB, sys-
tems have higher emission currents than their sintered
polycrystalline analogs. The directionally crystallized
cathode materials manufactured by zone melting have
a two-phase structure. The LaBg matrix phase is reg-
ularly «reinforced» by rod-like or plate crystals of the
diboride phase.

Better thermal emission properties associated with
the formation of such a structure are of great impor-
tance for thermocathode materials. There is also an-
other effect applicable to a wider range of materials.
It occurs in directionally crystallized materials made
from LaB,—MB, systems and results in a significant

increase in their physical and mechanical properties
compared to their monocrystalline and sintered ana-
logs [7—13].

In order to create materials using LaBy—MB,
eutectic systems, reliable data on the phase equilibria in
such systems, their composition, and eutectic tempera-
ture are required [14—23]. Experimental measurements
of these properties in high-temperature oxygen-free sys-
tems are technically challenging, so the available litera-
ture is sparse. Furthermore, such data has to be verified,
since it was obtained using outdated techniques. For ex-
ample, [14, 15] report contradictory eutectic properties
for LaBg and VB,. A possible reason is a molar to a mass
concentration conversion error.

This study aims to obtain a more precise eutectic
composition of the LaBs—VB, system experimentally.
Another goal is to make eutectic compositions by in-
duction melting without special directional crystalliza-
tion equipment. It is of practical interest since indust-
rial-grade induction melting is more affordable com-
pared with zone melting. In contrast, induction melt-
ing does not guarantee identical temperature gradients
across the material volume. Therefore, the assessment
of the structure regularity (when a continuous eutectic
structure or individual eutectic regions with different
orientations are formed) is of particular interest.
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Methods

We made lanthanum and vanadium borides by means
of the borothermal reduction of oxides using commer-
cially available La,05 (99.99 % purity), V,05 (99.0 %),
and amorphous boron (99.0 %) powders. A vacuum re-
sistance furnace at 1650 °C (LaBg) and 1200 °C (VB,)
was used. The isothermal hold time was 1 h at 10~! Pa
residual gas pressure.

The average particle size of the LaB¢ and VB, pow-
ders measured by laser diffraction was 5 to 10 um. The
powders contained only the target phases (cubic LaBg
and hexagonal VB,) without the initial components or
any other crystalline phases. Elemental analysis indi-
cated the presence of oxygen adsorbed at the particle
surface, amounting to 1.2 wt.%. We used a UnionPro-
cess HD-1 attritor (Union Process, USA) with silicon
carbide grinding bodies for mixing and grinding the
powders to a 1.5 um average particle size for 6 h in
the BR-1 solvent (gasoline). About 0.7 wt.% SiC was
added to the mixture due to the wear of the grinding
bodies.

The concentration of the mixture components was
selected to match the eutectic point, as reported in [14,
15]. Ordanyan S. [14] specifies the molar content of
VB, in the eutectic as 69 mol.%, which corresponds to
44 wt.% mass concentration of VB,. However, according
to [14, 15] the mass content of VB, is 40 wt.%. This dis-
crepancy may be a result of a concentration conversion
error in [14], so we opted for a VB, 40 wt.% (65 mol.%)
experimental mixture.

After drying, the powder was compacted into cylin-
ders 40 mm dia. and 40 mm high using a hydraulic press.
Rasplav 2 and Rasplav 3 furnaces (made in Russia) were
used for induction melting of the samples We applied
the cold-crucible technology in an argon flow described
in [22].

The resulting crystallized ingot was cut in two mu-
tually perpendicular directions using a diamond cutting
disc.

The microstructure of the polished sections was ana-
lyzed with a Tescan Vega 3SBH scanning electron mi-
croscope (SEM) (Czech Republic).

We used a Rigaku SmartLab 3 multipurpose dif-
fractometer (Japan) in the 26 = 10°+80° angular range
(CuK, radiation, Ni filter, 0.01° scan step) for X-ray
phase analysis of the initial components, powders, and
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crystallized alloys. The phase composition and lattice
cell properties were estimated with the SmartLab Stu-
dio 3 software and the ICDD PDF-2 diffraction data-
base.

The concentration of components in the eutec-
tic alloy was estimated by means of three alternative
methods:

— SEM-EDX elemental composition analysis with
an Aztec X-Act X-ray energy dispersive spectroscopy
analyzer (Oxford Instruments, UK);

— FP XRD analysis with the SmartLab Studio 3
software;

— IAP was applied to the SEM images of the pol-
ished sections using the Thixomet Lite software package
(Russia).

Results and discussion

Fig. 1 shows the results of the LaB¢—VB, crystal-
lized alloy SEM analysis. The alloy consists mainly of
extensive (up to 500 pm) two-phase eutectic regions
where the hexagonal VB, fibers (filamentary, rod-like
crystals extended along the C crystallographic axis) are
located in the LaBg matrix (Fig. 1, a, b). The VB, fib-
ers are predominantly oriented along the temperature
gradient created during the melt cooling, i.c., from the
outer surface of the sample to its central region. How-
ever, there are local deviations from the predominant
direction (Fig. 1, ¢). The degree of structure regularity
is lower than that of zone-melting materials [2—13] as
was expected.

However, in comparison with the LaBg—NbB,—
W,B; alloy that we obtained earlier by electric arc melt-
ing [23], in the LaB¢—VB, made by the cold-crucible
technology, the arrangement of the eutectic regions
is more ordered. Depending on the melt local cool-
ing rate, the diameter of the VB, fibers varies from 0.8
to 2.0 um. Fibers over 2 um tend to merge (Fig. 1, d).
In some cases, probably where the specified concentra-
tion was disturbed due to imperfect mixing, large (up to
100 pm) single-phase VB, areas with prominent rounded
contours were formed (Fig. 1, e). Besides the deviations in
concentration, this could be caused by the presence of va-
nadium oxide impurities on the VB, surface preventing the
contact interaction between La and V borides in the melt.
Extended curved LaBg «films» (Fig. 1, €) up to 10 pm thick
were also observed between some eutectic regions.

—_ .
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Fig. 1. LaB;—VB, alloy structure (SEM)

a — general view of alloy structure; b — area of ordered quasibinary eutectic; ¢ — area of quasibinary eutectic with different rod orientation;
d — area of coarse conglomerate eutectic; e, f— areas of quasibinary eutectic with large single-phase VB, and LaB inclusions

Puc. 1. CrpykTtypa crtaBa LaBg—VB, (COM)

a — o0 BUA CTPYKTYPHI CIUIaBa; b — 00J1aCTh YIIOPSIOYeHHOM KBa3MOMHAPHOM 3BTEKTUKU; ¢ — 00JIaCTh KBa3MOMHAPHOM
9BTEKTUKU C pa3IMYHON OpUeHTalel cTepkHeil; d — 001acTbh 9BTEKTUKU TpybOro KOHIJIoMepara; e, f — 00J1acTi KBa3uOMHapHOI
3BTEKTUKM C KPYITHBIMU OHO(Ma3HBIMU BKIIoUeHUAMU VB, 1 LaBg
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In addition to the eutectic areas, the alloy con-
tains both VB, and LaBg crystallization areas. For this
reason, we cannot identify whether the composition
(eutectic, according to [14, 15]) is in the pre-eutectic
or over-eutectic area of the LaB,—VB, quasi-binary
section.

X-ray phase analysis of the alloys confirmed their
two-phase composition (Fig. 2). No crystalline phases
except for hexagonal VB, and cubic LAB4 were found.
The XRD patterns of two mutually perpendicular sec-
tions in the crystallized alloys differ in the reflection
intensity ratios for different families of lattice planes.
It should be noted that the analyzed polished surfaces of
A and B samples contain both transverse and longitudi-
nal sections, and that the ratios of their areas were not
equal. Furthermore, due to the above-noted direction of
the alloy crystallization temperature gradients, the pres-
ence of eutectic regions oriented at arbitrary angles to
the polished surface is inevitable.

The abnormally high intensity of (100) and (200)
LaBg reflexes is strongly pronounced in the XRD pat-
tern B in contrast to 4, where there is a smaller excess
over the peak (110) (see Fig. 2), and in which 100 % in-

tensity is standard. For VB,, we can note the anomalous
intensity of the reflex (100) in pattern B. The deviations
from the crystallographic standards can be explained by
the anisotropic structure of the alloy and the preferential
reflection from the corresponding lattice planes.

The LaBg and VB, phase lattice cell properties are
close to their standard values (Table 1). Since there are
no significant crystal lattice distortions, this confirms
the opinion of S. Ordanyan [14, 15] that LaBg and VB,
are insignificantly soluble in their solid state.

Table 2 lists the concentrations of eutectic alloy com-
ponents estimated by EDX, IAP, and FP XRD. It also
includes the data from [14, 15] for comparison.

The EDX method did not detect the oxygen impu-
rity in the crystallized samples which we detected dur-
ing the boride powder synthesis. This may be due to the
fact that the oxygen was removed as volatile boron su-
boxide (B,0,) during the sample sintering and melting
experiment. A silicon carbide impurity content reached
0.7 wt.% after co-milling of boride powders. It was
found locally in the peripheral regions of the crystallized
alloy. It can be attributed to the gravity separation of the
melt since the phase densities are different.

Table 1. Unit cell parameters of LaBg and VB, phases in the crystallized alloy
Tabauua 1. MapameTpel anemeHTapHoiI fueiikn ¢a3 LaBg n VB, B 3aKpuCcTanau3oBaHHOM Ciase

Experiment Standard
Phase 5 5 5 3
a, A | ¢, A a, A ¢, A
LaBg 4.1562 £ 0.0005 — 2.1569 —
VB, 2.9974 + 0.0005 3.0560 = 0.0005 29976 3.0562
0 (100) OLaBy
o 0(200) e VB,
a
o
o ° o o
& — L—L.L et fek s
5
g
L_—-Jw_A
10 20 30 40 50 60 70 20, degrees

Fig. 2. XRD pattern of LaB;—VB, alloy

A and B — polished sections with predominant content of transverse (4) and longitudinal (B) VB, fiber sections

Puc. 2. Iudpakrorpamma cruiasa LaBg—VB,

Au B — aHuudbl ¢ NpeMMyLIECTBEHHBIM COlepXKaHUeM MONEPeyHbIX (4) U IpoaobHbIX (B) cedyeHUii BoIoKOH VB,

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N° 3
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Fig. 3. Example of micrograph binarization for LaB;—VB, alloy eutectic areas

a —x4500, b — x12000, ¢ — x20000 magnification

Puc. 3. [Ipumep 6uHapuzaunu MukpodoTorpaduit aBTeKTHYeCKUX obsacTeii crtasa LaBg—VB,

a — yBenmuenue 4500%, b — 12000%, ¢ — 20000*

Table 2. Contents of components (mol.%)
in LaBg—VB, eutectic alloy

Tabnuua 2. CopepxaHue KOMMNOHEHTOB (Mon.%)
B 9BTEKTUYECKOM cnnase LaBg—VB,

Detection method LaBg VB,
TAP 42 +1 58+1
EDX 38+4 62+4
FP XRD 35+5 65+5
From [14] 31 69
From [15] 35 65

X-ray analysis cannot selectively examine the sample
surface. Thus the result characterizes the concentrations
of components not only in the eutectic but also in large
single-phase regions (see Fig. 1, d—e). This significantly
reduces the accuracy of this method as applied to this
problem. IAP and EDX methods can select a specific
sample region, so they were used to directly analyze the
eutectic regions. However, due to the large content of
light boron atoms, the component concentration meas-
urement error (MSE) for the EDX method is also high.

Twenty binarized micrographs of the eutectic regions
with VB2 fiber cross sections from different sample sec-
tions were taken for multiple IAP measurements (Fig. 3).
Statistical processing of the results indicated that the eu-
tectic contains 42 mol.% of LaBg and 58 mol.% of VB,
(1 % MSE).

Conclusion

As a result of the induction melting experiment and
subsequent crystallization of the samples made from a
mixture of LaBg and VB, boride powders, alloys with a
clear eutectic structure were obtained. The two-phase
eutectic regions up to 500 um are an LaBg matrix filled
with VB, fibers (filamentous, rod-shaped crystals) 0.8—
2.0 um thick. The VB, fibers are predominantly oriented
along the melt cooling temperature gradient, i.e., from
the outer surface to the center.

The alloys contain only two boride phases: cubic
LaBg; and hexagonal VB,. X-ray methods detected no
mutual solubility of the phases.

The comparison of the alloy component concentra-
tion measurements by different methods showed that
IAP is best suited to measuring eutectic concentration
components. The eutectic composition determined
by IAP is as follows: 42 = 1 mol.% of LaB6 and 58 +
+ 1 mol.% of VB2. The discrepancy with the published
datais 11 mol.%. [14] and 7 mol.% [15].
Acknowledgments: The research was funded by Russian Science
Foundation Grant Ne 19-73-10180.
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The effect of electrospark deposition
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laser melting

© 2022 r. A.E. Kudryashov, Ph.V. Kiryukhantsev-Korneev, S.K. Mukanov,
M.l. Petrzhik, E.A. Levashov

National University of Science and Technology (NUST) «MISIS», Moscow, Russia

Received 14.03.2022, revised 09.06.2022, accepted for publication 15.06.2022

Abstract: Protective coatings were applied by electrospark deposition (ESD) using zirconium electrodes to improve the perfor-
mance of the Ni-containing alloy obtained using the selective laser melting (SLM) technology. The kinetics of mass transfer was
studied in 5 different frequency-energy processing modes. An analog-to-digital converter was used to determine the average num-
ber of pulse discharges, single-pulse energy, and the total energy of pulse discharges for 1 min of processing (X E) for all the modes
used. In low-energy processing modes (XE = 1459+2915 J), a weak mass transfer was observed, and the cathode weight gain
was recorded only in the first minutes. As the processing time increased, a decrease in the substrate weight was observed. The
roughness of coatings (R,) varied in the range of 3.9-7.2 um. In high-energy modes (X E = 5197+17212 J), due to intense electrode
heating, a steady cathode weight gain was observed, but the formed coatings featured by increased roughness: R, = 7.4+8.6 um.
The R, parameter for the original SLM samples was 10.7 um. The formed coatings featured by a thickness of 15-30 um, high conti-
nuity (up to 100 %), hardness of 9.0-12.5 GPa, elastic modulus of 122-145 GPa, and friction coefficient of 0.36-0.49. The ESD pro-
cessing promoted an increase in wear resistance of the SLM alloy by 7.5-20 times, and oxidation resistance by 10-20 % (t = 1150 °C,
7= 230 h). It was found that the coating obtained in the low-energy ESD mode with energy >.E = 2915 J featured the best performance
(hardness, modulus of elasticity, roughness, wear resistance and oxidation resistance).

Keywords: electrospark deposition (ESD), selective laser melting (SLM), heat-resistant alloy, zirconium, hardness, oxidation re-
sistance, wear resistance.
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BnusiHne 3neKTpoOMCKpPOBO 00paboTKM aneKTpoaaMu U3 LUPKOHUS
Ha CTPYKTYpYy M CBOMCTBa HUKEeNbCOAEPXaLLero cniasa,
NONYYEHHOr0 CeNEeKTUBHbIM Na3epPHbIM CMUIaBNIeHNEM

A.E. Kyapsiwog, ®.B. KupioxaHuee-KopHees, C.K. Mykanog,
M.W. Netpxuk, E.A. Jlegawos

HaunoHanbHbIii uccnepoBatensckuin TexHonornyeckunin yamsepeutet (HUTY) «<MUCKC»,
r. Mocksa, Poccus

Crarbs noctynuna B peaakumio 14.03.2022 r., nopabotana 09.06.2022 r., nognucaHa B nevarb 15.06.2022 r.

AHHOTauusa: [1na noBbILLEHNS 3KCMAyaTauMOHHbIX cBOWCTB Ni-cogepxalliero cnnasa, NoJy4eHHOro no TEeXHONOrMn cenek-
TUBHOTO NnasepHoro cnnasneHus (CJIC), HaHOCMNKM 3aLLNTHbBIE MOKPBLITUS METOA0M 3N1E€KTPOUCKPOBOro nernposaHua (NJ1) ¢
MCNOSIb30BAHNEM 3/1EKTPOAOB N3 LMPKOHUA. KNHETUKY MacconepeHoca ndydanm Ha 5 pasfinyHbiX YaCTOTHO-3HEPTeTUYECKMX
pexunmax 06paboTkun. C nomoLbio aHanoro-undpoBoro npeobpaszoBaTens yCTaHOB/IEHbI CpeAHee KOIMYECTBO UMMNYJIbCHbBIX
paspsaoB, IHEPrUs eANHUYHBIX UMMNYIbCOB M CyMMapHas 9Heprus UMMybCHbIX pa3panos 3a 1 muH o6paboTkun (XE) ans
BCEX NPUMEHAEMbIX PEXMMOB. B HU3KodHepreTniecknx ycnoeuax obpabotku (LE = 1459+2915 [x) Habnogancs cnabbii
MaccomnepeHoc, NPMBEC Macchl kKatoaa GUKCUPOBAJICA TOJIbKO B NepBblie MUHYTHI. C yBennyeHnemM BpeMeHn 06paboTkm npo-
nexoamna yobiib Macchl NOANI0XKKW. LLlepoxoBaTocTe NokpuiTuii (R,) BapbmMpoBanack B AnanasoHe 3,9-7,2 mkM. Ha BbicO-
KO3HepreTuyeckumx pexmmax (LE = 5197+17212 [x) n3-3a MHTEHCUBHOIO Harpesa 31eKTPOoA0B HabNoAaNncs ycTONYUBLIN
npuBEC MaccChl Katoga, HO CPOPMUPOBAHHBIE MOKPLITUS UMENV NMOBLILLEHHYIO LLIEPOXOBATOCTL: R, = 7,4+8,6 MmKkMm. MNapameTp
R, nna ncxogHeix CJIC-o6pasuos coctasnan 10,7 mkm. CHopmMMpoBaHHbIE NOKPLITUSA XapakTepru3oBaancb ToNWMHON 15—
30 MKM, BbICOKOW cniiowHOCTbIO (80 100 %), TBepaocTbeio 9,0-12,5 NMa, moaynem ynpyroctu 122-145 I'Ma, koadpuuymeHToM
TpeHus 0,36-0,49. NpoeeneHne ANJ1-o06paboTkm cnocobCTBOBANO POCTY M3HOCOCTOkocTn CJIC-cnnaea B 7,5-20,0 pas, a
xapocTtorkoctn Ha 10-20 % (t= 1150 °C, t = 30 4). YCTaHOBNEHO, YTO HAMNYYLLIMMN CBONCTBaMN (TBEPAOCTb, MOAY/b YNPYro-
CTW, LUEPOXOBATOCTb M3HOCO- N XaPOCTOMKOCTL) 061agaeT NOKPbITUE, NOJIyYEeHHOE Ha HU3KO3HepreTniyeckom pexmme INJ1
Cc aHepruen YE = 2915 I x.

KnoyeBble cnoBa: 3NeKTPoOMCKpoBoe nernpoBaHune (BUJ1), cenekTnBHoe nasepHoe cnnaeneHune (CJIC), XaponpoyHbli cnnas,
LVPKOHUIA, TBEPAOCTb, XXapOCTOMKOCTb, MSBHOCOCTOMKOCTb.
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Introduction

Advanced aerospace engineering requires new ma-
terials and technologies. New heat-resistant materials,
also nickel-based, are currently under development
[1, 2].

The most promising are additive technologies [3]
such as selective laser melting (SLM). However, prod-
ucts manufactured by the SLM method are characte-
rized by near-surface structural defects, among them
cracks, pores, and non-molten particles are the most
dangerous [4].

Applying a protective coating is the most efficient
way to extend the service life of heat-resistant alloys [5—
8]. Ion plasma deposition [9, 10], gas thermal sputtering
[11—13], slip molding [14], and electrospark deposition
(ESD) [15—20] are widely used for coating deposition on
Ni-containing alloys.

The ESD advantages consist of good adhesion of the
coating, relative simplicity of the process and equipment,
low energy consumption, sustainability, high-profit
margin, and many automation options. High-energy
electrospark deposition successfully used to restore
worn-out parts.

ESD on the ZhS6U nickel alloy with an electrode
made of KhTN-61 alloy (Co—Cr—Nb) improves the
oxidation resistance (up to 1000 °C), wear resistance,
increases hardness, and reduces the friction coeffi-
cient [17]. Electrospark deposition of (Cr—Al—Si—B)
electrodes obtained by Self propagated High tempera-
ture Synthesis (SHS) on the EP 718-1D (Inconel 718)
heat-resistant nickel alloy can also increase the heat and
wear resistance [18]. Kudryashov A.E. et al. [19, 20] re-
port the increase of the EP 718-1D alloy oxidation re-
sistance after deposition of SHS electrodes (Mo—Si—B
and Zr—Si—B).

Tsyvirko E.I. et al. [21] note an improvement in the
physical properties of critical aircraft castings made of
nickel alloys when alloyed with 2—3 % Zr. Adding zir-
conium (0.05—0.25 %) to nickel alloys increases the mic-
rohardness of the metal matrix and improves the heat re-
sistance of cast jet engine parts. Adding zirconium and
hafnium to nickel alloys increases the oxide layer adhe-
sion to the surface due to lower porosity at the oxide-
alloy interface [22].

In view of the above, the investigation of the electro-
spark deposition of Ni-containing SLM alloy with zir-
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conium electrodes is particular interest. It is expected
that ESD will improve oxidation resistance and elimi-
nate surface defects [16].

Multicomponent Zr-containing electrodes are exten-
sively used. For example, CLAB 2 (ZrB,—ZrSi,—LaBy)
composite with the Ni—Cr—Al binder (30 mol.%) [23]
and a ZrSiOy, electrode [24] is used to increase the oxi-
dation resistance of hard metal. In order to improve the
wear resistance of the TC11 titanium alloy, the high-en-
tropic CuNiSiTiZr [25] as well as the bulk metallic glass
forming the ZrgsCuy; sAly sNij electrodes [26, 27] were
used. Vitreloy 1 (Zry; ,Tij; gNijgCuy, sBeyy 5) was pro-
posed for welds repairs in worn-out amorphous mate-
rials and coatings [28]. To protect the AISI 304 stainless
steel against wear, corrosion and tribocorrosion ESD
has done in a vacuum with a TaC—ZrC—Mo—Ni elect-
rode [29]. Verkhoturov A.D. et al., Nikolenko S.V. et al.
[30, 31] recommend using zirconium only as an elect-
rode binder.

Despite the widespread use of multicomponent
Zr-containing electrodes, the application of pure zir-
conium is limited. In order to improve the quality of
Kh12MF steel grade die tooling, we propose the addi-
tion of ESD of zirconium first, and then an induction
chemical and thermal treatment in a carbon-containing
paste [32].

Nikolenko S.V. et al. [33] propose the use of zirconi-
um as an anode material for the treatment of the VT20
titanium alloy, in order to improve its wear and oxidation
resistance, or to extend the cutting tool life [34].

This study considers mass transfer, structure, com-
position, and properties of electrospark deposition of
zirconium electrodes on a Ni-containing SLM alloy.

Materials and Methods

The Ni-containing SLM alloy served as a substrate
(cathode). Its composition was (wt.%): Ni: 53.75, Al:
24.07, Cr: 13.73, Co: 7.66, Hf: 0.79 [35]. The sample size
was 7 mm X 9 mm X 7 mm.

The electrode (anode) was made of zirconium iodide
(TU 95 46-97 specifications) with the following com-
position (Wt.%): Zr: base metal, Fe: 0.03, Cu: 0.003,
Ni: 0.01, C: 0.008, Si: 0.008, N: 0.005, O: 0.05, Al: 0.005,
Cr: 0.002, Hf: 0.01, B: 0.00005, Ti: 0.005. The sample
size was 3 mm X 3 mm x 50 mm.

We used an Alier-Metal 303, Alier-Metal 30, and an
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Table 1. Parameters of ESD processing modes
Tabnuua 1. MapameTpbl pexumos INJ1-06paboTku

Mode Alﬁ;ll:/i[;;al Amlpiiage Pulser(’il:lzation Pulse ;rle-lqzuency R Eoyg, 1073 XE, ]
1 303 120 20 3000 66 895 43.57 2915
2 30 170 25 3000 128 764 133.67 17212
3 30 170 25 1500 49 829 104.29 5197
4 2002 340 6 15000 262 803 5.55 1459
5 2002 340 8 10 000 257270 10.27 2642
Note. The electrode vibration frequency was 600 Hz.

Alier-Metal 2002 (METAL — SCINTI SRL, Russia—
Moldova) ESD machines using 5 different frequency
and power settings (refer to Table 1).

The surface layer was deposited in an argon envi-
ronment (99.995 %). After treatment, the electrode and
substrate were held in an argon bath until complete
cooling.

We used a fast analog to digital converter (ADC)
E20-10 (L-Card, Russia) connected to the ESD ma-
chine, in order to measure the properties of the pulsed
discharges. The raw data was logged by the LGraph 2
software multichannel logger. The recording time was
10 sec. We also used MATLAB configured to handle
the ESD process to estimate the energy of a single pulse
discharge (£), the number of pulses (N), and the total
energy per 1 minute of treatment (XF).

We used a KERN 770 (Germany) analytical balance
to evaluate the mass transfer kinetics (anode’s specific
erosion AA;) and cathode specific weight gain (AK))).
The accuracy was 107> g. We weighed the anode and
cathode after each minute of ESD. The total cathode
weight gain is [30]

2AK; = (AK; + AKy + ...+ AKyg) / p, ()

where AK; is the cathode weight gain in i min of deposi-
tion (/ = 1, 2...10, g); p is the electrode material density,
g/cm3.

The anode total erosion XAA; was estimated simi-
larly.

We used a CitoPress-1 mounting press (Struers,
Denmark) to embed the samples into conductive resin
and make sample sections. A RotoPol-21 polishing ma-
chine (Struers) was used to grind and polish the samples.
Initially, the samples were polished with various sand-

paper grits. We polished the samples with a SiO, oxide
suspension, 0.05 um abrasive particle size. The metal-
lographic analysis of the sections was performed with a
Neophot-32 optical microscope (Carl Zeiss, Germany).
The magnifications for measuring the thickness and
continuity of the coatings were 500* and 200%, respec-
tively.

XRD patterns of the electrospark deposition coat-
ings were performed on a DRON 4 diffractometer us-
ing monochromatic CukK, radiation in the step-scan-
ning mode, 20 = 10°+110° angular range (the scanning
step was 0.1°, the exposure was 3 to 6 s). The qualitative
and quantitative phase analysis procedures are given in
[36, 37].

We studied the sample microstructures by scanning
electron microscopy (SEM) using an S-3400N micro-
scope (Hitachi, Japan) using a NORAN 7 spectral im-
aging X-ray microanalysis system (Thermo Fisher Sci-
entific Inc, USA). The sample surface topography and
wear tracks were examined using a WYKO NT 1100 op-
tical profiler (VEECO, USA).

The mechanical properties such as hardness (H)
and modulus of elasticity (£) were determined by in-
dentation of polished cross sections at the Functional
Surfaces Testing Lab, National University of Science
and Technology «MISIS», using a Nano-Hardness
Tester (CSM Instruments, Switzerland) with a Berko-
vich diamond tip. We determined H and E according to
GOST R 8.748-2011 (ISO 14577) [38]. The Poisson’s ra-
tio was assumed to be 0.3. The measurement conditions
were as follows: 20 mN max load, 5 s hold time.

The study of tribological properties of samples was
carried out on an friction machine Tribometer (CSM
Instruments) according to the pin-on-plate scheme with

66 W3Bectus By308. [lopowkosas MeTannypris v (yHKUnoHanbHble nokpsitusa = 2022 = T. 16 = N2 3



Materials and Coatings Fabricated Using the Additive Manufacturing Technologies

reciprocating motion. A ball with a diameter of 3 mm
made of WC—Co alloy was used as a static partner. Test
conditions: track length 4 mm, applied load 1 N, maxi-
mum velocity 5 cm/s.

The oxidation resistance of the coatings was evaluat-
ed by the sample weight gain after annealing in the air in
a SNOL 7.2/1200 electric furnace at 1150 °C, with 30 h
total dwell time.

Results and Discussion

Fig. 1 shows the total anode erosion (XA4;) and total
cathode weight gain (XAK;) depending on ESD time. It
was found that XAA4; increases with processing time for
all process modes. The max value (—73.17-10~* cm?) is
reached in High-Energy Mode 2.

The peculiarities of the dependences of the total
cathode gain on the time is determined by the process-
ing mode used.

For example, when low-energy modes were used
(samples 1, 4, 5), we observed initial cathode weight
gain. The initial weight gain period varied from 1 min
(mode 4) to 3 and 4 min in modes 5 and I, respective-
ly. As the processing time increases, the substrate los-
es weight. The min value YAK; = —5.81-107% cm? was
found after a 10 min mode 4 deposition.

In high-energy modes 2 and 3, there is a consistent
cathode weight gain. Due to intense electrode heating,
burns occur on the surfaces, leading to strong deterio-
ration of the surface finish. Such surfaces would require
extra grinding. To avoid burns, the processing time was
reduced to 5 min. In modes 2and 3 YAK; was 59.03-10~*
and 22.42-10~*cm 3, respectively.

For comparison, when using a ZrSiB electrode
(composition, wt.%: ZrB,: 66, ZrSi,: 26, Si: 6, ZrO,: 2)
to treat the EP718 alloy in mode I, the following va-
lues were observed: YAK; = 10.01-10~* cm?, and SAA4, =
= —43.43-10~% cm? [20]. The mass transfer is intensified
since the ESD erosion of refractory substances is an or-
der of magnitude higher than that of metals due to their
mostly brittle fracturing [30].

We analyzed the ADC logs which included the sin-
gle pulse energy (average values over processing time
(Eqavg)), the total energy of pulse discharges per 1 min
(2E), and the average number of pulse discharges per
1 min in each mode (N,,)) (refer to Table 1).

It was found that in mode 2, YE is at its maximum:
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17212 J. In mode 4 with its short, max frequency pulse

discharges, the total energy is at its minimum: 1459 J.
Low-energy treatment leads to a low coating for-

mation rate. In high-energy modes, the electrodes are
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Fig. 1. Total anode erosion AA; (dashed lines, light
symbols) and total cathode weight gain ZAK; (solid lines,
dark symbols) depending on ESD time

Curves I, 4—Mode 5 (A, A);2,5—Mode 1 (&, O);
3,6—Mode 4 (m,0); 7, 10— Mode 2 (®, O); 8, 9— Mode 3 (¥, V)

Puc. 1. 3aBUCMMOCTb CyMMapHOIi 3p0O3U U

aHona AA; (IUTPUXOBbIE IMHUU, CBETIIBIE 3HAUKU)

U CyMMapHOTro npuBeca Katofa XAK; (CIUIOLIHbIE INHUMY,
TeMHBbIE 3Hauk1) oT BpemeHu DUJI

Kpusble 1, 4 — 5-ii pexum (A, A); 2, 5— 1-i1 (&, O);
3,6—4-ii(m,0);7 10— 2-11 (@®,0); 8, 9—3-1i (¥, V)
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intensively heated. In this case the ESD performance is
high, but the surface roughness of the coatings is unsat-
isfactory.

We found the optimal ESD processing time per
1 cm? for the coating application on SLM alloy samples.
It is 4 min for the low-energy modes (/, 4, 5) and 1 min
for the high-energy modes (2, 3). This time is sufficient
to build solid coatings with an acceptable surface finish.
Refer to Table 2 for the R, (arithmetic average rough-
ness) surface roughness. It is clear that ESD reduces the
SLM alloy surface roughness by 1.3—2.8 time. Coat-
ing I featured the min roughness.

Table 3 lists the phase composition of the coatings.
It was found that the SLM alloy contains only the
NiAl intermetallic. Coating I contains nickel alu-
minides (NiAl), lattice parameter a = 0.2886 and
0.2922 nm. Its increase may be caused by the introduc-
tion of Zr atoms into NiAl during ESD (composition:
Al}y 45Nig9 372135 75). This sample also contains the
ZrNi,Al intermetallic and Zr(OH). Its formation ap-
pears to be caused by the interaction between zirconi-
um and dissolved oxygen in the SLM samples. Coating 2
was manufactured with the highest ESD energy possible.
It contains NiAl and ZrNi intermetallics, as well
as the Zr;NiO(x) oxide. In addition to sample I, the
ZrNi,Al was also found in coatings 3 and 4. They con-
tain the ZrCr, phase as well. The ZrNi,Al triple inter-
metallic compound is a Heusler phase while the ZrCr,
double intermetallic compound is a Laves phase. The
formation of both phases is caused by the interaction
between zirconium (anode) and the substrate elements
during ESD.

It should be noted that zirconium oxynitride
Z1(0O, N) with the lattice parameter a = 0.4585 nm
corresponds to Zrgs s6N3 940105 (Wt.%). The double

Table 2. Properties of the substrate and ESD coatings
Tabnuua 2. CeoitcTea noanoxkn u ANJ1-nokpbiTuii

oxide Zr;NiO(x) can be expressed as Zrg gNij73401 5
(@=0.329 nm, b = 10.94 nm, ¢ = 8.91 nm).

ZrCr, melting point is known to be # = 1673 °C [40],
and the ZrNi phase melting point is 1260 °C [41]. The
formation of such refractory phases should improve the
oxidation resistance of the coating.

Fig. 2 shows the SEM images of the ESD coatings
1 and 3. It can be seen that the surface layer is contin-
uous. It consists of the spread electrode material drops.
In the case of high-energy mode 2, the drop diameter
is ~ 450 pum, for high-frequency mode 5, it is about
170 pm.

Fig. 3, a shows an SEM image of coating 5 (polished
section). It can be seen that ESD generates a defect-free
coating. No cracks at the coating/substrate interface
were found.

Electrospark deposition forms a highly continuous
(up to 100 %) coating up to 30 um thick (%) on the sur-
face of an SLM alloy.

Our nano-indentation measurements estimated the
mechanical properties of the coatings: £ = 122+145 GPa
and H=9.0+12.5 GPa (refer to Table 2). The modulus of
elasticity of the unhardened sample is higher than that of
the electrospark coating and zirconium (96.0—99.0 GPa
[42]). The reason is the interaction between Zr and the
substrate elements during ESD.

ESD increases the surface hardness by 1.3—1.8 time.
Fig. 3, b shows the hardness and modulus of elasticity vs.
the cross-section width for coating 5. It can be seen that
as the distance to the surface increases, H decreases,
and E increases.

When using a ZrSiB electrode to treat the EP718 al-
loy, the coating has higher hardness (18.8 GPa), modulus
of elasticity (351.4 GPa), and roughness (R, = 5.80 um)
[20]. The max coating hardness of 9.2 GPa was obtained

Sample (mode) h, pm R,, pm E, GPa H, GPa
Substrate — 10.7 162 6.9
1 15 3.9 140 12.3
2 20 8.6 122 9.0
3 30 7.4 145 12.5
4 15 5.0 136 11.1
5 15 7.2 142 10.7
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Table 3. Phase composition of the substrate and ESD coatings

Tabnuua 3. Pa3oBbIit cocTas NOANOXKM U AUJT-NOKpPLITHA

?;rggg Phase Tatiftos s S Vol. fr%ction, Mass f;:lction, Lattice r<1:I(;1nstants,
Substrate NiAl B2 cP2/1 100 100 a=10.2880
NiAl B2 cP2/1 45 44 a=10.2886
J NiAl(Zr) B2 cP2/1 2 30 a=10.2922
ZrNi Al D0.3 cF16/2 10 a=10.6034
Zr (O,N) Bl cF8/2 14 16 a=10.4656
NiAl B2 cP2/1 17 15 a=0.2877
ZrNi E9.3 cF96/1 36 37 a=1.1985
2 Zr;NiO(x) Ela 0C20/7 47 48 a=3.304
b=11.128
c=28.679
NiAl B2 cP2/1 68 64 a=10.2881
Z1Cr, Cl14 hP12/1 13 15 a=10.5032
3 ¢=10.8328
ZrNi Al DO0.3 cF16/2 10 11 a=10.6023
Zr (O,N) B1 cF8/2 9 10 a=0.4637
NiAl B2 cP2/1 51 47 a=10.2879
ZrCr, Cl14 hP12/1 22 24 a=0.5046
4 ¢=10.8206
ZrNiyAl DO0.3 cF16/2 13 14 a=10.6045
Zr (O,N) Bl cF8/2 14 15 a=0.4646
NiAl B2 cP2/1 37 33 a=10.2882
Zr (O,N) Bl cF8/2 38 41 a=0.4650
5 Zr3NiO(x) Ela 0C20/7 25 26 a=13.321
b=11.118
c=28.679

Fig. 2. SEM images of surfaces of ESD coating samples / (@) and 3 (b)

Puc. 2. POM-u3o006paxeHust noBepxHocTu o6pasioB DU JI-nokpeituii 1 (a) u 3 (b)
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Coating
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H, GPa E, GPa
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IR
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Distance to the surface, pm

Fig. 3. SEM image of Coating 5 cross-section (a) and hardness (H) and elastic modulus (F) distribution over the coating

thickness (b)

Puc. 3. PDM-n3o006paxeHue mmornepevHoro nuinda nokpelTus 5 (@) v pacrpeneieHue TBepaoctu (H) u monyis

ynpyroctu (E) no ero ToaiiuHe (b)

after vacuum treatment of the EP 741 nickel alloy with
a NiAl-based alloy electrode [43].

Table 4 lists the tribology test results (friction coeffi-
cient (Ky,) and reduced wear) for the substrate and ESD
coatings. It was found that the unhardened sample has a
minimum value of Ki = 0.34. ESD increases the friction
coefficient: for ESD coatings, K, = 0.36+0.49.

The min friction coefficient of 0.36 was found in
sample 4. Coating 2 was applied in a high-energy mode.
At the beginning of testing (up to 5500 cycles) the
friction coefficient Ky ~ 0.33 was low, and by the end
(7000 cycles), it rose to 0.49. Apparently, during the test,
the solid wear products on the track surface were able to
enter the friction zone thus increasing the friction coef-
ficient [44].

The friction coefficient of the coating formed by the
KhTN-61 electrode on the EP718 heat-resistant nickel
alloy (£ = 0.31J, f= 1000 Hz, T = 50 ps) is K = 0.18.
The value is so low because the surface layer was po-
lished [17].

An unhardened sample of a Ni-containing alloy
(Table 4) was found to have the max reduced wear (that
is, min wear resistance). Electrospark deposition with
a zirconium electrode reduces the reduced wear. Coat-
ing I showed the best results.

The tribology tests produced cracks on the track sur-
face of the unhardened sample. A possible reason is the
shear stresses under load. Samples with coatings 1, 2, 3,
and 5 featured partial wear. On these coatings Zirconi-

um was found at the bottom of the tracks. Its content on
the sample surface was noticeably higher.

No zirconium was found at the bottom of the wear
track in coating 4, manufactured in the high-frequency
mode (15000 Hz), with the min K, = 0.36 and max spe-
cific wear rate of 44.4-10~> mm?>/(N-m). This indicates
that the coating is completely worn out.

Fig. 4 shows the oxidation weight index (Am/S) as a
function of time for the ESD coatings and the unhard-
ened substrate. It was found that oxidation follows the
parabolic law, and the oxide layer growth is limited by
the oxygen diffusion through it. The maximum coating
oxidation rate is observed in the first minutes of the ex-
periment. It reduces after the formation of an oxidized
layer on the sample surface.

Fig. 4 shows that coating 3 (Am/S = 527.62 g/mz) and
the unhardened sample (Am/S = 520.68 g/m?) have the
lowest oxidation resistance, while samplel showed the
best results (Am/S = 434.90 g/m?).

The application of ESD coatings reduces the weight
oxidation index by 10—20 %. The oxidation resistance
seems to be caused both by the reduction of the SLM
alloy surface defects and the formation of a more heat-
resistant surface layer.

Table 5 lists the phase composition of the substrate
and ESD coatings after long (30 h total time), high-tem-
perature treatment. The following phases were found
in the unhardened sample: NiAl (45 %), double oxide
(A1,Cr),05 (46 %), traces of HfO, (4 %), and NiCrO; (5 %).
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Table 4. Tribology test results for the substrate and ESD coatings
Tabnuua 4. Pe3ynbTatbl TPUBONOrMYECKNX UCTbITAHMIA NOANOXKM U SUJT-NOKpPLITUA

Sonisls (i) Resduce(31 wear, K
107 mm?/(N-m) Initial Max. Avg. Final
Substrate 142.0 0.02 0.37 0.30 0.34
1 7.0 0.22 0.49 0.44 0.44
2 12.5 0.26 0.50 0.30 0.49
3 18.4 0.65 0.44 0.38 0.41
4 44.4° 0.06 0.45 0.38 0.36
5 14.6 0.11 0.46 0.39 0.42
*The coating is completely gone.
All the coated samples contain NiAl, and the oxides Am/S, g/m’
of the substrate elements: (Al,Cr),03;, Co304, NiCrO;
(traces), and zirconium dioxide (ZrO,), present as two 5004
modifications: monoclinic lattice (C43), 7 to 28 %, and i
HCC lattice (C1), not more than 2 %. 400
The presence of (Al,Cr),05 and ZrO, oxides in the ’
coatings is desirable. A thin (Al,Cr),05/ZrO, coating -
made by arc ion sputtering on a nickel-based superal- 300-
loy is known to have high oxidation resistance at ¢ =
= 1200 °C, and provides good thermal insulation. At the 7
1100 °C ambient temperature, the substrate temperature 200-
decreased by more than 40 °C [45]. _O- Substrate
Fig. 5 shows the substrate cross section after long an- e/
nealing, and an element distribution chart (O, Al, Ni). 100~ __g__j
It can be seen that high-temperature annealing forms a - 4
30 um thick nickel-free oxidized layer on the substrate A5
surface. 0 T T T T T
) . . . 5 10 15 20 25 7, h
Fig. 6 shows a thin section of coating 4 after anneal-
ing and an element distribution chart (O, Zr, Al, Ni) in Sample Regression Approximation
the oxidized layer. It was found that the surface layer (mode) il confidence coefficient
. . . . Substrate Am/S = 97.3971%3 0.9982
(region /) mostly contains zirconium and oxygen, the ,
. . . 1 Am/S = 80.9201% 0.9992
middle layer (region 2) contains oxygen, substrate mate- 5 Sy 09987
Am/S=86.7617" .
rial (Al, Ni, Cr, Co), and electrode (Zr) elements, while " f
. . 3 Am/S = 95.6311"° 0.9979
the bottom layer (region 3) contains O, Al, Cr, and small 0s
; ) 4 Am/S = 93.6481" 0.9968
amounts (< 1 %) of Ni and Zr. The total thickness of the
5 Am/S = 94.5971%3 0.9934

oxide layers does not exceed 9 um.

Prolonged high-temperature annealing results in
the diffusion of the surface layer elements. The top
layer is Zr-containing. The bottom layer bordering the
substrate contains aluminum and chromium oxides.
The middle layer contains chromium, nickel, and haf-
nium oxides besides aluminum oxide. For all the coat-
ings the total thickness of oxide layers does not exceed

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N°3

Fig. 4. Oxidation weight indicator of the substrate (dashed
line) and coatings (solid curves) as a function of time
Curve numbers correspond to the numbers of coating samples (modes)

Puc. 4. 3aBUCHMMOCTH BECOBOI0O ITOKa3aTes

OKMCJICHU S IOJIOKKY (IITPUXOBAS TUHMSI)

U TTIOKPBITU (CTIJIOIIHBIE KPUBBIE) OT BpeMEHU

Lndpsl y KpUBBIX COOTBETCTBYIOT HOMEpPaM 00pa3IoB MOKPBITHIA
(pexumam)

JE—
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Table 5. Phase composition of the substrate and ESD coatings after annealing
Tabnuua 5. ®a3oBblii cocTaB nomnoxkn n AUJ1-NokpbITUiA Nocne oTxura

(Sr?lrggg Phase L?;E:e :f;g; Vol. fraction,% | Mass fraction, % LE;EE:;):;:TE’SAE;H
NiAl B2 cP2/1 39 45 a=0.2873
HfO, C43 mP12/3 2 4 —
Substrate (AL,Cr),04 D5.1 hR10/1 54 46 a=0.476
c¢=1.3025
NiCrO, D5.1 hR10/1 5 5 —
710, C43 mP12/3 6 7 —
Ni Al B2 cP2/1 32 35 a=0.2869
(AL,Cr),05 D5.1 hR10/1 35 29 a=0.4766
1 c¢=1.3016
NiCrO, D5.1 hR10/1 5 5 —
Zr0O, Cl cF12/1 2 2 a=5.136
Co304 c¢F56/3 20 22 a=10.8120
Zr0, C43 mP12/3 26 28 a=0.5150
b=0.5199
c=0.5327
B=99.09°
NiAl B2 cP2/1 19 22 a=10.2869
2 (AL,Cr),04 D5.1 hR10/1 39 32 a=0.4771
c¢=1.3030
NiCrO; D5.1 hR10/1 4 4 —
Zr0O, C1 cF12/1 1 1 a=0.5127
Co;0, cF56/3 11 13 a=10.8120
70, C43 mP12/3 12 13 a=0.5155
b=0.5175
c¢=0.5329
B=199.10°
3 NiAl B2 cP2/1 23 26 a=0.2870
(A1,Cr),04 D5.1 hR10/1 44 37 a=0.477
c¢=1.3028
NiCrO, D5.1 hR10/1 4 5 —
Co304 cF56/3 17 19 a=0.8125
Zr0, C43 mP12/3 14 15 a=10.5146
b=0.5188
c=0.5322
B=99.16°
Ni Al B2 cP2/1 26 28 a=0.2870
4 (A1,Cr),04 D5.1 hR10/1 38 32 a=0.4770
c=1.3023
NiCrO, D5.1 hR10/1 5 5 —
70, Cl cF12/1 1/1 1 a=0.5132
Co30, cF56/3 16 19 a=0.8114
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Table 5. Phase composition of the substrate and ESD coatings after annealing (the ending)
Tabnuua 5. ®a3oBblit cocTaB Nomnoxku u AUJ1-NoKpPLITUIA NOCe 0TXMra (OKOHYaHue)

(S;I:g:; Phase L?;Ege Zf:j; Vol. fraction,% | Mass fraction,% LE;T;::E;:I;’SHE;
Zr0, C43 mP12/3 16 17 a=10.5147
b=0.5195
¢=0.5331
B=199.19°
Ni Al B2 cP2/1 27/31 31 a=0.2871
s (AL,Cr),04 D5.1 hR10/1 40 33 a=0.4772
¢ =1.3025
NiCrO; D5.1 hR10/1 5 5 —
710, Cl cF12/1 1 1 a=0.5148
Co;0,4 cF56/3 11 13 a=10.8126

Fig. 5. SEM image of uncoated sample cross-section after annealing (a) and map of O (b), Al (c¢) and Ni (d) distribution
in the oxidized layer

Puc. 5. POM-u3o0paxeHue norepevHoro nuiida odpasia 6e3 IIOKPHITUS ITOCIe OTXKMra (a) M KapTa pacipeacaeHus
3JIeMeHTOB B okuciaeHHoM cioe O (b), Al (c) u Ni (d)

Fig. 6. SEM image of coating 4 cross-section after annealing with indicated EPMA areas (a) and map of O (), Zr (c),
Al (d), Ni (e) distribution in the oxidized layer

The insert indicates concentrations of elements (wt.%) in the indicated areas
Puc. 6. POM-u300paxeHue nonepeyHoro nuinda moKpeITUs 4 Mocjie oTXura ¢ ykazanuem oonacreit MPCA (a)
U KapTa paclpeneaeHus 3J1eMeHTOB B okucjaeHHoM cjioe O (b), Zr (c), Al (d), Ni (e)

Ha BcraBke npuBeieHbI KOHLIEHTPALIMK 2JIEMEHTOB (Mac. %) B yKa3aHHBIX 06J1acTsIX
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10 pm, which is three times less than for the uncoated
sample.

Conclusions

1. We studied the formation of electrospark coatings
on Ni-containing SLM alloys with zirconium elec-
trodes. In high-energy modes (X E= 5197+17212J), con-
sistent cathode weight gain was observed. In low-energy
modes (X F = 14592915 J) weight gain occurred during
the first 1—4 minutes, while cathode weight decreased
as the processing time increased.

2. We measured the ESD process variables in each
mode: single pulse discharge energy, number of pulses,
and total energy of pulsed discharges per 1 min. The
coatings 15—30 pm thick with up to 100 % continuity
reduce SLM sample surface roughness (R,) by 1.3—
2.8 time.

3. We found the formation of heat-resistant phas-
es with ZrNi,Al, ZrNi, ZrCr,, and oxides (Zr;NiO(x),
Zr(O,N)) in the ESD coatings as a result of interaction
between zirconium and the dissolved oxygen present in
the SLM samples.

4. The ESD coatings have 9.0—12.5 GPa hardness,
and 122—145 GPa modulus of elasticity. Electrospark
treatment improves the SLM alloy properties. The hard-
ness is increased by 1.3—1.8 times, wear resistance, by
7.5—20 times, and oxidation resistance, by 10—20 %. In
terms of its properties, the best coating was produced in
low-energy mode with X.E = 2915 J.
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AnHoTauua: C 2017 r. Ha npegnpusatum AO «Bonrabypmaw» (r. Camapa, Poccusi) npoBooMANCE MEPONPUSATUS MO UCMbITAHUIO
MOKYMHbIX TBEPAOCMNIAaBHbIX NOPOLLUKOBLIX cMecei cocTtaBa 90%WC-10%Co 1 rotoBbiXx TBEPAOCMNIABHbLIX 3yOKOB Pa3fINyHbIX
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npounssogutenen. PaboTta Benachb C LESbio OLEHKN BO3MOXHOCTU MPUMEHEHNS NOKYMHbIX U3AENNA B KAYECTBE MCXOOHbIX MaTe-
puanos Ha NpeanpuaTun Ans cokpaleHns NPon3BOACTBEHHOMO LKA N3roTOBNEHNS TBEPAOCMNIABHOIO BOOPYXeHUs OypoBbIX
LIapoLeYyHbIX A0/0T. [JaHHble paboThl MO TOBapO3aMeLLEeHMIO (ayTCOPCUHIY) MPOBOAATCS C LLeJIbio BO3MOXHOI0 CHUXEeHUs cebe-
CTOMMOCTM LWapOLWeEeYHOro J010Ta N YCKOPEHUS NPOLEeCcca ero N3roToBeHns Ans GyHKLNOHMPOBAHUS NPeanpuaTus B yCI0BUSX
OCTPOIi PbIHOYHOW KOHKYPEHLIUW Ha BHELWHEM U BHYTpPeHHEM pbiHkax. CTaTbst NOCBALWEHa aHannady n noapobHOMY CpaBHEHUIO
MUKPO- U MaKpPOCTPYKTYPbl, PUINYECKNX, MEXAHNHYECKUX, XUMUYECKUX U TEXHONOMMYECKNX CBONCTB NOKYMHbIX TBEPAOCMIABHbIX
CMecel 1 creyeHHbIX 3yOKOB pa3nnyHbIx Nnpon3soantTenei, B Tom uncne n AO «<Bonrabypmalu». OnpegeneHne BCex xapakTepu-
CTUK UCClleayeMblX MaTepranoB NPOBOAMIIOCE B COOTBETCTBUM CO cTaHaapTom npeanpuatna CTMN 582-17. Bonblioe BHMMaHWe
YAENEHO CPaBHEHMIO 3HAYEHUIN TPELMHOCTOMKOCTIN CMNAAaBOB, UM BA3KOCTU pa3pyLlleHuns no MNanmkBucTy, U aHanmdy CHUMKOB
MUKPOCTPYKTYPbI U XapakTepa pacnpoCTPaHEeHNS TPELWMHbBI MOCE UCMbITAHWUI C UCNONIb30BAHUEM CKAHUNPYIOLLEN 3NEKTPOHHON
MUKPOCKONUN. Tak>Xe pacCMOTPEHbI TAKME BaXXHblE XapakTEPUCTUKM CMnaBa, Kak TBEpA0CTb M Npeaen NPo4HOCTM Npu nonepey-
HOM n3rnbe. Ha ocCHOBe pe3ynbTaToOB NPOBEAEHHbLIX UCCIeA0BaHMN NPeACTaB/eHbl BbIBOAbI O LLeJ1eco06pa3HOCTM NCNOJb30Ba-
HUa B MeTannyprudyeckom uexe AO «Bonrabypmall» NOKYMNHbIX TBEPAbLIX CMIABOB B CPABHEHUM C MaTepmnanaMm co6CTBEHHOIo
npou3BoACTBa.
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Introduction

Tungsten-cobalt (WC—Co) cemented carbides or
sintered hardmetals are extensively used in industry for
their high hardness, strength, cracking, and wear resist-
ance [1—4]. The most common applications are cutting
tools and dies. Heat-resistant drill bits operating in ag-
gressive environments in the Far North and the Arctic
are also made of such materials [5]. Drill rig bit fail-
ures due to the rapid wear of the hardmetal inserts are
quite common. Ifthe bit is operated within the specified
limits, but its hardmetal inserts still fail prematurely, a
possible reason is improper hardmetal or defects in its
structure [6].

Volgaburmash (Samara) is one of the largest Russian
drill bit manufacturers. The company operates a hard-
metal metallurgical facility. Their global and domestic
rock drilling tools markets are highly competitive. Con-
sumers expect high tool quality and affordable prices.

One strategy aimed at reducing the cost of a roller
cone bit and accelerating its manufacturing is the use
of commercially available components to simplify the
number of manufacturing operations [4, 7]. Sintered
hardmetal manufacturing is very complex. It involves a

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N°3

large number (>20) of labor-intensive operations and ex-
pensive equipment [§—10].

In this study, we considered the following products
and components from various manufacturers.

e Commercially available mixed cobalt/tungsten
powders. Products from such powders are made by
semi-automatic compression shaping and subsequent
vacuum sintering. No in-house powder production is
required.

e Sintered hardmetal inserts.
tom-made to customer-provided shapes and dimen-

The bits are cus-

sions. Using such raw materials significantly accelerates
hardmetal product manufacturing and only machining
is required. No powder making, compression shaping
and vacuum sintering are necessary.

This study is a detailed investigation and compar-
ison of the composition, microstructure, physical,
mechanical properties, and manufacturability of com-
mercially available WC—Co hardmetal powders and
sintered bit inserts from various manufacturers includ-
ing Volgaburmash. The applicability of the powders
was assessed.
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/8



Izvestiya Vuzov. Poroshkovaya Metallurgiya i Funktsional'nye Pokrytiya - 2022 - Vol. 16 - N2 3

Materials

The following substances were studied.

1. Granulated tungsten-cobalt powders (Table. 1),
containing 90 wt.% WC and 10 = 0.2 wt.%: Co; WC
grain size up to 3 um; paraffin-based binder. Hard-
metal powder granules are spherical. They are used
for compression shaping of hardmetal drill bit com-
ponents (inserts, mud gun nozzles, thrust bearings,
etc.) The powders were analyzed for compliance
with the STP 582-17 company standard, Volgabur-
mash.

2. Sintered hardmetal inserts from various manufac-
turers compliant with STP 582-17 (Table 2).

Table 1. Granular carbide mixtures
Tabaumua 1. MpaHyNMpOBaHHbIE TBEPAOCNNABHbIE CMECH

Sample No. Manufacturer
1.1 Volgaburmash, Russia
1.2 Supplier 1, Germany
1.3 Supplier 2, China
14 Supplier 3, Russia
1.5 Supplier 4, Russia

Table 2. Sintered carbide inserts
Tabnumua 2. CneveHHble TBEPAOCNIABHbIE 3yOKU

ST Co, wt.% Manufacturer

No.
2.1 6
2.2 10 Volgaburmash, Russia
2.3 15
24 6
2.5 10 Supplier 1, Russia
2.6 13

10
2.7 (f;;(g;eorial Supplier 2, Germany

alloy)

2.8 10 Supplier 3, China
2.9 6 Supplier 4, Sweden
2.10 10 Supplier 5, Germany

Methods

We used a Jeol JISM 6390A scanning electron micro-
scope (SEM) (JEOL Ltd., Japan) to examine the mor-
phology and estimate the particle sizes and grain-size
distribution of the hardmetal powders.

We performed liquid-phase sintering in a vacuum at
1400 = 30 °C, in order to produce the final structure of
the hardmetal samples to be studied [11—13]. We esti-
mated the total (C,,) and free (Cy,,.) carbon in the tung-
sten hardmetals using the gravimetric method accord-
ing to GOST 25999-83 (ISO 3907:2009) [14]. (The total
carbon content in WC—10%Co alloys should be 5.48—
5.56 wt.%. It is not rated.)

The density was determined by the hydrostatic meth-
od (three samples selected from the batch) according to
GOST 20018-74. Coercivity was measured according
to ISO 3326:2013 (it decreases as the cobalt content in-
creases, see [15]). The Rockwell hardness of the sintered
hardmetal was determined according to GOST 25172-82
(ISO 3878-83) at a 600 N load [16]. The transverse rup-
ture strength was measured according to GOST 20019-74
(ISO 3327:2009). The residual hardmetal porosity was
measured using the references from GOST 9391-80
(ISO 4505-1978).

The hardmetal microstructure was investigat-
ed using the metallographic method according to
ISO 4499:2020 with an Axiotech 100HD-3D optical mi-
croscope (Carl Zeiss, Germany), up to 1600*. The sam-
ples were pre-treated with Murakami surface etching
solution [17]. For all hardmetal grades, no free carbon or
n-phase (double tungsten carbide and lacelike or lake-
like cobalt inclusions) is allowed. The microstructure
deviations were evaluated pursuant to the STP 582-17
company standard.

We paid considerable attention to studying crack
resistance as the material’s ability to resist crack prop-
agation and, consequently, failure. In the case of WC—
Co hardmetals used in drill bit inserts, the fracture
toughness is the best metric of crack resistance. This is
a structure-sensitive property. Its evaluation helps as-
sess the sensitivity of the material’s crack propagation
resistance [18, 19]. We applied the Palmqvist toughness
test according to ISO 28079:2009, in order to estimate
the crack resistance (W, MN-m~—>?) of the sintered
hardmetal.

A Jeol JSM 6390A scanning electron microscope [13,
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19] was used for a more detailed study of the sample sur-
face and crack propagation. Our earlier works [20, 21]
present the crack resistance analysis for hardmetals and
the actual crack resistance values.

The hardness, crack resistance, and microstructure
of the samples were studied at 2 mm below the insert
surface. It is the average hardmetal wear (for the insert
business end) when the insert becomes unusable.

Results and Discussion

The SEM images (Fig. 1) we obtained show the mor-
phology and particle sizes of the granulated hardmetal
powders. It can be seen that powders 1.7 and 7.2 have
a distinct spherical shape of 50—200 pm granules and
are homogeneous. The powder 1.3, 1.4, and 1.5 granules
were partially destroyed and contaminated with a fin-
er fraction. The reason is the powder grinding through
circulation in which the top layers with a higher density
destroy the bottom layers. In the case of powder 1.5, the
particle size is not uniform. In order to avoid this, addi-
tional operations such as classification and drumming
(to make the granules spherical) are required. This could

slow down and complicate the powder manufacturing
process and increase the costs as there would be some
powder loss. Therefore, should Volgaburmash com-
pletely cease in-house powder production and switch to
third-party supplies, the recovery of powder loss would
be impossible, leading to an increase in costs.

Table 3 lists the chemical composition and some
manufacturing properties of the granulated hardmetal
powders. With regard to the manufacturing properties,
samples 1.2, 1.3, and 1.4 showed apparent density and
fluidity deviations. Subsequently, these led to issues with
compression shaping using semi-automatic presses. The
reason is the heterogeneity of the powder granules. The
paraffin content in powder 1.4 exceeds the threshold. It
may cause unpredictable shrinkage during sintering and
affect the carbon content.

Fig. 2 shows the structures of the hardmetals sin-
tered from granulated powders 1./—1.5 (refer to Table 1).
The microstructure of the hardmetals generally meets
the requirements of the STP 582-17 company standard.
However, photo 1.3 shows a segregation area 27 pm in
size and two compounding spots (combined area up to
10 um). Hardmetal 1.5 also features a cluster of crystals

Fig. 1. Micrographs of samples of granulated carbide mixtures 1./—1.5 (see Table 1)

x50 magnification

Puc. 1. MukpodoTorpaduu o6pas3ioB rpaHyIMPpOBaHHBIX TBEPAOCIIIaBHBIX cMeceit 1.1—1.5 (cMm. Tabi. 1)

Veenuuenue 50%
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175 um in size and a 13 pm compounding area. Note
that these deviations are within the tolerances specified
in the Volgaburmash company standard.

Table 4 lists the physical and mechanical properties
of sintered samples /./—1.5: density (p), hardness (HRA),
coercivity (H,), transverse rupture strength (c,), aver-
age grain size (davg), fracture toughness (W) and crack
length (/).

Next, we compared the structure and properties of
the hardmetal inserts produced by different manufactur-
ers (refer to Table 2). Table 5 lists the values for samples
containing 10 wt.% Co (refer to Table 2), while Fig. 3
shows their structures.

Sample 2.7 is produced using the manufacturer’s
proprietary technology. It is a functionally gradient ma-
terial which indicates different Co content across the

Table 3. Composition and properties of hard alloy mixtures studied
Tabnuua 3. CocTas M CBOMCTBA MCCNEAYEMbIX TBEPAOCMNABHBIX CMECEl

Sample No. Content, wt.% Apparent d;ensity, Fluidity,
Ciot Clixed Co Paraffin g/cm sec.
Rated values 5.48—-5.56 <0.05 10+ 0.5 2+0.25 3.45 £ 3.65 <30
1.1 5.56 0.02 9.9 2.25 3.57 28
12 5.56 0.03 9.9 1.92 4.07 34.5
13 5.59 0.04 10.3 2.06 3.22 35
14 5.61 0.02 10.0 2.33 3.49 32
L5 5.68 0.04 9.9 2.03 3.59 30
Note. The values in bold deviate from the rated ranges.

20kV - X2,000 10pm

206V XZ,000  10pm

20kV  X2,000  10pm

Fig. 2. Structure photographs of alloys sintered from mixtures 1./—1.5

%2000 magnification

Puc. 2. ®ortorpaduu cTpyKTYpHI CIIJIABOB, CITIEYCHHBIX U3 cMeceit 1.1—1.5

Veenuuenue — 2000%
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Table 4. Physical and mechanical properties of sintered carbide samples
Tabnuua 4. Gu3anko-MexaHuyeckme CBONCTBA CrEYeHHbIX TBEPAOCIaBHbIX 06pa3LoB

Sample No. P, g/cm3 HRA H,, Oe (O N/mm2 dyyg, b | Wy, MN-m /2 [, um

Rated values 145+0.1  882%03 75-95 >2450 2.5-3.0 Actual® Actual”
1.1 14.53 88.3 83 2960 2.6 17.6 86
1.2 14.51 88.4 87 3150 2.5 17.5 89
1.3 14.47 88.3 97 2670 2.6 15.9 107
1.4 14.51 88.3 79 2900 2.6 16.8 97
1.5 14.53 88.3 83 2960 2.6 17.3 82

" The actual value is for reference only. It is not rated.

Table 5. Physical and mechanical properties of inserts with 10 wt.% Co content
Tabnuua 5. usnyeckue 1 MexaHnyeckue ceoincTea 3ybkos, cogepxamx 10 mac.% Co

Sample No. P, g/cm’ HRA H., Oe Ors N/mm? g, ML Wy, MN-m~/2 I, pm
Rated values 14.53+0.1 88.2+0.3 75-95 >2450 2.5-3.0 Actual Actual
22 14.53 88.3 83 2960 2.6 17.1 82
2.5 14.53 88.3 84 2900 2.5 17.2 81
2.7 14.55 88.8 90 2950 2.7 16.2 90
2.8 14.56 88.4 91 2910 2.4 17.0 69
210 14.53 88.0 87 2850 2.5 16.8 87
Note. The values in bold deviate from the required ranges.

1
206V X2/000 A0jm 20kV *.X2,000 . 10pm 20KV X2,000  10pm

: : S TRE 2.8 ; : :
20kV . X2,000 - 10um - 20KV~ X2,00077, 10pim, =%

Fig. 3. Structure photographs of inserts with 10 wt.% Co content

%2000 magnification
Puc. 3. ®otorpaduu cTpyKTyphl 3yOKoB, conepxkaniux 10 mac. % Co
Veenuuenue 2000%
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Table 6. Physical and mechanical properties of inserts with 13 and 15 wt.% Co content
Tabnuua 6. Pusnyeckue 1 MexaHuyeckue cBoNCTBa 3y6kos, cogepxawmx 13 n 15 mac.% Co

Sample No. P, g/cm’ HRA H,, Oe Ops; N/mm? g, LM Wi, MN-m~3/2 /, pm

Rated values 140+0.1 86.5%0.5 70-90 >2700 2.5-3.5 Actual Actual
23 13.99 87.1 79 3130 2.4 20.3 60
2.6 14.25 86.6 75 2750 2.8 20.5 56

10um

20kV

X2,000

Fig. 4. Structure photographs of inserts with 15 and 13 wt.% Co content

%2000 magnification

Puc. 4. ®otorpadun cTpyKTyphl 3y6KOB, comepxamux 15 u 13 mac.% Co

Veemuuenue 2000%

product. This affects the physical and mechanical prop-
erties of the insert.

The analysis showed that the structure is compliant
with the company standard. Insert 2.8 has a 57 um seg-
regation. Samples 2.5 and 2.10 have two compounding
sites 11 and 7 um in size, respectively. Sample 2.2 has
a cluster of crystals with a 124 um total area. Note that
all of the above is compliant with the STP company
standard.

Table 6 lists the physical and mechanical pro-
perties of the hardmetal inserts containing 13 and
15 wt.% Co. Fig. 4 shows the photos of their micro-
structures. Insert 2.6 has two WC segregation defects
with a total area of 51 pum, which is compliant with the
company standard.

Table 7 lists the physical and mechanical proper-
ties of the hardmetal inserts containing 6 wt.% of Co.
Fig. 5 shows their microstructures. Sample 2./ features
two areas of WC crystal aggregation, 103 um total size.
Insert 2.9 has one compounding area 8§ um in size, and
three segregation areas 72 um in size. Such deviations
are also compliant with the company standard.

Detailed analysis of the crack showed that the sam-
ples mostly have intergranular fractures (at the WC grain
boundaries). The cracks propagate along the cobalt
binder [22]. Transcrystalline splits in the 10 wt.% Co
hardmetal are rare. They usually occur in more ductile
alloys with higher cobalt content. In the case of 13 and
15 wt.% Co hardmetals, fractures occur along the WC
grains, as can be seen in Fig. 6 (sample 2.3).

Conclusions

In this study, we compared the structure and prop-
erties of the granulated hardmetal powder (refer to Tab-
le 1) and sintered hardmetal inserts produced by various
manufacturers (refer to Table 2) taking into account the
costs and lead time. We arrived at the following conclu-
sions about their possible applications for making hard-
metal drill bit inserts by Volgaburmash.

1. Commercially available hardmetal powders 1.2
and 1.5 better match the requirements of the Volgabur-
mash STP 582-17 standard, but are more expensive,
while the average delivery time is about 2 months.
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Table 7. Physical and mechanical properties of inserts with 6 wt.% Co content
Tabnuua 7. Gusnyeckne 1 MexaHMYeckue CBOMCTBA 3yOKOB, copepxatumx 6 mac.% Co

Sample No. p, g/cm’ HRA H,, Oe O N/mm? | dyo,pm | Wi, MN-m™2 | [ pym

Rated values 1495+0.1 90.1x0.5 110—145 >2300 2.0-2.5 Actual Actual
2.1 14.91 90.3 132 2420 2.2 13.1 99
24 14.86 90.5 107 2670 2.5 13.0 96
2.9 14.98 90.4 130 2750 2.7 12.6 103

206V X2,000  10um -

Fig. 5. Structure photographs of inserts with 6 wt.% Co content

x 2000 magnification

Puc. 5. ®otorpadun cTpyKTyphl 3yOKOB, comepxamux 6 mac.% Co

Veeanuenue 2000%

[ 20KV X%2,000" A0t

20KV X2,000 10pm

Fig. 6. Fracture propagation in inserts with 10, 15 and 6 wt.% Co content

x 4000 magnification

Puc. 6. PacripocTpaHeHue TpelMHbBI B 3yoKax, cogepxamux 10, 15 u 6 mac.% Co

Veeanuenue 4000™

2. The granules of the hardmetal powders 1.3 and 1.4
are partially destroyed by circulation and contaminated
with fine fractions. It requires extra effort to refine these
powders. They can be used as the primary raw material
for hardmetal products provided that the following con-
ditions are met:

— powder refinement operations are introduced,;

— refinement leads to powder losses up to 10 wt.%;

— refinement also produces an unusable fine powder
fraction;

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N°3

— the cost of products made from these powders will
be higher than from the in-house powder;

— the average delivery time for these powders is 1—
2 months;

— if a batch fails the incoming inspection, the entire
batch will have to be reprocessed.

3. The physical and mechanical properties of all the
samples meet the requirements of the Volgaburmash
STP 582-17 company standard. Their characteristics are
nearly identical. Still, the crack resistance of sintered
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sample 1.3 is lower (W), = 15.9 MN-m~%?) compared to
others (average W), = 17.4 MN-m~¥?2) due to the small
grain size and higher free carbon content.

4. The physical and mechanical properties of all the
hardmetal inserts meet the company standard and can
be used for making drill bits.

5. Insert 2.9 containing 6 wt.% Co, has a homogene-
ous structure and high physical and mechanical proper-
ties superior to other samples due to the manufacturing
process used.

6. Among the inserts containing 10 wt.% Co, sam-
ple 2.7 is functionally gradient with the cobalt content
changing from the surface to the core. The hardness
of the working end examined (up to 2 mm under the
surface) is 89 HRA, which exceeds the required val-
ue. This is the reason for the low crack resistance W, =
= 16.1 MN-m~¥2. Volgaburmash does not use inserts
made of this hardmetal because of their shorter service
life compared to the inserts manufactured in-house.

7. Samples 2.4, 2.5, and 2.6 meet the requirements
in terms of their physical and mechanical properties.
They have a homogeneous structure without any critical
defects. At present (Q1I 2022), inserts produced by this
manufacturer are supplied to Volgaburmash. At the cus-
tomer’s request, these inserts are installed on the drill
bits (partially or completely).

8. Insert 2.8 has medium hardness (88.4 HRA) and
crack resistance (17 MN- mY 2) values, and its structure
is homogeneous. Since the service life of these inserts is
shorter compared with that of the inserts manufactured
by Volgaburmash, further purchases are not recom-
mended.

9. Sample 2.10 meets the STP582-17 company stand-
ard in terms of physical and mechanical properties, and
structure. The manufacturer supplies two types of such
inserts to Volgaburmash at the customer’s request.

The disadvantages of the third-party hardmetal in-
serts are:

— higher bit manufacturing costs;

— the average delivery time for inserts is about
2 months;

— to make a new insert type, the design documenta-
tion should be amended, and a new die should be made
at extra cost;

— to avoid problems with the press-fit installation of
the inserts into the drill body, the lead-in chamfer on the
cylindrical part (near the bottom) should be polished to

increase the chamfer height. It makes the manufacturing
process more complicated;

— it is not possible to deliver more inserts quickly to
the customer.

For all these reasons, in-house production of hard-
metal inserts is preferable.
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