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Electrode processes in the production of microdispersed

titanium powder by volumetric electrolytic reduction of its ions

with sodium dissolved in the BaCl,—CaCl,—NaCl melt in the absence
of titanium halides in the initial melt

© 2022r. V.A. Lebedev, V.V. Polyakov

Ural Federal University n.a. the first President of Russia B.N. Eltsin, Ekaterinburg, Russia

Received 01.03.2022, revised 17.06.2022, accepted for publication 21.06.2022

Abstract: The paper is devoted to a detailed study of cathodic processes, their influence on the anode process, and electrolysis
performance. The polarization of a steel cathode in a CaCl,—BaCl,—NaCl melt at t = 610 "C was measured. The polarization curve
clearly shows the potentials and current densities of the formation of a saturated sodium solution in the electrolyte (Eg,; = —2.97 V,
i, = 0.04 A/cm?, Igi, = —1,4), and the occurrence of sodium metal on the cathode (Ey, = —3.22V, iy, = 0.12 A/cm?, Igiy, = —0.92).
The value of Eg, was used to calculate the concentration of sodium in the electrolyte at t = 610 °C (1.3-10=% mol. fr.). The values
of Eg,t, Eng, @nd their difference (AE = 0,25 B) were confirmed by long-term electrolysis. These fundamental characteristics are the
basis for process control and management. During long-term electrolysis, on the curve in the coordinates E (V) — IgQ (A-min),
3 regions close to rectilinear ones were revealed: the discharge of sodium ions from supersaturated solutions at E more negative
than Eg,; (from Ey, to Egy), from mixtures of supersaturated and saturated solutions (at a constant E equal to Egy,), from diluted
solutions (with Emore positive than Eg,;). The activity coefficients of sodium in supersaturated solutions are close to 1, which ensures
their increased reducing ability. Maximum degrees of supersaturation (>100) are created at formation and decomposition on the
cathode of metallic sodium nuclei, which are sufficient to intensify and prolong electrolysis, to lower the lower temperature limit of
its realization from 600 to 350 °C. The formation of metallic titanium in the near-anode layer is explained by the disproportionation of
Ti2* ions entering the near-anode electrolyte from the anode surface and from the near-cathode melt.

Keywords: electrolytic bulk reduction of titanium, additive technologies, granulometry, potentials and current densities of formation
of saturated solutions and metallic sodium on the cathode, nucleation and decay parameters of sodium nuclei, required degrees of
supersaturation for their appearance on the cathode.

Lebedev V.A. — Dr. Sci. (Chem.), prof., Department of metallurgy of non-ferrous metals of Ural Federal University n.a. the first
President of Russia B.N. Eltsin (UrFU) (620002, Russia, Sverdlovsk region, Ekaterinburg, Mira str., 19).
E-mail: v.a.lebedev@urfu.ru.

Polyakov V.V. — educational master, postgraduate student, Department of metallurgy of non-ferrous metals, UrFU.
E-mail: aheon@mail.ru.

For citation: Lebedev V.A., Polyakov V.V. Electrode processes in the production of microdispersed titanium powder

by volumetric electrolytic reduction of its ions with sodium dissolved in the BaCl,—CaCl,—NaCl melt in the absence of
titanium halides in the initial melt. Izvestiya Vuzov. Poroshkovaya Metallurgiya i Funktsional’nye Pokrytiya (Powder Metallurgy
and Functional Coatings). 2022. Vol. 16. No. 4. P. 4—14 (In Russ.). DOI: dx.doi.org/10.17073/1997-308X-2022-4-14.

AnekTpoaHbIe Npouecchl NPU NOJIY4EeHUN MUKPOAUCNEPCHOro NOPOLLKA TUTAHA
00bEMHbIM 3JIEKTPONMTUYECKUM BOCCTAHOB/IEHUEM €ro MOHOB HaTpUeM,
pacTeopeHHbIM B pacnnaee BaCl,—CaCl,—NaCl,

B OTCYTCTBME raloreHui0B TUTaHa B UCXOAHOM pacnjaBe

B.A. lleGepnes, B.B. Monskos

Ypanbckuii dpepepanbhbliit yHusepcuteT (Yp®dY) um. nepeoro Mpeauneqta Poccuu B.H. EnbupHa,
r. Exatepunbypr, Poccus

Cratbs noctynuna B pegakumio 01.03.2022 r., popabotana 17.06.2022 r., nognucana B neyars 21.06.2022 r.

AHHOTaLl,I/Iﬂ: Pa6oTa noceduleHa netajibHOMY NM3Yy4EHUIO KaTOOHbIX MPOLEeCCOB, X BJINAHUIO Ha aHO,EI,HbII7I npouecc n nokasatenn
anekTponusa. Namepena nonapusaumsa ctansHoro katoga s pacnnase CaCl,—BaCl,—NaCl npu temnepatype t = 610 °C. Ha no-
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Production processes and properties of powders

NSPM3aLMOHHON KPUBOW OTYETIMBO BbIAENAOTCS noTeHumansl (E,,. = —2,97 B) n nnotHocTn Toka (i, = 0,04 A/CM2, lgi, = —1,4)
06pa3oBaHMs HACLILLLEHHOrO PacTBOPa HATPYS B 3NIEKTPONNTE 1 NOSBIEHNS MeTa/IM4EeCKOro HaTpus Ha karoae (Ey, = —3,22 B,
iNna = 0,12 A/CMQ, Igina = —0,92). Mo BenununHe E,,; paccyntaHa KOHUEHTpauus Hatpua B anektponute npu t = 610 °C
(1,3-10*4 MON. fon.). Bennuunhel E, 5, Ena M X pa3HOCTb (AE = 0,25 B) noaTeepXXaeHbl NPy AANTENbHOM anekTponnse. 3Tn GyH-
LaMeHTabHble XapakTePUCTUKN ABAAIOTCA OCHOBOW A1 KOHTPONSA 1 yrpasieHusa npoueccom. Npu onntensHOM anekTponmse
Ha KpuBoW B koopamHaTax E (B) — IgQ (A-MuH) BbiiBNeHbl 3 6M3KMX K MPSIMOJIMHEMHBIM y4yacTka: pa3ps MOHOB HaTpmsa 13 ne-
PECHILLLEHHbIX PAacTBOPOB npu E oTpuuatensHee E, . (0T Ey, 80 E,5c), U3 CMECU NEPECHILLEHHbIX 1 HACbILLLEHHbIX PACTBOPOB (Mpu
NMOCTOSIHHOM E, paBHbIM E, ), 13 pa3baBneHHbIx pacTBOPOB (Mpu E nonoxutensHee E, ;). KoabduumeHTbl akTMBHOCTM HATpus B
nepechbILLLEHHBIX pacTBopax 6513k K 1, 4To o6ecneynBaeT UxX MNOBbLILLIEHHYIO BOCCTAHOBUTENbHYIO CMOCOOHOCTbL. MakcrmanbHble
cTeneHun nepecsbieHns (>100) cospaloTca Npu o6pasoBaHnM K pacnage Ha KaToAe 3apoAbllleil MeTalIMyeckoro HaTpus, Ko-
TOpble 40CTATOYHbI A5 TOr0, YTOObLI UHTEHCUDULMPOBATbL M NPOANTL 3NEKTPONN3, MOHU3NTL HUXHWIA Npeaen TemnepaTyp ero
peanuzauuu ¢ 600 go 350 °C. O6pa3oBaHue MeTaNIMYeckoro TuTaHa B MPMaHO4HOM CJ10€ 06BbSACHEHO ANCIPOMNOPLUOHUPOBAHEM
noHoB Ti%*, NocTynaloLWMX B NPUAHOAHBIN 3NEKTPOUT OT NOBEPXHOCTY aHOAA W 13 NPUKATOAHOr0 Pacniasa.

Knto4eBble c/10Ba: 9NEKTPOANTUYECKOE 06bEMHOE BOCCTAHOBJIEHWE TUTAHA, aAAUTUBHbIE TEXHONIOMNM, rpaHynomMmeTpud, NnoTeHun-
ajibl U NNIOTHOCTU TOKa O6pa3OBaHMFI Ha KaToAe HacCbIWeHHbIX paCTBOPOB N MEeTanM4eCcKoro Hatpua, napamMeTpbl 3apoXa4eHUna 1

pacnaga 3apofbillei HaTpus, He0OXOANMbIE CTENEHU NePeChILLEeHN AN UX NOABEHUS Ha KaToe.
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Introduction

The constant growth in the production and use of
titanium alloys is due to their unique properties — such
as corrosion resistance, low specific gravity, mecha-
nical strength at high temperatures, and biocompati-
bility. Titanium-based alloys are widely used in aircraft
and space construction, rocket and missile engineering,
automotive engineering, shipbuilding, medicine [1—3],
and the chemical industry.

The theoretical foundations of the process of volu-
metric electrolytic preparation of microstructural me-
tal powders for modern technology have been deve-
loped under the guidance of Prof. M.V. Smirnov [4], who
demonstrated high reactivity [5] and mobility [6] of this
process.

The purpose of this work was to provide scienti-
fic justification for the possibility of implementing the
process of volumetric intensive electrochemical method
developed by the authors for obtaining microdispersed
titanium powders for 3D technologies and powder me-
tallurgy [7, 8]. The uniqueness of the process lies in the
fact that it is carried out in the absence of dissolved so-
dium and titanium chlorides in the initial and final elec-
trolytes (unlike the work [9]), with a stepwise increase in
the electrolysis current and potentiometric control of the
process [10].

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N°4

To solve this problem, an original method for moni-
toring and controlling the process under development
by measuring the RedOx-potential of the Ti**/Ti** sys-
tem in the near-anode layer was proposed and applied
in practice. As a result, the mechanisms of the process
realization at the initial, main and final stages of elect-
rolysis are disclosed.

It is shown that in the first 12 min of electrolysis, the
concentration of inactive Ti* complex ions increases
in the near-anode layer, and sodium dissolved in the
electrolyte restores mainly Ti?" ions in the electrolyte
volume. Starting from the 20" minute of electrolysis,
as titanium powder accumulates in the electrolyte bulk,
the concentration of Ti%" ions begins to increase rapi-
dly in the near-anode layer according to the reaction
2Ti** + Ti = 3Ti*". At the same time, the proportion
of sodium consumed for the reduction of Ti*" to Ti*"
decreases. This contributes to an increase in the cur-
rent output and stabilization of the cathode potential
for 30 min at £, = —2.96 V. After 50 min of electrol-
ysis, the reactivity of the salt melt begins to decrease
due to the low solubility of sodium in it. The cathode
potential decreases sharply towards positive values.
The concentration of Ti*" ions in the near-anode lay-
er increases steadily until it aligns at 85 min with the
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concentration of Ti?* jons. This dramatically increases
the current consumption for ion recharge and leads to
the need to stop electrolysis after a short-term (for 40 s)
switching on the current of 12 A. After 10 s, judging by
the change in the cathode potential, almost all of the
sodium dissolved in the electrolyte is consumed for the
reduction of titanium ions. After 6 min, the potentials
of the electrodes returned to the initial value of the ano-
de potential, indicating a return of the system to its in-
itial state, where titanium salts and dissolved sodium
were absent. More than 95 % of the powder is obtained
in the volume of the electrolyte. The current yield was
84.0 % and was close to the calculated average valence
of titanium ions in the near-anode layer and mass loss
of the anode (87.0 %).

This paper is devoted to a detailed analysis of the
mechanism of the cathode process, its effect on the ano-
de process, and the results of electrolysis.

The methodology
of the experiment

The experiments were carried out at ¢t = 610 °C in
a eutectic composition melt, mol. fr.. BaCl, — 0.16;
CaCl, — 0.47; NaCl — 0.37, with 7., = 452 £ 2 °C.
Low-melting electrolytes similar in composition are
used in industry to produce sodium with high current
efficiency. The electrolyte was prepared from pre-
dehydrated salts according to the method [11]. Titanium
salts and metallic sodium were not added to the original
electrolyte.

The design of the electrolytic cell is shown in Fig. 1.

Prior to the experiment, 228 g of electrolyte was
loaded into the crucible. The anode is made of a ti-
tanium rod (current conductor) weighing 23.36 g and
a titanium plate weighing 14.18 g. The walls of a steel
crucible were used as the cathode. The working sur-
face area of the anode was 14.4 cm?2, the cathode was
100 cm?. To completely dry the electrolyte, the cell
was heated under vacuum to 400° C, then argon pu-
rified by passing it through a titanium chip heated to
820 °C was supplied.

Polarization studies were carried out on the chas-
sis of the NI PXIe 8108 instrument (National Instru-
ments, USA) with NI PXI-4140, NI PXI-4072, and
NI PXIe-6356 modules. The application for this de-
vice is written in the graphical programming language
LabVIEW 10. The duration of the current pulse was
10 s, then the current was switched off for 10 s with mea-
surement of the electrode potential value 0.5 ms after
switching off, then the next current value was switched

5 Argon
—\ Vacuum
6
4 —

e =

10

]

Fig. 1. Design of an electrolytic cell

1 — titanium plate (VT1-0); 2 — electrolyte; 3 — chromel-alumel
thermocouple in BeO sheath; 4 — crucible steel suspension
(cathode); 5 — titanium rod (current conductor); 6 — branch
pipe for evacuating air and supplying argon; 7 — vacuum rubber
stopper; & — quartz cell; 9 — reference electrode in BeO sheath;
10 — steel crucible

Puc. 1. YcTpoiicTBO 2JIeKTPOIUTUYECKON STUeKI

1 — turaHoBas ractuHa (BT1-0); 2 — anekrponur;

3 — xpomenb-aoMesieBas Tepmoriapa B yexiie u3 BeO;

4 — cranibHON MoABEC TUTJIS (KATOA); 5 — TUTAHOBBIH CTEPXKEHb
(TOKOIOoABOM); 6 — NMaTpyOOK [UIsl OTKAUKHU BO3AyXa U IMOJAYn
aprona; 7 — npoOKa u3 BaKyyMHOI pe3uHbl; § — KBapleBast
g4eiika; 9 — aneKTpos cpaBHeHUs B yexie u3 BeO;

10 — cranbHOII TUTEND

on for 10 s. The sequential increase in current was uni-
form on a logarithmic scale: 1.0, 1.59, 2.51, 3.98, 6.31,
10.0 in each period.

A lead electrode KCl—NaCl + 10 wt.% PbCl, was
used as a reference electrode.

E[V]=-179+042:107T, Egzx=-142V. (1)

The results were recalculated on a chlorine elect-
rode.

Results and discussion

The results of the cathode polarization study are
shown in Fig. 2 in E.—Igi, coordinates.
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At the current of /. = 4 A (cathodic current density
i.=0.04 A/cmz, 1g0.04 = —0.92) is obtained by sodium
saturation of cathode electrolyte at £, = —2.97 V.

At I, = 12 A (i, = 0.12 A/em?, 120.12 = —1.4) the
cathode potential —3.22 V is close to the conditio-
nal standard sodium deposition potential —3.32 V,
but doesn’t reach it by 0.10 V. The sodium deposition
potential (E*) was calculated according to the proce-
dure [12], using the values of standard potential of the
Na*/Na system in NaCl [4]:

E%=-3903 +0.60-107°7;

2
E0883 K= -3.373 V, ( )

as well as mole fractions and ionic moments of cations,
nm~—": Na™ — 10.2, Ca?* — 19.23, and Ba?" — 14.5 in
the electrolyte used:

E"=-3.829+0.58-10°T;

# 3
E883K:_3'32 V, ( )

E*"—E"=0.074 —0.02-107T;

_ “)
AEggs ¢ = 0.0563 V.

By dividing the values given in equation (4) by the
value of the pre-logarithmic coefficient (2.3RT/F =
=2.3-8.314-883/96485 = (0.175, where R is the universal
gas constant, Fis the Faraday constant; 7 is tempera-
ture, K), the equation was obtained for calculating the
value of activity coefficient of sodium ions in a salt melt
(y) and its value at 7= 883 K:

lgy=0.423 — 0.114-10737;

5
lgy = 0.322, ©)

Ysg3k = 2.1

The sodium activity in the melt used (0.37-2.1 =0.78)
is close to 1, hence the activity of supercooled NaCl.

Information about the sequence and trends of elec-
trode processes is obtained by measuring the changes in
electrode potentials over time after the electrolysis cur-
rent is switched off.

For the cathodic process (Fig. 3)at /=2,4,and 6 A,
relatively stable (within 20 s) values of the cathode po-
tentials are observed. At the same time, two processes
occur on them: the decline in concentration polariza-
tion, which shifts the potential of the cathode toward
positive values, and the influx of sodium dissolved in
the salt from the electrolyte volume to the cathode
surface, which shifts its potential in the opposite di-
rection. For the first and second periods of electro-
lysis with a current of 2 A, the first process prevails.

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N°4
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Fig. 2. Results of the cathode polarization study

Puc. 2. Pe3ynbrarsl n3y4eHU I MOJISIPU3ALIMT KaToIa

After electrolysis with 4 and 6 A currents, the process
rates equalize, and the cathode potential stabilizes at
—2.97 V. With the same value, the cathode potential
begins to shift towards positive values after the current
is turned off 8 A.

Studies carried out by different methods suggest that
the cathode potential of —2.97 £ 0.01 Vis a fundamental
characteristic corresponding to a saturated sodium solu-
tion in the electrolyte used at r = 610 °C (£,,). The sodi-
um activity in a saturated solution (asat) was calculated
based on the assumption that a change in the cathode
potential from —3.22 to —2.97 V (i.e., by 0.25 V) is asso-
ciated with a change in the activity of dissolved sodium.
By substituting the corresponding values for the elec-
trolyte used, we obtain lgag,, = —0.25/0.175 = —1.486,
ag,: = 0.0373. Dividing this value by the activity coeffi-
cient of sodium (288), we obtain the sodium concentra-
tion in a saturated solution (1.3-10~% mol. fr.).

Starting from /= 8 A, a sharper shift of the cathode
potentials towards positive values is observed (see Fig. 3),
which increases at I = 10 A. After the first switching
off of 10 A current (see Fig. 5, per. 6), the potential
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Fig. 3. Change in time of the cathode potential after the electrolysis current is switched off

Puc. 3. I3aMeHeHUE BO BpPpEMCHU ITIOTCHIIHMaJ1a KaTo4a IT0CJIC OTKJ/IIOYCHM A TOKa 3JICKTPOJIU3a

of —2.68 V corresponded to the concentration of dis-
solved sodium of 51073 mol. fr., which was enough to
reduce the concentration of Ti>" ions after 5 s down to
2.5:1077 mol. fr. (E.=-2.58V), and after 10 s — down
to 6-107% mol. fr. (E, = —2.52 V). After the second
switching off of 10 A current, the sodium concentration
decreases down to 1-107> mol. fr. (E.=-2.44V). After
5's the concentration of Ti** ions was reduced down to
2:107 mol. fr. (E, = —2.48 V), after 10 s — down to
1-10~> mol. fr. (E. = —2.36 V). With a further decrease
in the cathode potential, the system under considera-
tion passes into the area of coexistence of Ti2" and Ti**
jons. The ratio of Ti**/Ti*" ion concentrations equal
to 100 corresponds to the steady-state potential of
—1.97 V. The appearance of the curves of the cathode
potential change with time, observed when the current
of 10 A is switched off, is similar at lower electrolysis
currents as well. It is always necessary to wait for the
transition of the system to the region of coexistence of
Ti*" and Ti*" ions to exclude the presence of an alkali
metal and noticeable amounts of titanium ions in the
final electrolyte.

The time variation of the anode potentials af-
ter switching off the electrolysis current is shown in
Fig. 4.

When currents 2, 4, and 6 A are switched off, the
anode potentials naturally shift toward negative values
under the influence of the richer Ti?* ions of the melt
in the pre-cathode space. For I = 8 A, the RedOx po-

tential does not exceed —1.75 V, which corresponds to
5-fold excess of the Ti*" ion proportion. When switch-
ing off the current of 10 A, briefly, in 5—10 s, the maxi-
mum potential values are reached (—1.835V, —1.831 V),
corresponding to the ratio of ions Ti**/Ti’" = 20+17.
After T = 5 s, they decrease to —1.8 V, the ratio of ions
Ti?*/Ti** = 10. The presence of two fluxes of Ti*" ions
from the cathode side and the anode surface leads not
to the expected increase, but to a rapid decrease in the
concentration of Ti%" ions due to the implementation of
the disproportionation reaction:

3Ti?" =2Ti" + Ti. (©6)

We associate the formation of finely dispersed grains
of metallic titanium in the form of linear and bulk aggre-
gates in the near-anode electrolyte with the development
of this reaction. This is due to the reaction taking place
at a distance from the anode that is less than the thick-
ness of the diffusion layer [13, 14].

Prolonged electrolysis was carried out with a
step-by-step increase in current. Fig. 5 shows the
operating voltage, cathode and anode potentials, in-
verse EMF, current values and duration of electrol-
ysis in each of the 7 periods. All measurements were
performed with an accuracy of 1 mV. This made it
possible to trace the change in the ratio of Ti** and
Ti?* titanium ions in the near-anode layer and the
change in the RedOx potential in the near-cathode
layer of the electrolyte.

8

Izvestiya Vuzov. Poroshkovaya Metallurgiya i Funktsional'nye Pokrytiya = 2022 = Vol. 16 = N24



Production processes and properties of powders

-E,V
- 1.835 1.831
1.8 4
A
1.7
1.61 LA
613 o 2(1)
1.6 ad
-6
&g
-o- 10 (1)
- 10(2)
15 I T T T T
1 5 10 15 20 1,8

Fig. 4. Change of the anode potential in time after the electrolysis current is switched off

Puc. 4. I3MeHeHMe MOTeHIIMAIa aHOIa BO BPEMECHMU ITIOCJIC OTKJIIOUECHU A TOKA SJICKTPOJIH3a

Conditional standard potentials of systems Ti*>*/Ti,
Ti?*/Ti, Ti**/Ti** for CaCl,, BaCl,, NaCl were tak-
en from the monograph [4]. By multiplying the corre-
sponding values by the mole fractions of the components
and adding the results obtained, we obtained equations
to calculate the conditional standard potentials of the
corresponding systems in the electrolyte used. The coef-
ficients of the equations E* = A + 107°BT are given
in Table 1.

Based on the initial (before electrolysis) potentials
of the cathode (—2.48 V) and anode (—1.87 V), the

EV
34- -~ ~ - ~ < <
1= < < < < - -
Qg A e < o =)
24~ = hel ~ L) ° ~
O = o = = I
- 5 5] S S 3 3
-+ ~ a [ ~ ~

Fig. 5. Scheme of implementation of long-term electrolysis

Puc. 5. Cxema peanuzanuy JJIMTEIBHOIO 3JEKTPOIMN3a

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N°4

concentrations of the corresponding ions in the elec-
trode layers were calculated. For the cathode they are
equal to, mol. fr.: Ti?" — 5.2-1077, Ti’" — 4.8-10712,
Ti3+/Ti2+ concentration ratio makes up ~1-107>. For
the anode this ratio equals to 3.7-1072, and average
valency is 2.04.

The given values of conditional standard potentials
made it possible to describe the processes occurring at
the electrodes during electrolysis.

The reactivity of sodium dissolved in the electrolyte
naturally decreases with an increase in the electricity

Table 1. Results of calculating the values

of conditional standard potentials of the systems
Ti2*/Ti, Ti¥*/Ti, Ti®*/Ti2" in the electrolyte used
Tabnuua 1. PegynbTaThl pacyeTa BEMYUH YCIOBHbBIX
CTaHAAPTHbIX MOTeHLManoB cuctem Tiz*/Ti, Tis*/Ti, Tis*/Tizt
B MCMO/b3YEMOM 3JIEKTPONUTE

Emerm V| Emstm V| Esemes, V
Salt
—A B | -4 | B| -A| B
CaCl, 248 0.68 224 055 1.78 029
BaCl, 260 073 236 0.59 1.87 0.31
NaCl 242 051 219 034 174 0.01
Electrolyte 249 0.63 224 048 178 0.18
Eggixo V -1.93 -1.82 -1.62
9
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passed, and hence the amount of titanium powder accu-
mulating in the salt melt (Fig. 6).

It is no coincidence that the duration of our experi-
ments and the authors of the work [15] was approximate-
ly the same and was ~2 h, which is due to the need to
limit the accumulation of titanium powder in the elec-
trolyte. The authors of [15] noted that when 8—10 % of
titanium is accumulated in the electrolyte, an increase
in current does not result in an increase in the amount
of metal produced, and at 20 % Ti, a drop in the ope-
rating voltage down to 0 was detected when the anode
was short-circuited to the bottom of the crucible. This
may be due to the appearance of noticeable electronic
conductivity in such melts.

On the dependence of the cathode potential on the
logarithm of the electricity transmitted (see Fig. 6) there
are three close to rectilinear regions.

The straight line equation in the region from —3.225
to —2.951 Vis

E[V]=-3.32+0.1851gQ £ 0.011. @)

The value of —3.32 coincides with the value of the
conditional standard potential of sodium in the elec-
trolyte used (3). The value of the prelogarithmic coef-
ficient of 0.185 is close to its value for a single-electron
process (2.3-8.314-883/96484 = 0.175), which indi-
cates the constancy and proximity to 1 of the sodium
activity coefficient in supersaturated solutions. The
existence of the above region on the polarization curve
was mentioned by the authors of [5] without explaining
what processes it is associated with. In our opinion,
it can be the formation (when current is flowing) and
decay (when it is turned off for 10 s) of supersatura-
ted solutions, the appearance and growth of electronic
conductivity with the accumulation of powdered tita-
nium in the salt melt. The deviation of the prelogarith-
mic coefficient from 0.175 may be considered as the
occurrence and accumulation in the electrolyte of ions
with a valency less than 1, for example, Na?". The first
version seems to us the most probable on the consi-
dered part of the curve E—IgQ.

In our opinion, the long-term region of potential
constancy at E, = —2.97+0.01 V is associated with
the coexistence of saturated and supersaturated so-
dium solutions in the electrolyte in the near-cathode
layer. The decomposition of the latter makes it possible
to stabilize the cathode potential. At potentials negative
to —2.97 V, only supersaturated solutions exist. At a po-
tential of —2.951 V, a saturated solution appears, the pro-
portion of which increases as the amount of electricity
passes further. At 1g0 = 2.41 (£, = —2.962 V) which is

—E, V|32
3.1
2.9
2.74
2.5 T T T T
0.5 1.0 1.5 2.0 2.5 3.0
12O (A min)

Fig. 6. The dependence of the cathode potential
when the electrolysis current is switched off
on the amount of electricity passed

Puc. 6. 3aBrcUMOCTb MTOTEHIIMAJIAa KaToAa
IIPU OTKJIIOUYEHU U TOKA SJICKTPOJIn3a
OT KOJIMYECTBA ITPOITYIHICHHOTI'O 3JICKTPpUYECTBA

in good agreement with the previously given value of
2.97 £0.01 V, all the supersaturated solution is con-
sumed. The reactivity of sodium decreases hundreds of
times, which is manifested in a sharp shift in the ca-
thode potential towards positive values.

It should be noted that the characteristic points:
sat = —2.97 V (formation of saturated solutions) and
Ena = —3.22 V (occurrence of a metallic sodium phase),
were clearly manifested in the study of cathodic polari-
zation with increasing electrolysis current and long-
term electrolysis when the reducing ability of the melt
decreased with an increase in the amount of electricity
passed, and hence the amount of titanium powder accu-
mulated in the electrolyte.

The most effective way to intensify and prolong
electrolysis is the nucleation and decomposition of the
metallic sodium phase at the cathode. It was observed
at I = 6 and 8 A (see Fig. 5). An enlarged fragment of
Fig. 5 is shown in Fig. 7. We associate the pulsating
nature of the cathode potential change with the polari-
zation accompanying the nucleation and decay of the
liquid metallic sodium phase on the surface of the steel
cathode.

When a current of 6 A is turned on (i, = 0.06 A/cm?
for the entire cathode surface bordering the melt), a
voltage spike of 0.25 V, typical for phase polarization, is
observed. The time to reach the maximum is 34 s, the
decomposition time is 16 s, and the lifetime of the nuc-
leus is 50 s. These parameters differ significantly from
the respective values during the deposition of solid pha-
ses on a solid cathode, where the value of the maximum
overvoltage varies from 20—30 to 70—100 mV, and the

E
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Fig. 7. Enlarged fragment of Fig. 5

Puc. 7. YBenuueHHBIN (parMeHT pUCYHKA 5

time to reach it varies from 1072 5o 10~ s with a change
in current density from 1073 to 107! A-cm? [16]. The
peculiarity of these curves is the slow reaching of the
maximum and the rapid decay. After the decay of the
nucleus in question, the cathode potential remained
stable over time, and the difference between it and the
maximum value remained 0.25 V.

When a current of 8 A (i, = 0.08 A/cmz) was turned
on, the magnitude of the maximum overvoltage (0.25 V)
was maintained, the nucleus lifetime was 36 s, the time
to reach the maximum overvoltage was 27 s, and the
decay time was 9 s. The rapid and accelerating de-
cay is due to the high mobility of the resulting decay
products, which spread throughout the volume of the
electrolyte. After the decay of this nucleus, the cathode
potential began to shift toward negative values at a rate
of 0.10—0.15 mV/s due to the entry of dissolved sodi-
um into the interelectrode space from the electrolyte
volume. The increasing supersaturation of the cathode

melt should have contributed to the formation of the
following nuclei. Indeed, after 7 min, there was an at-
tempt to nucleate the next nucleus, but it failed due to
insufficient reactivity of the melt and a low degree of
supersaturation in the pre-cathode space. For the oc-
currence of the next nucleus, the supersaturation of the
melt increased up to 35 mV (the degree of supersatura-
tion — 1.6), for the third one — 70 mV (the degree of
supersaturation — 2.5), for the fourth one — 120 mV
(the degree of supersaturation — 5.0). The maximum
degree of saturation is observed during the formation
and decay of sodium metal nuclei. In this case, the deg-
ree of supersaturation increases by more than 20 times
(100.25/0.175 ~ 27)

As a result of going through the stages of disintegra-
tion of supersaturated solutions, nucleation, and decay
of metallic sodium nuclei in the volume of electrolyte
the concentration of dissolved sodium was accumulated,
which was enough to conduct electrolysis with 10 A cur-
rent for 35 min and return the electrolyte composition to
its original state.

In paper [5], the values of the solubility of Na in
NaCl are given: at t = 816 °C — 2.42 mol.%, at t =
= 864 °C — 4.06 mol.%. Based on these data, the tem-
perature dependence of the Na solubility (&, mol. fr.)
and the value of N at 7= 1173 K and for a supercooled
melt at 7= 883 K were calculated:

IgN = 3.817 — (5920/7), "

N1173K: 0059, N883K: 0.0013.

In the same paper, an equation was given for calcu-

Table 2. The results of calculating the sodium activity in the NaCl melt and the required degree of supersaturation

to obtain metallic sodium on the cathode

Tabnuua 2. PesynbTaThl pacyeta akTUBHOCTM HaTpua B pacnnase NaCl n Heob6xoaMMoii cTeneHun nepechILLeHus

ANga Nojiy4yeHnsa Ha Katoae MeTaninyeckoro HaTpus

T,K N, mol. ft. 1eN ley v lea a O?:j;lrr Zg tﬂfftrieoen
1173 0.059 —1.23 1.194 15.6 —0.04 0.92 1.09

1073 0.020 —1.700 1.879 75.7 —0.029 0.935 1.51

973 0.0055 —2.267 2.196 143 —0.123 0.79 1.27

873 0.0011 —2.962 2.498 315 —0.464 0.343 2.9

823 0.00042 —3.376 2.700 501 —0.68 0.211 4.8

773 0.00014 —3.841 2.927 845 —0.924 0.127 8.2

723 0.000043 —4.371 3.187 1540 —1.184 0.065 15

673 0.0000105 —4.979 3.486 3060 —1.49 0.032 31

623 0.0000021 —5.685 3.830 6761 —1.854 0.014 71
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Fig. 8. Particle size distribution analysis

of titanium powder

1 — after ultrasonic grinding; 2 — before ultrasonic grinding
Puc. 8. 'panynomerpruyecKkuii aHaaIn3

TUTAHOBOTO MOPOIIIKA

1 — 1iociie yabTpa3ByKOBOTO U3METBbYECHUST
2 — J10 YIBTPa3BYKOBOTO U3METTbUCHHUSI

lating the activity factor of sodium (y) dissolved in the
Na—NaCl melt:

lgy= (~0.823 + 2899/T)/(1 + 6.06(Nx /(1 — Nxp). (9)

Maximum values of Na in NaCl activity factors (y)
are calculated at Ny, = 0, y = 44.5 (T = 1173 K) and
288 (T = 883 K).

Table 2 summarizes the results of calculating the ac-
tivity of sodium (a) in the NaCl melt depending on the
temperature and concentration of dissolved sodium (N).

At temperatures above 973 K, the required degrees of
supersaturation are negligible; below 873 K they increase
markedly, but even at 7= 623 K (71) they are inferior
to the maximum degrees of supersaturation during the
formation and decay of metallic sodium nuclei (100—
123 times). This makes it possible to lower the lower
temperature limit of the process implementation from
600 to 350 °C.

According to the granulometric analysis (Fig. 8)
(Institute of Thermal Energy of Ural Branch of RAS,
Ekaterinburg), 95 % of the obtained titanium powder
is in the melt volume in the form of aggregates, easi-
ly crushed into individual crystals. More than 80 % of
these crystals are in the range of 10—100 um with an
average size of 36 um, which meets the requirements for
the size of powders for additive technologies.

Conclusion

A preliminary study of the cathode polarization
revealed the potentials and current densities of so-

dium saturation of the salt melt (£, = 297 V, i =
= 0.04 A/cm?) and the occurrence of sodium metal
on the cathode (Ey, = —3.22 'V, i, = 0.12 A/cm?). The
concentration of sodium in a saturated solution at 7 =
=610 °C (1.3- 10~* mol. fr.) was calculated using the va-
lue of E,;. The values of E,;, Eyn,, and the difference
between them (AE = 0.25 V) have been confirmed in
long-term electrolysis and are the basis for monitoring
and controlling the process.

During prolonged electrolysis, three regions close to
rectilinear were identified on the curve in coordinates
F (B) — Ig0 (A-min). In the equation of the straight line
E = A + BlgQ in the region from —3.22 to —2.963 V,
the value of A (—3.32 V) coincides with the value of
the conditional standard potential of sodium in the
electrolyte used. The value of B (0.185V) is close to its
value for the one-electron process (0.175), which indi-
cates the constancy and closeness to 1 of the activity
coefficient of sodium in supersaturated solutions. The
discharge of sodium ions from supersaturated solu-
tions occurs when E is more negative than E,; to Ey,.
In the decomposition of supersaturated solutions, a
5-fold degree of supersaturation of the electrolyte in
sodium is achieved. During the formation and de-
composition of metallic sodium nuclei, it increases
by more than 20 times and becomes sufficient to in-
tensify and prolong the electrolysis process, to lower
the lower limit of its realization temperature from
600 [17] to 350 °C.

The long-term region of potential constancy at
E. = -2.97 £ 0.01 V is associated with the coexistence
of saturated and supersaturated sodium solutions in the
electrolyte in the near-cathode layer. The decompo-
sition of the latter stabilizes the cathode potential. At
IgQ = 2.41, the entire supersaturated solution is con-
sumed, the reactivity of sodium and the cathode poten-
tial drop sharply, and the discharge of sodium ions from
diluted solutions starts at potentials from E,; to values
0.25—0.35 V more positive.

It can be seen that the reducing ability of the melt de-
creases as the amount of electricity passed through, and
hence as the amount of titanium powder accumulated in
the electrolyte increases.

The formation of titanium metal in the near-anode
space is explained by the disproportionation of Ti%* ions
entering the anode electrolyte from the near-anode layer
and the near-cathode melt.

The resulting product is similar to powder [17], and
after classification and spheroidization by gas atomiza-
tion methods [18—24], it can be used for 3D printing as
a starting material.
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Abstract: The results of the study of the structure and properties of titanium hydride powders obtained from titanium sponge by
SHS hydrogenation and mechanical grinding are presented. Hydrogenation was carried out in a reactor at a constant hydrogen
pressure of 3 MPa. After passing the combustion wave, the hot titanium sponge was cooled to room temperature in a hydrogen
atmosphere. As a result, titanium hydride spongy granules with a hydrogen content of 4.2 wt.% were obtained. Titanium hydride
was ground in a ball mill and divided into 4 fractions corresponding to the fractional composition of titanium powder PTK, PTS, PTM
and PTOM. Particle size analysis showed that the samples of the PTK and PTOM powders have a narrower particle distribution
in comparison with the PTS and PTM ones. Further, obtained powders chemical composition and surface morphology studies
were carried out and bulk density, compaction, pycnometric density and specific surface area were determined. According to the
chemical analysis results the content of carbon and oxygen impurities decreases during SHS-hydrogenation and the iron content
slightly increases during mechanical grinding depending on the grinding time. The study of morphology showed that the hydride
titanium particles have an irregular fragmentary shape, such morphology is characteristic of powders obtained by this technology.
The surface structure has partially preserved structure of the initial titanium sponge and consists of elongated oriented grains. It
is established that with a decrease in the particle size, the bulk density decreases, and the compaction increases. Pycnometric
density and specific surface area values are approximately equal for all powder samples.
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CTpyKTypa u CBOMCTBA NOPOLIKA rMApUAA TUTaHa,
NONy4YeHHOro U3 TUTaHOBOM ryoku metogom CBC-ruapupoBaHus

H.M. Yepesos, M.U. AnbimoB

WHCTUTYT CTPYKTYPHON MakpOKMHETWKM 1 Npobnem matepuanoseneHus um. A.l. MepxaHosa PAH (UCMAH),
r. YepHoronoska, Poccus

Cratbs noctynuna B pegakumio 14.03.2022 r., nopaborana 07.06.2022 r., noanucana B neyats 10.06.2022 r.

AHHOTauumsa: MNpeacTtaBneHbl pe3ynbTathl UCCNEN0BAHNSA CTPYKTYPbl M CBOMCTB MOPOLUKOB rMapuaa TMTaHa, Noay4eHHbIX U3 TU-
TaHoBoO ry6kn CBC-rugprnpoBaHmem n MexaHM4eCckum namenbyeHnem. MmaprvpoBaHme oCcyLLECTBASIM B peakTope npu nocto-
AHHOM JaBneHun sogopoaa 3 MlMa. Mocne NpoxoxAeHUs BONIHbI FTOPEHUS FOPSIYYI0 TUTAHOBYIO ryOKy Oxnaxaann 40 KOMHATHOM
TemnepaTtypsbl B cpefe Bogopoaa. B peaynbrate Obiin nonyyeHsl rybyaTtble rpaHysibl rMapuaa TutaHa c cogepXaHuemM BOAopoaa
4,2 mac.%. Ix namenbyanu B LLAPOBON MeNbHULLE 1 pa3aensnun Ha 4 dpakumm, cooTBeTcTByOWME GpakLMOHHOMY COCTaBy Mo-
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powka TutaHa: NTK, NTC, NTM 1 NTOM. AHanu3 paaMmepa 4acTul, nokasas, 4To o6pasubl nopowkos MTK n MTOM nmetot 6onee
y3Koe pacnpepeneHue 4acTtuu, B cpaBHeHuun ¢ MTC u NTM. Janee ans nofy4eHHbIX MOPOLLKOB Oblv NPOBEAEHbI UCCNEe0BaHNUS
XUMUYECKOro COCTaBa, MoOpdOsiorum NOBEPXHOCTU 1 ONPELENIEHbI HACLIMHAS MIOTHOCTb, YMJIOTHAEMOCTb, MMKHOMETPUYECKas
NAOTHOCTb U yaesbHas NOBEPXHOCTb. 13 pe3ynbTaToB XMMUYECKOro aHanmaa 6bl10 yecTaHOBMEHO, 4To B Xoae CBC-ruagpuposa-
HUS NPOMCXOANT CHUXEHMNE COAEPXaHUs NPUMECH yrnepoaa u KUCnopoaa, a npu MexaHn4eckomM N3aMesib4eHunm, B 3aBMCUMOCTH
OT ero BPEMEHU, HE3HAUYNTENIBHO YBENNYMBAETCH CoAepXaHue xenesa. iccneposaHne Mopdonornm nokasano, 4To YacTuLbl
rnopuaa TMTaHa MMeloT HenpaBuibHYI0O OCKONIOYHYIO dopMy, — Takas Mopdonormsa xapakTepHa AN NOPOLUKOB, MOMYYEHHbIX
no faHHol TexHonormn. CTpykTypa NOBEPXHOCTU YaCTUYHO COXPaHuna CTPYKTYPY MCXOLHOW TUTAHOBOW ryGKM U COCTOUT 13
BbITSHYTbIX OPUEHTUPOBAHHLIX 3€PEH. YCTAHOBNIEHO, YTO C YMEHbLUEHNMEM pa3Mepa YacTuL, HACbINMHAs MJIOTHOCTb CHUXAaEeTCs, a
YNJIOTHAEMOCTb BO3pacTaeT. 3Ha4eHNst TUKHOMETPUYECKON MAOTHOCTU 1 YAENbHOW NOBEPXHOCTU NPUGAN3NTENbHO PaBHbI ANS
Bcex 06pasL0oB NopoLLKa.

Kntoyesble criosa: rvapwua, TUTaHa, NopoLUKOBasg MeTannyprus, camopacrnpoCTPaHSIOLNNCS BbICOKOTEMMNEPATYPHbIN CUHTES
(CBC), rugpupoaHue, Mopdonorus, TeXHoNormn4eckmne CBOMNCTBa.
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Introduction

Titanium is one of the metals, capable of actively
absorbing hydrogen and forming hydrides. Titanium
hydride (TiH,) is known as a titanium with hydrogen
chemical compound where hydrogen atoms are random-
ly distributed in the cavities of the titanium tetrahedral
lattice [1, 2]. Titanium hydride has a fairly wide practical
application in aerospace, aviation, the chemical indus-
try and nuclear power engineering. It serves for porous
titanium and titanium filters production. Blowing agent
technique is used for aluminum foam production. Re-
cently, due to the high hydrogen capacity (4.04 wt.%),
titanium hydrides have been used as a hydrogen storage
material [3— 9].

Hydrogen is also known to cause embrittlement of
metals and alloys. The brittleness of titanium hydride
is due to the fact that hydrogen reduces the stress re-
quired for the movement of dislocations, increases their
speed of movement and promotes the formation of mic-
rocracks, as well as their growth and the propagation
of avalanches. Hydrogenation of titanium also increa-
ses the volume of the space cell — approximately in
2.5 times [10].

This characteristic is taken into account in the pro-
duction of titanium powders using titanium sponge or
scrap and by implementing hydrogenation-dehydro-
genation method. While hydrogenating, the initial tita-
nium is saturated with hydrogen during the isothermal
heat treatment in hydrogen atmosphere. The resulting
titanium hydride is quite brittle and can be micro ground

within a short period of time implementing mechanical
grinding. Afterwards titanium hydride can be dehydro-
genated for producing a finely-dispersed titanium pow-
der, which serves to create corrosion-resistant filters,
medical implants, and fabricating products by using
powder metallurgy methods [11—14]. The powder par-
ticles obtained by this method have an irregular splin-
ter shape and the content of impurities depends on the
content of impurities in the source raw material. Ob-
tained titanium powder has the same granulometric size
composition as the initial titanium hydride. Hydrogena-
tion-dehydrogenation method is of moderate cost and
has small impact on the final powder price. Further-
more, finely-dispersed titanium hydride powder can be
used for the synthesis of binary and multicomponent al-
loys and intermetallics [15, 16].

Another way to obtain titanium hydride is with the
help of self-propagating high-temperature synthesis
(SHS) method. It consists in using the heat of exother-
mic reaction after the local activation of a combustion
one. High temperatures develop in the combustion
front, that moves along the source titanium from lay-
er to layer due to thermal transmission. No additional
energy inputs are required, the process develops due to
the heat of the chemical reaction Ti + H, —» TiH, + O
(39 kcal/mol.) [17].

Production of titanium powders by SHS sponge hyd-
rogenation with posterior dehydrogenation is cost-effec-
tive. Application of such powders as a primary compo-
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nent allows reducing significantly the cost price of tita-
nium products [18].

Technological properties (bulk density, compressi-
bility) of initial powders are of significant importance
for products manufactured by means of the titanium
powder metallurgy techniques [19, 20]. According to
consumer requirements such powders should possess
certain properties and characteristics. Therefore, the
study of properties and particle structure of pow-
ders used in manufacturing products implementing
solid-phase sintering method is a relevant objective
for the development of the titanium powder metal-
lurgy techniques. The quality parameters of powders
should be stable and not change during the shelf time
[21—23].

The object of the given research is to study the struc-
ture and determine the technological and chemical
properties of titanium hydride powders produced by
SHS titanium sponge hydrogenation in the reactor and
subsequent mechanical grinding.

Hydrogen
resideu release

Gas charging
valve
s Coverplate _

Metallic spiral
~—___ Ignitor unit
Titanium sponge

Reactor shell

é

Hydrogen supply

Research data and methods

Titanium hydride powders with the density com-
position corresponding to the granulometric size com-
position of powders PTK, PTS, PTM, PTOM types
(Specifications TU 14-22-57-92), prepared by titanium
sponge TG-100 hydrogenation (GOST Russian Natio-
nal Standard 17746-96). The particle size of the initial
titanium sponge was from 5 to 20 mm. Hydrogen gas,
type «A» grade (GOST (Russian National Standard)
3022-80) was used as the hydrogen source.

Hydrogenation of the sponge was carried out in a
sealed reactor of 2 L (Fig. 1, @). Titanium sponge 0.5 kg
in weight was loaded into a gas-permeable shell installed
in the reactor. Further finely-dispersed titanium pow-
der was placed in a paper envelope on top of the tita-
nium sponge to ignite the sponge. The reaction started
due to the nickel chrome spiral heating and by means of
electricity flow passing through it. Before synthesis, the
reactor was sealed and purged with hydrogen to remove

Synthesized
titanium hydride

Combustion front

Titanium
__Sponge

Fig. 1. High-pressure reactor schematic illustration (@) and SHS hydrogenation process (b)

Puc. 1. CxemaTnueckoe n300pakeHue peakTopa BeICOKOro aaBiieHus (a) u npouecca CBC-runpupoBanus (b)
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Table 1. Hydrogenated titanium sponge grinding modes

Tabnuua 1. PexumMbl namenbyeHns ruapupoBaHHOI TUTAHOBOMN ryOKu

Grinding Weight of the grinding | Drum rotation speed, Grinding time, Ratio of grind-ing bodies
mode sponge, kg rpm min to titanium sponge
1 0.5 90 15 5:1
2 0.5 90 20 5:1
3 0.5 90 25 5:1
P, atm
Combustion
. wave propagation

40 Reaction Hydrogen atmosphere

30

204

10 4

0 100 200 300 400 500 600 700 800 900 1,s

Fig. 2. Hydrogen pressure variation in the reactor during SHS hydrogenation

Puc. 2. IaMeHeHue naBlieHUsT Bogopoa B peakTope B nporuecce CBC-ruapupoBaHus

air. Then it was filled with hydrogen until a hydrogen
pressure of 30 atm was reached. While combusting, the
pressure was maintained by the periodic supply of hyd-
rogen in the direction opposite to the propagation of
the combustion front (Fig. 1, ). The synthesis time was
about 75 s. Then the heated titanium sponge was cooled
to room temperature for 1 h in a hydrogen atmosphere
(Fig. 2).

Derived titanium hydride sponge was mechanically
ground in a steel ball mill with steel grinding bodies ac-
cording to the modes given in Table 1.

Varying the grinding time resulted in obtaining ti-
tanium hydride powders with the particle distribution
shown in Fig. 3.

For further study the ground powders were sieved
(according to GOST Russian National Standard
18318-94) in order to obtain titanium hydride powders
with the density composition corresponding to PTK,
PTS, PTM, PTOM types. As a result, powders of 4
fractions were obtained: PTK (<40 um — 10 wt.%; 40—
280 pm — remaining wt.%), PTS (40—100 um — 35 wt.%;
<40 pm — remaining wt.%), PTM (40—100 uym —

25 wt.%; <40 ym — remaining wt.%), PTOM (40—
100 pm — 5 wt.%; <40 pm — remaining wt.%).

Following technological characteristics of powders
were determined for these fractions: bulk density, com-
pressability, pycnometric density and specific surface
area. In addition, the morphology was studied, particle-
size distribution by means of laser diffraction was car-
ried out, and the main impurity content was determined
for the obtained powders.

Powders bulk density was defined according to
GOST Russian National Standard 19440-94, while their
compressibility (compaction) — to GOST Russian Na-
tional Standard 25280-90. Powder pycnometric density
was determined according to GOST Russian National
Standard 2211-2020: the method in use is based on de-
termining the analytical sample weight and its true vo-
lume followed by density calculation. The true volume
of the sample was estimated using a pycnometer with
saturating liquid (toluene). Specific surface area was
measured using the method of low-temperature nitrogen
adsorption on Sorbi-M device designed for determining
the specific surface area of porous materials.

18 Izvestiya Vuzov. Poroshkovaya Metallurgiya i Funktsional'nye Pokrytiya = 2022 = Vol. 16 = N24



Production processes and properties of powders

52% a
43 %

Weight percentage, %

2% 3%

<40 40-100 100-280

d, pm

> 250

55 % b

36 %

9%

Weight percentage, %

0 %

>250

<40 40-100 100-280

d, pm

91 % ¢

9%

Weight percentage, %

0% 0 %

40-100 100280  >250
d, pm

<40

Fig. 3. Particles titanium hydride distribution at grinding
modes I (@), 2 (b), 3 (¢

Puc. 3. Pacnipenenenue yacTuil THApUIa TUTaHA
npu pexumax usmenbuenus I (a), 2 (b), 3 (c)

Obtained titanium hydride powder particle mor-
phology was studied with an electron-scan microscope
LEO 1450. The particle size was studied with a laser
particle analyzer MicroSizer 201. Impurity elements
content of carbon, oxygen, nitrogen and hydrogen was
determined using analyzers Leco CS-600, AK-7716P,
TC-600 and RHEN-602 respectively. Powder iron con-
tent was estimated using Concentration photoelectric
photometer-3-01.

Results and discussion

As a result of the SHS hydrogenation of the titani-
um sponge titanium hydride with hydrogen content of
4.2 wt.% was obtained. It is assumed that the high hyd-
rogen content is recorded due to the concentration
diffusion caused by high hydrogen reactor pressure

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N°4

(30 atm) during synthesis. The large amount of dis-
solved hydrogen in the crystal lattice of titanium caus-
es embrittlement of the latter and makes it possible to
grind a large sponge with a particle size from 20 mm
to 40 um.

After grinding powders were divided into 4 density
compositions, that correspond to the particle size dis-
tribution of PTK, PTS, PTM and PTOM types. Fig. 4
shows histograms of the investigated titanium hydride
powders particle distribution. PTK and PTOM samples
have narrower particle distribution in comparison with
PTS and PTM.

Impurities play an important role in the quality of
products made of the titanium powders. Final product
presence of small amounts of metallic impurities, such
as iron or aluminum, does not significantly affect its
properties. The presence of non-metallic impurities such
as oxygen, nitrogen and carbon should be strictly limi-
ted, as with the introduction of titanium they form sol-
id solutions and chemical compounds that significantly
reduce its moldability. A chemical analysis of the start-
ing material and the synthesized powder was therefore
carried out (Table 2). As a result, it was found that du-
ring SHS hydrogenation the carbon and oxygen content
decreased, which indicates a self-cleaning of the titani-
um sponge. Supposedly, the impurities reduction occurs
during the combustion process when the initial titanium
sponge is sharply heated. It causes a significant increase
in the diffusion coefficient and promotes the diffusion
mass transfer of impurity atoms to the particle surface.
Already on the surface, nitrogen and carbon impurities
atoms can form molecules, which are subsequently de-
sorbed into the gas state [24]. During mechanical
grinding the iron content increases insignificantly due
to the short grinding time.

A shape of the titanium powder particles largely de-
termines its behavior at all stages of the technological
process of obtaining products. It also significantly influ-
ences its technological properties. Fig. 5 (SEM-images)
shows the general appearance of the obtained titanium
hydride powders. The images clearly show that the hyd-
ride particles are of irregular splinter shape. This mor-
phology characterizes the powders obtained by means of
this technology [14].

Titanium hydride surface micro structure (Fig. 6)
partially preserves the lamellar structure of the tita-
nium sponge. As seen (Fig. 6, a, ¢), the surface struc-
ture is similar to that after annealing and consists
of large elongated oriented grains. Traces of stress
cracking caused by various titanium and titanium
hydride specific volumes are noticeable on titani-
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Table 2. Impurity content, wt.%, in the synthesized titanium hydride powder
Tabnuua 2. CopepxaHue npumeceit, mac.%, B CUHTE3MPOBAHHOM NOPOLLKE rMapuaa TUTaHa

Sample C N (0] Fe
Initial titanium sponge TG-100 0.52+0.03 0.11£0.01 0.51£0.01 0.02 £0.001
PTK 0.18 £ 0.01 0.17 £ 0.01 0.26 £ 0.01 0.03 £ 0.001
PTS 0.11 £0.01 0.17 £0.01 0.21 £ 0.01 0.03 £ 0.001
PTM 0.13 £0.01 0.28 £0.01 0.32+0.01 0.04 + 0.001
PTOM 0.17 £ 0.01 0.27 £0.02 0.25+0.01 0.04 £0.001
Weight distribution, % Weight distribution, %
2 I p b
10 10 4
8 1 ] 8 - 1lh
6 64
4 - 4
24 2 4
0 m T T T 0 II L III T T T T T T T T T T T T
7 15 25 35 55 85 130 200 300 05 1.0 1.5 25 35 5 10 15 20 30 40 65 100 150
d, pm d, pm
5 Weight distribution, % 5 Weight distribution, %
¢ M d
10 4 10 1 ]
8 - - 8 - N
6 6
44 4 -
2 24
O 0 T T T T T T T T T T T T T

T T T T T T T T T T T T T T
05 1.0 1.5 25 35 5 10 15 20 30 40 65 100 150
d, um

05 1.0 1.5 25 35 5 10 15 20 30 40 65 100 150
d, um

Fig. 4. Histograms of the synthesized titanium hydride powder particle distribution by size

PTK (a), PTS (), PTM (c), PTOM (d)

Puc. 4. rI/ICTOFpaMMLI pacnpeacjeHusga 4aCTUL CUHTE3MPOBAHHOI'O IMOPOLIKa ruapruaa TUTaHa 1o pasMepam

H3yuenst oopasust [1TK (a), ITTC (b), [TTM (c), [TTOM (d)

um hydride surface layers (Fig. 6, b). Fig. 6, d shows
a surface of an intergranular brittle fracture. Its ap-
pearance is characterized by relatively smooth sur-
faces.

Powders of the same chemical composition but with
different physical characteristics can have different
technological properties affecting the conditions of the
further transformation of powders into products.

The technological properties of the synthesized tita-
nium hydride powder are shown in Table 3.

Bulk density is a powder volumetric characteristic
which represents a ratio of the powder mass to its volu-
me in free-fall. Its value depends on the powder particles
packing density considering certain freely filling vo-
lume. The greater the packing density, the coarser and
more regular the powder particles and the greater their
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Fig. 5. Synthesized titanium hydride powder general appearance

a— PTK, b — PTS, ¢ — PTM, d — PTOM

Puc. 5. O01iuii BHELIHUW I BUJ CUHTE3UPOBAHHOTO MOPOIIIKA TUAPUAA TUTAHA

a—IITK, b —IITC, ¢ — [1TM, d — IITOM

pycnometric density. Obtained titanium hydride pow-
ders bulk density value reduces with decreasing particle
size. The PTK sample has a wider fractional composi-
tion, which leads to a denser packing of particles: small
particles fill the cavities formed by the packing of larger
ones. The PTOM sample has a greater specific surface
area due to the decreased particle size, which contributes
to friction between particles, making it difficult for them
to move relative to each other and leading to powders
bulk density value reduction.

Powder compaction is the ability of a powder, under
the influence of an external force, to acquire and retain a
certain shape and size. Good compressibility makes the
powder forming process easier and cheaper. The mea-
sured compaction values of the powders obtained are
almost identical — this is because the titanium hydride
particles are highly brittle and break apart during press-
ing to fill the voids.

Due to peculiarities of the production process, the
particles of the metal powders may be characterized

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N°4

by significant internal porosity and the presence of
a large number of cavities in the lattice nodes. As a
result, the actual density of the particles may differ
significantly from the one calculated by using radio-
graphic lattice-parameter determination data. Ob-
tained titanium hydride particles density correlates
with the theoretical one of 3.75 g/cm?, which indicates
the practically total absence of cavities in the particle
material.

The specific surface area of disperse bodies is the
surface area of a powder unit mass or volume. The spe-
cific surface area depends not only on the particles size
but also on the degree of the development of their sur-
face, which is determined by the obtaining of powders
conditions. The specific surface area is a very important
characteristic of powders: determines the content of
adsorbed gases in powders, their corrosion resistance,
sintering ability, and a number of other characteristics.
The obtained values for the specific surface area of tita-
nium hydride powders are close to the values for spheri-
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Table 3. Titanium hydride synthesized powder technological properties
Tabnuua 3. TexHonoruyeckue CBOMCTBA CUHTE3MPOBAHHOMO NOPOLLKA F’MAPULA TUTaHa

Sl Bulk den3sity, Compaction, g/cm3, Pycnometric3density, Specific st;rface area,
g/cm at 200 MPa g/cm m-/g
PTK 1.38 £ 0.04 2.83 +0.04 3.79 £ 0.01 0.6 £0.01
PTS 1.31£0.03 2.85+0.03 3.81 £ 0.01 0.6 £0.01
PTM 1.30 £ 0.02 2.86 £0.03 3.80 £ 0.01 0.6 £0.01
PTOM 1.16 £0.02 2.88 £ 0.03 3.72£0.01 0.7 £ 0.01

Mag= 1206KX WO= 12mm  Signel A= SE1
EMT = 1500

Mag = 1201KX WO = 12 me
EMT = 1500V

—— 2 pm

Fig. 6. Synthesized titanium hydride powder micro structure
a— PTK, b— PTS, c— PTM, d — PTOM

Puc. 6. MUKpPOCTPYKTYpa CUHTE3MPOBAHHOTO MOPOIIIKa TUAPHUIA TUTaHA

a—IITK, b — IITC, ¢ — [1TM, d — [ITOM

cal powders (0.14 m2/g), therefore, the obtained hydride
powder does not have a developed porous surface which
coherent with the received data on the morphology of
the particles.

Conclusion

Experimental studies of the structure and properties
of titanium hydride powders obtained from titanium

sponge by the SHS method in a high-pressure reactor
have been conducted.

It is found that due to high embrittlement of titanium
hydride the hydrogenated titanium sponge is quickly and
easily broken to a particle size of less than 40 um. Iron
impurity content increases insignificantly during the
mechanical grinding process. The SHS hydrogenation
leads to a product self-cleaning and also to carbon and
oxygen impurities reduction.
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Titanium hydride particles have an irregular splinter
shape. Generally speaking, the shape and defects of par-
ticles are typical of the powders obtained by this method.
Particles surface structure consists of elongated oriented
grains. Due to stresses resulting from various specific
volumes of titanium and titanium hydride the titanium
hydride surface layers show traces of cracking.

A study of the technological properties demonstrated
that the obtained powders possessed necessary parame-
ters for application in powder metallurgy.

Acknowledgments: The work was performed within the state
assignment of ISMAN.
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Abstract: The synthesis of MAX phase Ti,AIN from several mixtures of Ti, Al, TiN, and AIN powders by vacuum sintering of green
samples in the form of dense compacts, bulk powder in silica tubes, and plain layer in a closed rectangular molybdenum boat was
studied upon variation in charge composition and sintering temperature Ts. The sintering of 2 : 1 Ti—AIN mixture was carried out
at 1100, 1200, 1300, 1400, and 1500 °C with exposure time of 60 min. The largest MAX phase content (94 wt.%) was reached at
Ts = 1400 °C. The sintering of 1 : 1 TiAl : TiN composition at the same temperature gave 93 wt.% Ti,AIN. The best result (single-
phase Ti;AIN in a 100-% yield) was achieved upon the sintering of 1 : 1 : 1 Ti—AI—TiN composition at T, = 1400 °C. The scalability
of our process was checked by the fabrication of a large (0.5 kg) and uniform cake of single-phase Ti,AIN. In experiments we used
green samples with shielded lateral surface (bulk powder in silica tubes, plain layer in a closed molybdenum boat) and without shield
(dense compacts). It has been shown that shielding of Ti—AI—TiN samples restricts the escape of Al vapor from a sintered mixture,
thus providing more favorable conditions for the synthesis of single-phase Ti,AIN. Our process can be readily recommended for
practical implementation.
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Cunte3 MAX-dasbl Ti,AIN peakumoHHbIM CneKkaHueM B Bakyyme

A.B. Jlunpe, A.A. Konpakos, U.A. CtynenukuH, H.A. Konpakoea, B.B. 'payeB

WMHCTUTYT CTPYKTYPHON MaKpOKMHETUKM 1 Npobnem MaTtepuanoseneHust um. A.l. MepxaHosa PAH (UCMAH),
r. YepHoronoska, Poccus

Crarbs noctynuna B pegakumio 10.02.2022 r., popaborara 01.06.2022 r., nognucaxa B neyats 06.06.2022 r.

AnHoTauumsa: MNposeneHbl uccnenosaHns npouecca cuHtesa MAX-gasbl Ti AIN cnekaHnem B BaKyyMe passiMyHbIX CMECewn no-
POLLKOB B 3aBUCUMOCTU OT $a30BOro COCTaBa MCXOAHbIX PEareHTOB 1 PEXVMOB X TEPMUYECKON 06paboTkM B BaKyyMHOM ek-
Tponeyn. Ha npumMmepe CMeCcn NOPOLLKOB TUTAHA M HUTPUGA aNIIOMUHUS B MOJIbHOM COOTHOWweHUn Ti: AIN=2: 1 (cocTaB 1) npocne-
XeHa NnocnefoBaTenbHOCTb M3MEHEHUsT pa30BOr0 cocTaBa CMECU NMpu yBEMYEHUN TEMNEPaTypPbl U30TEPMUYECKON BbIAEPXKKM
anutenbHocTbio 60 MuH npu t = 1100+1500 °C ¢ warom 100 °C n onpepeneHo 3HadeHue temnepatypbl 1400 °C, npu koTopon B
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npoAykTax cnekaHus 4OCTMraeTcs MakcumanbHoe 3HadeHne cogepxanns MAX-dasbl TioAIN — 94 mac.%. Mpu aToit Temnepary-
pe M30TepMUYeCcKol BblaepXkun ona ncxogHo cmecu TiAl : TiN =1 : 1 (cocTtaB 2) copepxaHne MAX-dasbl coctaBuno 93 mac.%.
Havnyywwuii pesynbraTt no cuHtedy MAX-dasbl (100 mac.% TioAIN) 6bin nonyydeH ans cmecu Ti: Al: TiIN=1:1: 1 (coctaB 3).
Ha npumepe cmecu gaHHoro coctaBa maccoii 500 r npu onpeaeneHHoM pexrme TepMoBakyyMHO 06paboTKun akcnepuMeHTanb-
HO MokasaHa NPUHUMNManbHas BO3MOXHOCTL MacluTabuposaHus npouecca noiyy4eHns ogHodasHoro npogykrta coctasa TirAIN
CrnekaHeM B BakyyMe. KCNepMEHTLI MPOBOAMIIMCH C ABYMS TUMaMy 00PpasLL0B: C 3aKPbITOM U OTKPLITOM GOKOBO MOBEPXHOCTLIO.
K o6pasuam ¢ 3akpblToii GOKOBOWM NOBEPXHOCTbLIO OTHOCUANCHL 00pa3sLbl B KBapLLEBbIX TPyOKaxX, 3an0oIHEHHbLIX MCXO4HON CMEeCbto
MOPOLLKOB C HACbIMHOW MIOTHOCTLIO, U 06paseu, Mmaccon 500 r, NOMELLEHHbIN B MONNOAEHOBEIV TUreNb C KpbIwKon. O6pa3sLbl ¢
OTKPbITON GOKOBOW MOBEPXHOCTbIO — 3TO UMANHAPUYECKMe TabsIeTKN, CIPEeCcCoBaHHbIE N3 UCXOOHOM MOPOLLKOBO cMecu. Bbino
rnokasaHo, 4To 3akpbiTue 60KOBOI NoBepxHOCTM 06pasua na cmecu Ti : Al : TiN (cocTae 3) 6110kMpyeT BbIX0, NapoB antoMUHUS 13

nopoBOro NPocTpaHcTea obpasua npu Harpeee, 6narogapsa yemy obpasyetcs Tobko TiLAIN.

Kmouessbie cnoBa: MAX-da3sa, cnekaHune, $a3oBble NPeBPALLEHUS, PEHTIEHO(A30BbI aHaNU3.
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Introduction

The Ti,AIN compound belongs to the family of
MAX phases described by the general formula M, |AX,,,
where M is a transition metal, A is an element of IITA
and I'VA groups , X is carbon or nitrogen, n = 13 [1]. Re-
cently, many researchers have investigated MAX-phase
based materials, as these materials simultaneously have
a unique combination of metals and ceramic properties
and a layered structure. Ti,AIN-based materials also
show an exceptional combination of properties: high
elastic modulus, high thermal and electrical conductivi-
ty, low density, easy machinability and excellent thermal
shock resistance [2—4]. This predetermines the use of
Ti,AIN-based materials as reinforcing agent in alloys,
transition layers in semiconductors, etc. [5—7].

The Ti,AIN compound was discovered in 1963
by Jeitschko [8]. Since then, researchers have made
many attempts to obtain this compound by various
methods.

In 2000 Barsoum et al. [4, 5] obtained Ti,AIN by Ti
and AIN mixture hot isostatic pressing (process param-
eters were the following: pressure 40 MPa, temperature
1400 °C and soaking for 48 h). However, they failed to
achieve the purity of the final product, the content of
other phases was 10—15 vol.%.

The authors [9, 10] synthesized Ti,AIN from the Ti
and AIN mixture of powders (in the molar ratio of 2 : 1)
under isothermal annealing in argon atmosphere for 2 h
at 1300 ° C and pressure of 0.3 MPa. At the same time
the TiN impurity fraction was not more than 1 wt.%.
It was also found during the researches that the prepara-
tory mechanical activation of the powder causes an in-
crease in the content of the TiN secondary phase and
that the synthesis in vacuum does not lead to the forma-
tion of a single-phase product.

The authors [11] obtained a Ti,AIN single-phase
material by hot pressing a mixture consisting of Ti, TiN
and Al powders in an argon atmosphere at 25 MPa and
1400 °C. The resulting material characteristics were as
close as possible to the theoretical evidence — this led
to the conclusion that hot pressing is a promising way
to obtain pure Ti,AIN due to the short duration of the
process, the low applied load and the final product high
purity.

In the research [12] Ti,AIN was obtained by titanium
powders (2 mol.) and aluminum nitride (I mol.) spark
plasma sintering with soaking for 5 min. Provided that
at 1400 °C Ti,AIN MAX-phase with an admixture of
titanium nitride was obtained in the final product, and
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Ti,AIN was obtained practically pure after increasing
the sintering temperature to 1450 °C — there were only
traces of titanium nitride. The same method, but already
at 1200 °C [13] let obtain the material consisting of one
MAX-phase.

The authors [14] describe the Ti,AIN production
by 30 min microwave sintering a mixture of titanium,
aluminum and titanium nitride powders (in an approxi-
mate molar ratio of 1 : 1.03 : 1) in an argon atmosphere at
1200 °C. A further increase in the sintering temperature
to 1350 °C resulted in the MAX-phase destruction and
the appearance of TiN (4 wt.%). This method is pro-
mising due to the lowest temperature for obtaining the
pure MAX phase and the short process time.

In the research [15] the Ti,AIN phase was obtained
by thermal explosion of Ti, Al and TiN mixture of pow-
ders at 700 °C and T = 2 min. However, the content of the
secondary TiN phase was 4 wt.%. The Ti,AIN powder
in the research [16] was synthesized by microwave sin-
tering from a TiH,, Al and TiN mixture of powders with
a molar ratio of 1 : 1.15 : 1 at 1250 °C. The sample with
the highest MAX phase content consisted of 96.68 wt.%
Ti,AIN and 3.32 wt.% Ti4AIN;.

Electrospark sintering in vacuum at 1200 °C [17]
produced compressed pellets 15 mm in diameter with a
Ti,AIN content of about 98 wt.% from a initial Ti and
AIN powders mixture. Ti,AIN with TiAl admixture was
obtained by two-stage annealing in an argon atmos-
phere [18] with holding temperatures of 600 °C (t =1 h)
and 1100 °C (tr = 3 h) from mechanically activated Ti, Al
and AIN powders mixed in a molar ratioof 2: 0.8 : 1 and
pressed into tablets of 13 mm in diameter. In research
[19] Ti,AIN (pellets 20 mm in diameter) was obtained
by electrospark sintering from a Ti, Al and TiN powders
mixture with a molar ratio of 1 : 1.02: 1.

The analysis of literature data shows that virtually
all of the above mentioned methods require expen-
sive equipment, while allowing to obtain only a small
amount of containing pure MAX-phase material and
with impurity phases often present in the final pro-
ducts.

In this work the Ti,AIN MAX-phase synthesis
process by vacuum sintering of different powders mix-
tures depending on the initial chemical agents phase
composition and their thermal treatment modes in a
vacuum electric furnace was studied. However, the ul-
timate goal was to determine the optimum conditions
for obtaining a Ti,AIN single-phase product by such
a relatively simple method, as well as the possibility
of obtaining product significant batches weighing up
to 0.5 kg.

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N°4

Research preliminary results were previously pub-
lished in concise form [20] — the phase composition
of the products for quartz tubes samples filled with
the initial powders mixture with bulk density was pre-
sented.

The present article describes more detailed exper-
imental procedure giving the exact parameters of the
samples and comparing the samples phase composition
in quartz tubes and samples with open side surface in the
cylindrical tablets form pressed from the initial powder
mixture. The reason for the compared samples phase
composition difference has been revealed and it has
been established why under the same composition and
the same heating conditions in one case (samples with
closed side surface) the Ti,AIN MAX-phase concen-
tration is 100 %, and in the other case (pressed samples
with open side surface) the MAX-phase content does not
reach 100 %. A detailed analysis of the phase formation
sequence during samples with open and buried lateral
surface heating, which has not been investigated before,
was out.

Experimental procedures

Initial chemical agents mixtures were prepared
from AIN [21] and TiN [22] powders obtained by the
SHS method at ISMAN, as well as Al (ASD-1 grade),
Ti (PTS-1), and TiAl (PT65U35) powders.

The dispersibility of the initial components is pre-
sented in the table.

Three mixtures were prepared to obtain the Ti,AIN
single-phase product Ti : AIN = 2 : 1 (composition /);
TiAl : TiN =1 : 1 (composition 2) and Ti : Al : TiN =
=1:1 (composition 3). Initial powders were mixed in a
planetary mill with a charge-to-ball mass ratio of 2 : 1
for 30 min. Tablets of 15 mm in diameter were pressed
from compositions 7, 2 and 3 (mass of 15 g) with the

Dispersity of initial powders
JMcnepcHOCTb UCXOAHBIX MOPOLLKOB

Cl;;l;lifal Grade Dispersity ds, um
Ti PTS-1 60.5
Al ASD-1 16.3
AIN SHS ISMAN 2.05
TiN SHS ISMAN 29.7
TiAl PT65U35 23.3
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same pressing force of 354 M Pa, when the final height of
tablets was 32.5; 29.2 and 28.7 mm (with porosity of 36,
34 and 32 %, respectively).

In order to exclude the tablet pressing stage, ex-
periments with quartz tubes samples were carried
out. To compare with the pressed tablets results, mix-
tures 2 and 3 with the same mass of 15 g were poured
into quartz tubes with the same inner diameter of
15 mm as of the pressed tablets, consequently the
samples bulk porosity was 59—61 %. According to the
quartz tubes samples experiments results and in or-
der to check the process scaling possibility, composi-
tion 3 samples of 500 g in weight and bulk porosity
of 57 % were sintered in a rectangular molybdenum
closed container 88 x 88 x 70 mm in size with a fill
height of 35 mm.

Sintering was carried outinavacuum electric resis-
tance furnace SNVE-16/16 (OO0 «NPPMosZETO»,
Moscow) at the following holding temperatures, °C:
1100, 1200, 1300, 1400 u 1500. In all experiments the
samples soak time was 60 min at a minimum pressure
of 7.73:10~* Pa. Since the sintering pressed tablets
results at different holding temperatures determined
the optimum temperature of 1400 °C, at which the
Ti,AIN MAX-phase maximum content in the final
product was observed (see below), successive experi-

ments with quartz tubes samples in a molybdenum
container were carried out at this holding tempera-
ture.

The sintering products phase composition was
studied by X-ray diffraction analysis on diffractometer
DRON-3M (NPP «Burevestnik», St. Petersburg). Phase
identification on the diffractograms was carried out us-
ing the following standards: Ti (CAS number 5-672),
Al (CAS number 4-787), TiN (CAS number 38-1420),
AIN (CAS number 25-1133), TiAl (CAS number 5-678),
TizAl (CAS number 14-451), Ti;AIN (PDF number
01-071-4029), Ti,AIN (PDF number 00-055-0434).
The quantitative phase content was determined by the
corundum number method. The sintered samples frac-
ture microstructure and the local elemental composi-
tion were studied on an ultra-high field emission scan-
ning electron microscope «Zeiss Ultra Plus» based on
«Ultra 55» (Carl Zeiss, Germany) with the X-ray micro-
analysis attachment «INCA Energy 350 XT» (Oxford
Instruments, UK).

Results of experiments

Fig. 1 shows mixture 7 (Ti : AIN) pressed samples
diffractograms, which show that at temperatures from
1100 to 1200 °C the product is multiphase and con-

1100 °C oTi,AIN ®Ti,AIN ETiAl AAIN ®TiN
A
o
m ©®
[ ] o z
A * *
L 4 0 * A | | ] A s [ )
1200 °C
. b4 . o
2| ) 7 A QT °
o
E [ 1300°C
2
R o ¢ o .
*
8 ®
gL %oos moe X
1400 °C
* ®, * * * o
. At__]' °® A A A A
1500 °C
*
o ¢ * o o
: : oo I?‘ A A LA
10 20 30 40 50 60 70 20, degree

Fig. 1. Mixture I pressed samples diffractograms after sintering at different temperatures

Puc. 1. ﬂ,PI(I)paKTOFpaMMBI ITPpECOBAHHBIX o6pa3u013 cMmecH ] TTociie crieKaHu S IIpU pa3IMYHbBIX TEMIICpaTypax
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tains the following phases: Ti,AIN, TiN, AIN, Ti;AIN,
Ti;AIN.

With increasing temperature up to 1200 °C the
amount of Ti,AIN MAX phase increases from 20 to
52 wt.% (see Fig. 2). At 1300 °C the product contains
the following phases, wt.%: Ti,AIN — 83, TiN — 12,
AIN — 5. Further temperature rise to 1400 °C leads to
the two-phase product formation consisting of Ti,AIN
(94 wt.%) and TiN (6 wt.%). After reaching 1500 °C

100 Phase content, wt.%

Fig. 2. Phases contents at composition 7 (2Ti + AIN)
pressed samples various sintering temperatures

Puc. 2. Conepxanue ¢a3
MpY pa3IUYHBIX TEMIIEpaTypax ClieKaHuU s
nmpeccoBaHHBIX 00pa31oB cocTana I (2Ti + AIN)

Intensity, imp./s

the product also remains biphase, but there is a slight
decrease of the Ti,AIN MAX-phase to 91 wt.% and
an increase of the titanium nitride proportion to
9 wt.%. Reducing the Ti,AIN amount corresponds with
the research data [23], which shows that in a dyna-
mic vacuum at 1550 °C the aluminum evaporation from
the MAX-phase with the titanium non-stoichiometric
nitride formation is observed: Ti;AIN) — 2TiNj 5 +
+ Al High-temperature aluminum evaporation in
MAX-phase obtaining by sintering was also noted in
the research [24].

By this means, the composition 7 (2Ti + AIN) maxi-
mum Ti,AIN MAX-phase content of 94 wt.% was ob-
tained at 1400 °C, which corresponds with Ti,AIN ob-
taining results by spark plasma sintering [12], for that
reason sintering of samples from mixtures 2 and 3 was
performed at this very temperature.

After pressed sample from composition 2 mixture
(TiAl : TiN = 1 : 1) sintering at 1400 °C a multiphase pro-
duct (Fig. 3, a) with the following phase content (wt.%)
was obtained: Ti,AIN — 93; TiN — 4; Ti;AIN — 2;
Ti;Al — 1.

After pressed sample from composition 3 mixture
(Ti: Al: TiN =1 :1: 1) sintering the product phase
composition was as follows, wt.%: Ti,AIN — 89,
TiN — 9, %; TizAl — 2 (Fig. 4, a).

To prevent the reactive volume aluminum vapor
escape through the pressed samples surface during
heating process and vacuum blowing experiments with
quartz tubes samples were carried out. After composi-

Intensity, imp./s

2000 200
a @ Ti,AIN b @ TL,AIN
_ * i - * .
o TiN o TiN
1600 - o Ti,AIN 1600 - m Ti,Al
m TiAl
12004 1200
800 800
i o i
400 - T3 400
¢ . .o .
0 T T T T T O T
20 30 40 50 60 70 20, degree 20 70 20, degree

Fig. 3. Product diffractogram after composition 2 (TiAl + TiN) pressed sample (@) and the quartz tube sample (b)

reactive sintering at 1400 ° C in a vacuum

Puc. 3. JludpakTorpaMmma npoayKTa rmocjie peakIlIMOHHOTO CITIeKaHU I TPeCCOBAaHHOI0 00pa3suia (a)
u o6pasua B KkBapueBoii Tpyoke (b) cocraBa 2 (TiAl + TiN) npu ¢ = 1400 °C B Bakyym™me
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Intensity, imp./s
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Fig. 4. Product diffractogram after composition 3 (Ti + Al + TiN) pressed sample (a) and a quartz tube sample (b)

reactive sintering at 1400 °C in vacuum

Puc. 4. IludpakrorpaMmma mpoayKTa Mmocje peakIiMOHHOTo CIIeKaHUsI ITpecCoBaHHOTO obpasiia (@)
u o6pa3sia B KBapueBoit Tpyoke (b) coctaBa 3 (Ti + Al + TiN) nipu ¢ = 1400 °C B Bakyyme
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Fig. 5. Composition 3 sample photomicrograms at different scales

Puc. 5. Mukpodororpaduu obpasia coctaBa 3 ¢ pa3IMuHbIM MaclITAOOM

tion 2 (TiAl: TiN = 1: 1) sample sintering at 1400 °C a
multiphase product (Fig. 3, b) with the following phase
content (wt.%) was obtained: Ti,AIN — 94, TiN — 4,
Ti;Al — 2. After the composition 3 (Ti : Al : TiN =
1 :1: 1) sample sintering the monophase product
Ti,AIN — 100 % was obtained as evidenced by the
diffractogram in Fig. 4, . The photomicrograms pre-
sented in Fig. 5 show that the composition 3 sample
consists of so-called nanolaminates with the layers
thickness of a few tens of nm.

Since the Ti,AIN monophase product was obtained
from mixture 3, it was interesting to make a point of the
scale factor influence on this composition. The com-
position 3 initial charge 500 g in weight was poured into

a molybdenum container 88 x 88 x 70 mm in size in an
even layer 35 mm in height. The container was covered
with a lid and placed in a vacuum furnace. A view of
the after-sintering mixture is shown in Fig. 6. The af-
ter-sintering composition was homogeneous over the
entire cross section. The resulting product diffracto-
gram was completely identical to the diffractogram
in Fig. 4, b — 100 % Ti,AIN MAX-phase without any
other phases.

Fig. 7, a shows an after-sintering composi-
tion 3 fracture microphotograph, which shows the
MAX-phases typical layered structure. Local elemen-
tal analysis data from approximately of the 5 mm?
after-sintering product fracture area (marked by lines
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Fig. 6. 500 g in weight after-sintering composition 3
photograph

Puc. 6. DoTorpadus mojiydeHHOro creka coctana 3
maccoit 500 T

in Fig. 7, b) showed the following element content
(at.%): N — 23.56, A1 — 25.68, Ti — 50.76, which cor-
responds well with the Ti,AIN MAX-phase elemental
composition.

Results discussion

Basing on Ti—N and AI—N experimental data and
phase diagrams the following sequence of composi-
tion 7 phase formation while heating in a dynamic va-
cuum can be suggested:

1. Extrapolating the aluminum nitride dissociation
data [25] to the low pressure areca, we obtain that at a
pressure of 7.73:10~* Pa the dissociation temperature
will be 913 °C. Therefore, it comes logical to assume that
at the process initial stage dissociation occurs on the
aluminum nitride particles surface:

2. The AIN dissociation products stream diffuses in
the sample pore space to the titanium particles surface.
Since both aluminum and nitrogen have considerable
titanium dissolution and are o-stabilizers, solid solu-
tion Ti(Al,,N)) is formed. At 1100+1200 °C it will be
o-Ti(Al,,N,) solution, and when the temperature rises
to 1300—1500 °C — a B-Ti(Al,,N)) solution.

3. From the o-Ti(Al,,N,) solid solution, so far as it
saturates with aluminum and nitrogen, and at < 1200 °C
the TiN,, TisAl phases, the Ti3AIN triple nitride and the
Ti,AIN MAX-phase crystallize.

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N°4

1 mm

Fig. 7. After-sintering composition 3 sample fracture local
microanalysis and microphotographs at different scales

Spectrum, at.%: N — 23.56; Al — 25.68; Ti — 50.76

Puc. 7. Mukpodortorpaduu uzioma obpasia
MOJyYEHHOTO CIieKa cocTaBa 3
C pa3JIMYHBIM MaciiTabom

CrniexTp BbIfeJIeHHOI o6macTH, at.%: N — 23,56; Al — 25,68;
Ti — 50,76

4. From the B-Ti(Al,,N,) solid solution at > 1300 °C
the TiN, phases and the Ti,AIN MAX-phase crys-
tallize.

5. At 1400 °C the Ti,AIN formation process com-
pletes and the MAX-phase sample content reaches its
maximum value.

6. At further temperature increase up to 1500 °C and
under dynamic vacuum conditions a MAX-phase par-
tial decomposition occurs assisted by the titanium nit-
ride phase and aluminum vapor formation which leave
the sample pore space into the furnace volume.

Ti,AIN MAX-phase content in the composi-
tions 7 and 2 pressed samples sintering products prac-
tically do not differ (94 and 93 wt.% respectively ), and
in the composition 3 is noticeably lower (89 wt.%). It

—_ .
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can be assumed that this difference was noted due to
the fact that in the mixtures / and 2 initial composi-
tions aluminum is in a bound state in the form of com-
pounds (AIN and TiAl respectively ), and in mixtu-
re 3 — in the free state. Given the aluminum low melt-
ing temperature (660 °C), it goes under that logic that
for mixture 3 aluminum vapor appears earlier than
for mixtures / and 2 as the temperature rises in the
furnace and they leave the samples pore space under
open-side vacuuming through the side surface dur-
ing a longer period of time. The lower Ti,AIN MAX-
phase content in the composition 3 pressed samples
sintering products is explained by the formed alumi-
num deficit.

Closing the composition 2 samples side surface
with the quartz tube walls had a relatively weak effect
in terms of obtaining the Ti,AIN MAX-phase, because
its content in both samples (93 % in the pressed one and
94 % in a quartz tube) is almost the same. The products
total phase composition changed insignificantly either.
Apparently, when the reaction takes place at a hold-
ing temperature close to the TiAl melting temperature
(~1450 °C), the aluminum mass transfer in mixture 2
takes place predominantly through the liquid phase.
In the absence of aluminum vapor, closing the sample
side surface does not lead to a significant change in the
phase composition compared to the open side surface
sample.

Closing the composition 3 sample side surface had
a significant effect on the Ti,AIN formation. Free alu-
minum present in the initial mixture, evaporating when
heated, does not leave the reaction zone due to the closed
side surface and reacts completely with the Ti,AIN for-
mation.

Conclusion

Summing up what has been stated, as a result of
the sintering process research in a vacuum furnace
the Ti,AIN MAX-phase content dependence has
been determined in the final product on the hold-
ing temperature and the composition of the initial
charge. According to X-ray diffraction and energy-
dispersive analyses a single-phase product with 100 %
Ti,AIN MAX-phase content was obtained for the
composition Ti : Al1: TiN=1:1:1 at 1400 °C. It
was shown that closing the Ti: Al : TiN mixture side
surface blocked the aluminum vapor escape from
the sample pore space resulting in the formation of
Ti,AIN only. The example of a 500 g filling sinter-
ing and obtaining a Ti,AIN single-phase product the

fundamental possibility of sintering process scaling
in a dynamic vacuum and the prospects of this me-
thod of production for industrial development have
been demonstrated.
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Abstract: The application of the process of self-propagating high-temperature synthesis (SHS) to prepare highly dispersed powder
nitride-carbide compositions from the most common refractory nitride (SigN4, AIN, TiN) and carbide (SiC) compounds with a
particle size of less than 1 um is considered. The advantages of composite ceramics over single-phase ceramic materials and such
trends of its development as the transition to nanostructured ceramics and the application of in situ processes of direct chemical
synthesis of nanoparticles of components in the composite body are described. The attractiveness of the SHS process as one of the
promising in situ processes characterized by simplicity and cost-effectiveness, the possibility of obtaining highly dispersed ceramic
powders by burning mixtures of inexpensive reagents is shown. Considerable attention is paid to the consideration of the results
of the application of azide SHS, based on the use of sodium azide and gasified halide salts as part of mixtures of initial powders
of nitrided and carbidized elements during their combustion in nitrogen gas. The review of publications devoted to the application
of SHS to obtain highly dispersed composite powders SisN,—SiC, AIN—SiC and TiN—SiC, promising for use in sintering of the
corresponding composite ceramic materials of submicron and nano-sized structure with improved properties, lower brittleness,
good machinability, lower sintering temperatures compared with single-phase ceramic materials made of nitrides or carbides as
well as for other applications, is presented. The results of the application of azide SHS are presented in detail both in the form
of the results of thermodynamic calculations and the results of experimental research of combustion parameters, combustion
product structure and composition. The advantages and disadvantages of using the combustion process for the synthesis of nitride
compositions with silicon carbide, the causes of the disadvantages and the directions of further research to eliminate them are
discussed.
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(SHS), combustion products, composition, structure.
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CBC BbICOKOAMCNEPCHbIX MOPOLLUKOBLIX KOMMO3ULUA HUTPUAOB C KapGVIAOM KpeMHus
0630p

A.N. Amocos, 10.B. Tutoea, I.C. Benoea, [l.A. Maiigan, A.®. MuHexaHoBa

Camapckuii rocynapcTBeHHbIA TexHnyecknii yaueepeutet (Caml TY), r. Camapa, Poccus

Crarbs noctynuna B pegakumio 19.04.22 r., nognucaxa B nevarb 22.04.22 r.

AHHOTaumna: PaccMoTpeHo npruMeHeHne npouecca caMmopacnpoCcTpaHSIoLWEerocs BbicokoTemMnepaTypHoro cuHtesa (CBC) and
NoJly4eHnst BbICOKOANCMEPCHbIX MOPOLLKOBbIX HUTPUAHO-KapOUAHBIX KOMNO3ULNIA N3 Hanbosiee pacnpoCTPaHEeHHbIX TYronaaBkux
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HUTPUAHbIX (SigNy4, AIN, TiN) n kapbuaHoro (SiC) coeamHeHnii ¢ pa3amMepom HacTuu, meHee 1 MKM. MI3noxeHbl npenMyLlecTsa Kom-
NO3ULMOHHON KepamMnkn nepes ogHodasHbIMN KepaMMYeCKUMN MaTepmanamMmm n Takme TeHOEeHUMN ee PasBuUTUS, Kak nepexon,
K HAHOCTPYKTYPHOW KepamMuKe U Mcnosb3oBaHme in situ NpoueccoB NPsiMoOro XMMMYeCcKoro CUHTe3a HaHo4YacTUL, KOMMNOHEHTOB
B 06bemMe komno3uTa. NokasaHa npmuenekatenbHoCcTb npouecca CBC kak 0gHOro U3 NepcnekTMBHbIX in Situ NpoueccoBs, Xapak-
TEPUIYIOLLErocs NPOCTOTON N 9KOHOMUYHOCTbIO, BO3MOXHOCTbIO MOyYEHUS BbICOKOAMCMEPCHBLIX KEPAMNYECKMX NMOPOLLKOB Npu
CXUraHUM CMeCEN Hef,OPOrnX peareHToB. 3Ha4YUTEeNbHOE BHUMaHNE yaeNeHO PaCCMOTPEHNIO PE3YNbTaTOB NPUMEHEHUS a3NAHO-
ro CBC, 0CHOBaHHOIo Ha MCMOJIb30BaHMN a3na HaTPUs 1 rasndurLnpyoLLNXCS ranouaHbIX CoNell B COCTaBe CMeceil MCX0OHbIX
NMOPOLLKOB a30TUPYEMBbIX U KAPOMAN3UPYEMbIX 3JIEMEHTOB NPU UX CXUIraHUK B ra3oobpa3Hom a3oTe. MNpeacrtasneH 063op nybnu-
Kauui, NOCBALWEHHbIX TpuMeHeHunio CBC ans nosy4eHns BbICOKOANCMNEPCHbLIX KOMMO3MLMOHHBIX NopolwkoB SizNy,—SiC, AIN—SiC
n TiIN—SIC, nepcnekTUBHbIX 415 UCNONb30BAHUSA NPU CNEKAHNUM COOTBETCTBYIOLMX KOMMO3MLUMOHHbIX KEPaMUYECKMX MaTepManos
CYOMUKPOHHOW 1 HAHOPA3MEPHOI CTPYKTYpPbI C MOBLILLIEHHBIMU CBOMCTBAMM, MEHbLUEM XPYNKOCTbIO, XopoLuelii obpabaTbiBaeMo-
CTblO, MEHBLUMMW TEMMNEPATYPaMU CMEKAHNS MO CPABHEHUIO C OAHOMA3HBIMU KEPAMUYECKNMU MaTepmuanamMmm n3 HUTPUL0B Unn
kapbu1aoB, a TakxXe A5 UCMONb30BaHUS B APYrUX NpunoxeHusx. Moapo6Ho npeacTaBneHsbl pedynbTaThl MPUMEHEHMS a3UAHOr0O
CBC kak B BUAe nokasartenen TepMoanHaMmMyYeCcKnux pacyeToB, Tak N OaHHbIX 9KCMNEPUMEHTANIbHOrO NCCneoBaHnsa napamMeTpoB
ropeHusi, CTPYKTYpPbl M cOCTaBa NpoaykToB ropeHns. O6cyxaeHbl 4OCTOMHCTBA M HEAOCTATKM NCNONIb30BaHNS NPOLLECCa ropeHuns
L1151 CUHTE3a KOMMO3ULMIA HATPULOB C KapOunaoM KPEMHUS, MPUYMHBI BOSHUKHOBEHUS CAEPXUBAOLLNX HAKTOPOB M HaNpaBneHus
NpoBeAEHNS fANbHENLLINX UCCNEeA0BaHMN MO NX YCTPAHEHMIO.

KntoueBble c/10Ba: KOMMNO3ULMOHHAsA KEpaMUKa, HATPUAbI, KapOua KpeMHUS, KOMMO3ULLMN MOPOLLKOB, CAMOPACNPOCTPaHAIOWMIACS
BbICOKOTEMNEPATYpPHbI cnHTE3 (CBC), NpoayKThbl FOPEHUs, COCTaB, CTPYKTYypa.
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Introduction

Refractory nitride (SizNy, AIN, TiN) and carbide
(S8iC) compounds are widely used to produce the cor-
responding non-oxide ceramic materials, both struc-
tural, due to their high melting point, hardness, wear
resistance, heat resistance, chemical stability, and
functional, due to their electrical and catalytic prop-
erties [I—5]. Such ceramic materials are convention-
ally produced of the corresponding ceramic powders
by reactive sintering or hot pressing. Lately, they have
been added by spark plasma sintering (SPS) and mic-
rowave sintering methods. However, single-phase ce-
ramic materials made of individual refractory com-
pounds may exhibit poor sinterability and machina-
bility, high brittleness, high coefficient of friction
(COF), etc. Several approaches are used to address
these problems.

Firstly, multiphase (multi-component) composite
ceramics are used. For example, conductive titanium
nitride is added to non-conductive silicon nitride,
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making it possible to use a significantly less expen-
sive electrical discharge machining process when
making ceramic products compared to machining
with expensive diamond tools [6]. Titanium nitride
TiN not only exhibits high electrical conductivity but
also high melting point, hardness, wear resistance
and corrosion resistance, it is compatible with SizNy,
improves sintering and the properties of Siz;N, cera-
mics [7].

Secondly, the transition to nanostructured ceramics
is used, since it has been extensively shown that pow-
der size reduction, the transition to nanopowders and
the production of nanostructured ceramics can signif-
icantly improve the properties of ceramics [5, 8—10].
Taking Si;N,—TiN composite ceramics as an exam-
ple, the ceramics of Si;N,—30vol.%TiN composition
obtained by spark plasma sintering of Si3N, and TiN
nanoparticles show the wear resistance being 3 times
higher than the wear resistance of composite cera-
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mics of the same composition obtained by hot pressing
of commercially produced micron-sized powders [11].
Such composite ceramics with solid TiN nanoparticles
cause significantly less frictional damage to the coun-
terbody than ceramics containing micron-sized TiN
particles, which is particularly important, for instance,
for hybrid bearings having the balls made of ceramics
and the rings made of metal [12].

Thirdly, in situ processes of obtaining composite
ceramics by performing chemical synthesis of compo-
nent nanoparticles in the composite body are applied.
By far the simplest and most common approach to the
production of composite nanoceramics involves mix-
ing ready-made nanopowders, compacting and sinter-
ing them (ex situ processes). However, two problems
are encountered at this point: the first one is the high
cost of nanopowders (for example, the price of nitride
and carbide nanopowders obtained by plasma-chemi-
cal synthesis, which are available on the market, is on
average of 3 thous. euro per 1 kg [13]); the second one
is that it is practically impossible to mix nanopowders
homogeneously due to high tendency of nanoparticles
to form quite solid agglomerates, which are extremely
difficult to destroy when mixed [5, 9]. The presence
of agglomerates impedes the homogeneous distribu-
tion of components and the compaction of the powder
mixture, it requires higher temperatures for sintering,
and results in the porosity of the sintered composite,
it is the point of defects from which cracks can de-
velop. In this context, in the case of highly dispersed
powders, in situ chemical methods of direct synthesis
of ceramic powders inside the desired composite body
from a mixture of much cheaper initial reagents are
preferable to ex situ mechanical methods of mixing
the desired compositions of premixed ceramic pow-
ders [4, 8].

One of the advanced in situ processes is the process
of self-propagating high-temperature synthesis (SHS)
of the most diverse refractory compounds, including nit-
rides and carbides, which proceeds due to heat release
during combustion in a simple, small-sized equipment
and takes a little time [14—17]. Other known methods
for obtaining Si, Al, Ti nitrides and Si carbide (the fur-
nace method, plasma-chemical synthesis, carbothermal
synthesis, gas-phase deposition, etc.) are characterized
by high power consumption, complex equipment, and
they do not always ensure the nanosize of Si3Ny, AIN,
TiN, SiC powders, and even more so of nanopowder
compositions. SHS process is attractive not only for its
simplicity and cost-effectiveness, but it also provides
considerable opportunities for controlling the disper-

sion and the structure of synthesized ceramic powders,
as well as bringing them to the nanosized level [18, 19].
Various techniques are used for this purpose: the reduc-
tion of combustion temperature; the use of gasified hal-
ide salt additives, condensed and gaseous by-products of
SHS reactions separating synthesized particles and pre-
venting their growth; the application of chemical com-
pounds of elements (precursors) rather than the powders
of pure elements, e.g. the ones of metals, as initial rea-
gents, etc.

In particular, during the synthesis of nitrides, such
opportunities are realized in the azide SHS process,
designated as SHS-Az, where not nitrogen gas but so-
dium azide powder (NaNj3) is used as a nitriding rea-
gent, which decomposes in a combustion wave, releas-
ing active nitrogen [20, 21]. Pure elemental powders
of silicon, titanium, aluminum, etc. are used as rea-
gents to be nitrided. A certain halide salt is added to
these basic reagents as an auxiliary additive, during
the decomposition of which a large amount of vapo-
rous and gaseous reaction products are formed during
combustion. These products dilute the reaction body
and thus preventing it from sintering, and as a result,
the end product is synthesized in the form of a powder,
which does not require additional reduction in size af-
ter the synthesis. Low combustion temperatures, the
formation of condensed by-products and gases sepa-
rating the desired nitride particles are the distinctive
features of azide SHS, leading to the synthesis of nit-
ride micropowders. Upon replacing the pure powders
of the nitrided elements (Si, Ti, Al) with their halide
salts, being the precursors that decompose in a com-
bustion wave with entering of a nitrided element into
reaction in the form of single atoms rather than the
micron-sized particles of the condensed substance,
the size of nitrides synthesized by azide SHS can be
significantly reduced and brought to the nanosized
level. Besides, in the case of the synthesis of nitride
compositions, the gaseous and vaporous condition of
reaction products allows for their prompt and homog-
enous mixing, which is unobtainable by mechanical
mixing of premix nanopowders. By this means, it is
possible to solve the problem of the high cost of nit-
ride nanopowders, obtain significantly (almost by one
order of magnitude) cheaper nanopowders (since the
most expensive component in the azide SHS is so-
dium azide, with a cost of up to 300 euros/kg) with
minimum power consumption and simple, small-sized
equipment if compared to plasma-chemical synthesis.
Moreover, the nitride synthesis performed directly in
composite powder body (in situ) rather than the one
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performed in advance with subsequent mechanical
mixing (ex situ), allows to achieve a high homogeneity
of the nitride mixture, i.e. to solve the second prob-
lem, namely obtaining a homogeneous mixture of nit-
ride nanopowders. The practical experience of using
azide SHS for the production of TiN—BN, AIN—BN,
Si;N4—TiN nitride composite powders with the use of
precursors, the halide salts of both nitrided compo-
site elements, has been accumulated [22, 23]. However,
obtaining these results was not that easy though. It has
been found that the replacement of elemental powders
of nitrided elements with their precursors (halide salts)
impedes the production of the desired nitrides, most
often it results in the formation of undesired hard-
to-remove by-products and incomplete reaction, for
example, as in the case of compositions containing the
by-product cryolite Na;AlF¢ and free silicon impurity:
AIN—BN—NasAlF;, AIN—TiN—Na;AlFg, SizNy—
AIN—Na;AlF¢—Si [23].

The positive results of studies on the application of
SHS process for obtaining silicon carbide (SiC) nano-
powders are known as well [24—26]. In the case of SiC
synthesis from the elements, the reaction can be written
as follows:

Si + C = SiC + 73 kJ/mol. 1)

This reaction has a relatively small thermal effect
of product formation compared, for example, with the
reaction of titanium carbide formation from elements
widely used in SHS:

Ti + C = TiC + 230 kJ/mol Q)

and therefore has a relatively low adiabatic combustion
temperature of 1860 K compared with 3290 K for the re-
action of TiC formation. In this context, it is practically
impossible to perform reaction (1) in combustion mode,
i.e. to implement a self-sustaining SHS process in this
system.

Several approaches have been developed to in-
crease the reactivity of Si—C system: preheating of
the reaction medium, electric field imposition, me-
chanical activation of the initial mixture of reagents,
chemical activation of the reaction (1), for instance,
using fluoroplastic powders, conducting the reac-
tion (1) in a nitrogen gas or air medium. Almost all
of these approaches can result in obtaining submicron
SiC powders and some of them can result in obtaining
nanosized SiC powders under the combustion mode.
[24]. But it should be taken into account that when
combusting Si + C mixture in nitrogen atmosphere,
the combustion products can contain up to 3—7 wt.%
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of silicon nitride impurities (Si;N,4) along with silicon
carbide.

This article presents the results of a review of pub-
lications devoted to the application of self-propa-
gating high-temperature synthesis (SHS) to obtain
highly dispersed (submicron and nanosized) powder
nitride-carbide compositions from the most common
refractory nitride (Si3Ny4, AIN, TiN) and carbide (SiC)
compounds with a particle size of less than 1 pm. Con-
siderable attention is paid to azide SHS method deve-
loped by the authors of the review. Synthesized highly
dispersed composite powders SizNy—SiC, AIN—SiC
and TiN—SiC are promising for use in sintering of the
corresponding composite ceramic materials of sub-
micron and nanosized structure with improved pro-
perties, lower brittleness, good machinability, lower
sintering temperatures compared to single-phase ce-
ramic materials made of nitrides or carbides, as well as
for other applications.

SizN,—SiC composition

As it has already been mentioned, silicon nitride
Si3N, and silicon carbide SiC are known as high-tem-
perature structural ceramics [1—3, 5]. Along with this,
dielectric SizNy is applied as an insulator in microelec-
tronics, as well as a storage medium in flash memory de-
vices, and semiconductor SiC is used in high-power and
high-temperature transistor devices and LEDs, as well
as in electric heaters. Besides, silicon carbide is used as
a catalyst in the oxidation of hydrocarbons, and silicon
nitride is used as a catalyst carrier.

However, these ceramic materials differ markedly in
certain characteristics (their specific values are high-
ly dependent on the methods of ceramics production,
therefore we will assume average values determined
primarily at room temperature). For example, SizNy4
ceramics is not as brittle as SiC, and it exhibits high
fracture toughness (5.3 MPa-m'2 on average) and good
flexural strength (at a level of 750 MPa), but it is charac-
terized by low oxidation resistance at high temperatures
(1.2 mg/cm? weight increase at 7= 1573 K per 100 h)
[1, 27]. SiC ceramics, to the contrary, have high wear,
creep and oxidation resistance at high temperatures
(0.02 mg/cm3 weight increase under the same con-
ditions), but it shows low values of flexural strength
(450 MPa) and fracture toughness (2.8 MPa-m'/?).
Silicon carbide is the most important component
of ultra-high-temperature ceramic materials (5—
65 vol.%) for the achievement of their maximum oxi-
dation resistance [28, 29].

_ .
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The results of many of studies show that the combi-
nation of nitride and silicon carbide in composite mate-
rial SisN,—SiC allows to use the advantages of each of
these single-phase ceramics and obtain composite ce-
ramics with significantly improved properties, primari-
ly for high-temperature applications [5, 27, 30—32]. The
introduction of minimum of 5 vol.% of SiC into SizN,
matrix provides an opportunity of obtaining a composi-
te with high fracture toughness (6.5 MPa-m'/?) by spark
plasma sintering [32]. Si3N4—20vol.%SiC composite
produced by hot isostatic pressing has fracture tough-
ness of 9.5 MPa-m'/? at 7= 1673 K (compared with
5.3 MPa-m!/2 of SisNy single-phase ceramics), and it is
considered as a promising material for gas turbine en-
gines [31]. This conclusion is confirmed by the results of
later studies, according to which hot-pressed nanocom-
posites SizN4—(20+30 vol.%)SiC have flexural strength
up to 1500 MPa (compared with 850 MPa of common
Si3N, ceramics) and retain high strength up to 7 =
= 1673 K (compared with 1473 K of SizN, cera-
mics) [5]. The increase of SiC content up to 40 wt.%
in hot-presssed composite Siz;N,—SiC results in bind-
ing strength improvement up to the level of 10.5—
12.5 MPa-m'/? [30]. Composite ceramics SisN,—SiC
are highly perspective for their development and ap-
plication due to the improvement of their composition,
structure and properties, as well as the development of
new methods of production and the reduction of manu-
facturing costs [9, 10].

It has been noted before, that in the production of
ceramic composites from highly dispersed powders, in
situ chemical methods of direct synthesis of ceramic
powder compositions from a mixture of initial reagents
are more preferable than ex situ mechanical methods of
mixing premixed powder components [5, 16]. Submic-
ron and nanosized powder compositions Siz;N,—SiC can
be synthesized by various chemical methods, including
the coating of Si;N, particles with highly dispersed car-
bon through methane pyrolysis [33], the pyrolysis of an
organic silicon-containing precursor [34], carbother-
mal reduction of silicon dioxide under nitrogen gas [35],
gas-phase reactions [36], plasma-chemical synthesis
[37]. The listed chemical methods are characterized by
high power consumption due to the high temperature
heating required and the long exposures used, they also
require the use of expensive equipment. In this regard,
a simple energy-saving SHS method which is based
on combustion of inexpensive initial components is
promising.

The first studies on the use of combustion for the
synthesis of powder compositions Si;N4—SiC were

based on the combustion of mixtures of silicon and
carbon black (soot) powders in nitrogen gas at a pres-
sure ranging from 1 to 10 MPa [38—41]. The reac-
tion (1) of synthesis of silicon carbide from elemental
powders has a relatively low thermal effect and adia-
batic temperature, which does not ensure a self-pro-
pagating combustion mode. However, the reaction
of synthesis of silicon nitride from silicon powder in
nitrogen gas

3Si + 2N, = Si;N, + 756 kJ/mol 3)

is highly exothermic with an adiabatic temperature of
2430 K, and it can proceed in self-propagating combus-
tion mode. Therefore, the combustion of silicon and car-
bon powders mixture in nitrogen is initiated. Firstly, the
silicon nitride is synthesized with a rise in temperature to
high values exceeding 2273 K, at which the synthesized
Si3N, dissociates and then the resulting silicon reacts
with carbon forming SiC, more stable at high tempera-
tures. Thus, when reaction (1) is performed in nitrogen
gas, silicon carbide can be obtained in the combustion
mode as follows [38]:

3Si+ 3C + 2N, — SisN, + 3C — 3SiC + 2N,.  (4)

In this system of reagents, the intermediate prod-
uct is synthesized first in the combustion mode SizNy
(the 1! reaction) with a rise in temperature to high val-
ues, upon which the subsequent transformation of sili-
con nitride into silicon carbide becomes thermodynami-
cally favorable due to interaction with carbon (the 2™
reaction). If in the initial system of reagents silicon pow-
der is taken in excess (4), i.e. in a larger amount than
it is required for the complete conversion of SizN, into
SiC, it is possible to perform the reaction in the com-
bustion mode at a nitrogen pressure of 3 MPa, with the
formation of a composition of nitride and silicon carbide
powders [40]:

(3x + »)Si + yC + 2xN, = xSizN, +)SiC.  (5)

In this reaction, x and y coefficient values were used
to obtain from 36.8 to 100 vol.% SiC in the composition,
the combustion temperature values were from 1440 to
1880 °C. The results of the experiments were explained
by the presence of an intermediate stage between the
1%t and 2™ reactions, at which molten silicon appears
(the melting temperature of 1414 °C) reacting simulta-
neously in nitridation u carbidization and ensuring the
formation of SiC particles, being finer than the ones
appearing upon further transformation of SizN, into
SiC. A more detailed study of Si—nC—N, system using
silicon powders of Krl grade (particle size d < 15 um)
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and carbon black of P803 grade (d < 1 um) showed that
at nitrogen gas pressure of 1—7 MPa, combustion can
be initiated with the carbon black content of n = 0.8
maximum [41]. Upon that, the combustion tempera-
tures are 1500—2000 °C, and the combustion product
constitutes the composition of powders SisN,—SiC
with SiC content of 5—60 wt.%, and Si3;N, constitut-
ing the rest, with a dominant content of f-modification,
and a small amount of unreacted Si. The main part of
the combustion product is comprised of particles with
a size of 2—3 um, although there are also larger ones
with a size of up to 15 um in the form of columnar crys-
tals or agglomerates of fine particles. The application
of polytetrafluoroethylene (PTFE) powder activa-
tor (C,F,), in the amount of 5—15 wt.% expands the
limits of combustion of Si—C—N, system and ensures
obtaining the composites with any ratio of Si;N, and
SiC components from 0 to 100 %. Let us emphasize
that these are the components of SisN, and SiC pow-
ders with micron particle sizes and a small amount of
o-modification in silicon nitride SiNy.

Upon the combustion of a mixture of ferrosilicon
Fe—Si and carbon black powders in nitrogen atmosphere
at a pressure of 4—6 MPa and subsequent acid enrich-
ment of the combustion product in dilute hydrochloric
acid, composite submicron and nanosized Si;N,—SiC
powders with the content of 20 % SiC can be obtained
[42]. At first, iron contained in ferrosilicon plays the role
of a diluent that reduces the combustion temperature
and separates the synthesized particles, as well as a cata-
lyst for nitridation reaction, and then it is removed from
the composite powder by being dissolved in acid. But the
required acid treatment significantly complicates the
process of obtaining SizN,—SiC powder composition
and does not ensure the complete removal of iron (Fe)
from the composition.

It has long been known that the higher is Si;N, con-
tent of o-modification compared to B-modification
in SizNy-based ceramics, the higher are the strength
properties. However, not all production methods al-
low achieving high content of o-Si;Ny [1]. It has been
shown that during the combustion of silicon powder in
nitrogen gas, it is possible to significantly increase the
amount of synthesized phase a-Si;N4 by diluting the
charge with final product o-Si;N,4 and using additives
of gasified halide salts NH,Cl and NH4F [43, 44]. In
the combustion wave, the decomposition products of
these salts react with silicon particles and ensure the
transition of silicon to the gas phase that allows con-
ducting the low-temperature mode for the formation
of a fine fiber a-modification of Si;N,, which is stable
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at temperatures below 1450 °C. In particular, to obtain
o-Si3N, content exceeding 95 wt.% it is necessary to
carry out burning with minimum values of temperature
and burning rate close to the limit of burning. For this
purpose, it is necessary to use a charge with 28—40 %
silicon content, with a high dilution with the desired
product o-Si3N, up to 65 % and with 6—8 % mixture
of gasifying halide salts NH4Cl and NH,F at the ra-
tio 1: 1. In this case, the combustion product contains
from 0.1 to 1.5 % of free silicon. The dispersity of syn-
thesized o-SisN4 depends on the dispersity of initial
silicon powder: with micron Si powder of less than
30 pm in size, more than 96 % of o-SizN, is synthesized
with 80 % of particles of a fibrous structure with fiber
lengths over 10 um, and diameter of 1 um; with sub-
micron Si powder of less than 1 pm in size, up to 96.6 %
of fibrous a-Si;N4 is synthesized with fiber lengths
over 10 um, and diameter of 0.1—0.2 pm and a small
amount of elongated particles being 1—2 pum thick and
up to 5 um long. The carbon additive influences the
mechanism of structure formation and allows synthe-
sizing silicon nitride with an equiaxed shape of parti-
cles. Composite powders based on o-SizNy, containing
up to 10 % SiC, with an average particle diameter of
300—400 nm and an equiaxed shape were obtained
with the complex addition of carbon up to 3.5 % in the
form of carbon black and gasifying salts [44].

The marked increase of o-Si;N, amount and parti-
cle size reduction in the powders of Si;Ny—SiC com-
position has been also ensured by azide SHS upon the
combustion of the mixture of sodium azide (NaN;) with
silicon (Si) and carbon black (C) elemental powders
and activating halide salt additive (NHy),SiF in nitro-
gen atmosphere [45]. The major reaction for obtaining
Si3Ny—SiC was as follows:

14Si + 6NaN; + (NHy),SiF; + yC =
= (15 — y)/3))SisN, + ySiC +

+ 6NaF + (2y/3)N, + 4H,, 6)
where carbon black content made up 5 or 15 mol. The
reagent combustion temperature of the system (6)
reached 1850 °C for y = 5 and 1650 °C for y = 15. In
case of y = 5 the cooled combustion product consist-
ed of B-Si3Ny, o-SizNy4, NaF and Si, and in case of
¥ = 15 the combustion products included o-SizNy,
SiC, NaF and Si. The X-ray diffraction (XRD) phase
analysis showed that at y = 5 the content of B-Si;Ny
superseded the content of a-SizNy, silicon carbide was
not detected, and at y = 15, to the contrary, silicon
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carbide SiC was present, while there was no B-Si3Ny,
i.e. silicon nitride consisted only of o-modification.
A noticeable amount of unreacted silicon remains in
the washed combustion product. (Unfortunately, the
content of phases in the combustion product of the
reagent system (6) was not quantified.) Silicon car-
bide was synthesized in the form of equiaxed particles
with an average size of 100 nm, and silicon nitride was
synthesized in the form of whiskers with a diameter of
100—200 nm.

The application of another halide salt, ammonium
fluoride NH4F, has been recently studied in order to
obtain nitride-carbide powder composition Si3Ny—SiC
by azide SHS method over a wide range of phase ratios
from 1 : 4 to 4 : 1 using the following chemical equa-
tions [46]:

4Si+ C+ NaN; + NH ,F =

= Si;N, + SiC + NaF + 2H,, (7)
5Si+ 2C + NaN; + NH,F =
= Si3N, + 2SiC + NaF + 2H,, ®)
7Si+4C + NaN; + NH,F =
= Si;N, + 4SiC + NaF + 2H,, ©)
7Si+ C + 2NaN; + 2NH,F =
= 2Si3N, + SiC + 2NaF + 4H,, (10)
13Si + C + 4NaN; + 4NH,F =
= 4Si;N, + SiC + 4NaF + 8H,. 1)

In these equations, the composition of reaction pro-
ducts is expressed in moles; when passing to mass per-
cent, the following ratios are obtained for the theoreti-
cal composition of the desired Si;N,—SiC composition,
provided that water-soluble by-product salt NaF is re-
moved from the reaction products:

(7): SizN, + SiC = 77.8%Si;N, + 22.29%SiC,
(8): SisN, + 2SiC = 63.6%Si3N, + 36.4%SiC,
(9): SisN, + 4SiC = 46.7%Si3N, + 53.3%SiC,
(10): 2Si3N, + SiC = 87.5%Si;N, + 12.5%SiC,

(11): 4Si3N, + SiC = 93.3%Si;N, + 6.7%SiC.

The results of quantitative XR D phase analysis of the
composition of synthesis products (after water washing
and removal of NaF), which were obtained experimen-
tally by combustion of the initial mixtures of powders
(charges) in bulk form in a reactor at nitrogen gas pres-
sure of 4 MPa, according to reactions (7)—(11), are pre-
sented in Table 1.

As Table 1 shows, the washed combustion prod-
ucts of all examined charge compositions consist of 4
phases: silicon nitride of two modifications (c-SizNy4
and B-Si3Ny), silicon carbide (B-SiC) as well as sili-
con impurities (Sig..). It is obvious that experimental
composition of Si;N,—SiC differs markedly from the
calculated theoretical composition, first of all, by a sig-
nificantly lower content of silicon carbide, particularly
in the cases of mole ratios of nitride and carbide phases
of 2: 1 and 4 : 1 (by factor of 4). Besides, more silicon
nitride and less silicon carbide are formed compared
to reaction equations (7)—(11), but free carbon is not
found in combustion products. Such a difference ob-
served between the experimental and theoretical results
can be explained by the peculiarities of silicon carbide
formation according to the sequence of reactions (4)
upon the combustion of silicon and carbon powders in
a nitrogen atmosphere. A part of very fine light par-
ticles of carbon black (soot) can be removed (blown
out) from a burning highly porous bulk charge sample
by gases released during the synthesis of intermediate
product SisNy (the 1%t reaction), with the said particles
not involved in further transformation of silicon nitride
into silicon carbide through the interaction of SizN,4
with carbon (with the ond reaction). As a result, more
silicon nitride and less silicon carbide are left in com-
bustion products compared to reaction equations (7)—
(11). The lower is the carbon content in the charge with
respect to silicon content in these equations, the higher
is the combustion temperature and the more consider-
able is the gas release, the greater is the relative loss of
carbon due to the removal of gases, and the more dif-
fers the experimental composition of Si3sN,—SiC from
the theoretical one.

The results obtained in the work [46] confirmed the
effectiveness of using halide salt NH,4F activating ad-
ditive for obtaining the highly dispersed composition
of Siz;Ny—SiC powders by azide SHS with different
phase ratios in a wide range of silicon carbide con-
tent (from 1.6 to 41.8 %) without diluting the mixture
with final product a-SizNy. Synthesized compositions
are characterized by a high content of o-SizNy (2.17—
3.61 times more than of $-Si;N,). Upon high carbon
content in the charge, leading to the synthesis of 23.9

—_—
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Table 1. Combustion product compositions of charges of reactions (7)—(11), wt.%
Tabnumua 1. CocTaBbl NPOAYKTOB rOPeHUs WKXT peakuwmii (7)—(11), mac.%

Thifg;:fgzﬁlso(r;)"ic(}l‘i‘;ges o-SigNy B-SisN, | 0-SiyN,+B-Si;N, |  B-SiC Sifree
4Si+ C + NaN; + NH,F (7) 70.2 19.4 89.6 9.7 0.7
55i+2C + NaN; + NH,F (8) 50.9 19.5 70.4 23.9 5.7
7Si + 4C + NaN; + NH,F (9) 38.2 17.6 55.8 418 2.4
7Si+ C + 2NaNj + 2NH,F (10) 68.4 27.4 95.8 3.6 0.6
13Si + C + 4NaN; + 4NH,F (11) 69.3 28.1 97.4 1.6 1.0

1 pm

20kv  X10,000

20kv  X10,000

I pm

Fig. 1. Microstructure of combustion products of charges 7Si + C + 2NaN; + 2NH,F (@) and 7Si + 4C + NaN; + NH,F (b)
Puc. 1. MUKpocTpyKTypa NpoayKToB ropeHus wuxt 75i + C + 2NaN; + 2NH,F (@) u 7Si + 4C + NaN; + NH4F (b)

and 41.8 % silicon carbide in the composition, o-SizNy
is mainly formed in the form of equiaxed particles rath-
er than the fibrous ones. The impurities of free silicon
do not exceed 1.0 % for the compositions with SiC pro-
portion of up to 10 %, but they reach 2.4—5.7 % for SiC
content of 23.9 and 41.8 %, which is obviously associa-
ted with a large amount of silicon in the initial charge
and incomplete reaction of SiC formation. Upon SiC
content from 1.6 to 23.9 %, Si;N4—SiC compositions
are submicron, and they consist of fibers with a diam-
eter of 100—500 nm and a length of up to 5 um, as well
as equiaxed particles with a size of 100—500 nm in the
form of individual particles and their agglomerates
(Fig. 1, a). Upon SiC content of 41.8 %, Si3N,—SiC
composition is a mixture of submicron particles being
150—500 nm in size, with much larger particles up to
2 um in size (Fig. 1, b).

The obtained composite powders SisNy,—SiC dis-
tinguish from those synthesized earlier using the com-
bustion process both by their higher dispersibility and
higher a-Si3N, content, and therefore they are pro-

mising for use in the production of composite ceramic
materials with improved properties at lower sintering
temperatures.

AIN—-SiC composition

Aluminium nitride (AIN) is distinguished in tech-
nical ceramics for its unique combination of physical,
electrical and chemical properties at a relatively low
cost: light weight, high thermal conductivity, good
electrical insulation properties, moderate coefficient of
thermal expansion, stability at high temperatures in an
inert atmosphere, non-toxicity [1]. At present, alumi-
num nitride is mainly used in electronics, where heat
dissipation from electronic devices is important with a
high electrical resistance and a coefficient of thermal
expansion (CTE) close to that of silicon [47]. In this
respect, when it comes to the production of electronic
components, aluminum nitride is being used in almost
all areas where the highly toxic beryllium oxide was pre-
viously applied. Aluminum nitride is most intensively
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used for the production of integrated circuit packages
and substrates, high-power transistors, power absor-
bers, and LEDs. However, both in this regard and in
the case of its application as a structural material at
high temperatures, the application of aluminum nit-
ride is limited by its brittleness, low fracture toughness,
and heat resistance [48]. Therefore, much attention is
being paid to the development of composite ceramics of
aluminum nitride with silicon carbide (SiC), which in
addition to good thermal conductivity and corrosion re-
sistance possesses significantly better mechanical pro-
perties (hardness, fracture toughness, creep resistance)
[49]. Silicon carbide is also attractive since it has a crys-
tal structure similar to the one of aluminum nitride and
it can form a single-phase homogeneous solid solution
with it, thus resulting in improved flexural strength and
fracture toughness, i.e. reduced brittleness [50, 51]. But
AIN—SiC composites have significantly better tough-
ness and heat resistance even without the formation of
a solid solution, in a two-phase condition of sintered,
spatially separated powder components AIN and SiC
[52, 53]. AIN—SiC composites with high thermal con-
ductivity can be obtained by adjusting the grain size
of AIN and SiC [54]. AIN—SiC composite ceramics
appeared to be promising for application not only in
metallurgy and mechanical engineering as a struc-
tural material functioning under mechanical load
at high temperatures, but also in electronics as a new
high-temperature ceramic, which has a high capaci-
ty of microwave radiation absorption and can be used
in high-power amplifiers and microwave components,
sensors, thermoelectric elements, solar power receivers,
RF resonators and filters, etc. [51, 55].

The following conventional energy-intensive meth-
ods for producing AIN—SiC ceramics are known: the
carbothermal reduction of silica and alumina in nitro-
gen atmosphere; the pressureless sintering of SiC and
AIN ceramic powders or the hot pressing of the ones,
which require a high temperature of 2000 °C and a long
holding time of up to several hours [51, 53, 56—58].
More advanced methods include spark plasma sintering
(SPS), as well as self-propagating high-temperature syn-
thesis (SHS), which is also called combustion synthesis
[48, 55]. In the case of SPS method, the energy con-
sumption is considerably lower since SPS process is con-
ducted at a temperature of about 1600 °C and lasts about
10 minutes but requires expensive equipment. SHS
method is much more cost-effective since the synthe-
sis of AIN—SiC composite proceeds due to its own heat
release during combustion in very simple equipment,
and it is performed from cheap initial reagents, most of-

ten the powders of Al, Si, C (carbon black) and N, gas.
Therefore, much attention is paid to the development
of SHS method, various options for the combustion of
mixtures of various powders are being studied to obtain
AIN—SiC composition.

The application of the energy-efficient SHS method
to obtain AIN—SiC was first studied in work [59]. Si-
licon nitride powder Si;N4 was used as a solid source
of nitrogen, and the reaction equation was as follows:

Si;N, + 4Al + 3C = 4AIN + 3SiC. (12)

Reaction (12) is highly exothermic with an adiabatic
temperature of 2502 K, which was supposed to ensure
its self-propagation in the combustion mode, still the
combustion could not be conducted without the impo-
sition of an electric field with an intensity (F) of at least
8 V/cm. As FE increased, the combustion temperature
and rate grew, and in the interval of 8 < £ < 25 V/cm
the combustion products were the composition of two
phases AIN and SiC with a gradual increase in their mu-
tual solubility, and at £ = 25 V/cm the combustion pro-
duct was a stable single-phase solid solution AIN—SiC.
The combustion process took several seconds, but the
combustion product contained silicon and carbon im-
purities.

The application of microwave heating of reagent
mixture specified in equation (12) allowed this mix-
ture to be ignited and the SHS process to be implemen-
ted without the imposition of an electric field [60]. De-
pending on the weight of the mixture (from 0.5 to 16 g)
and maximum combustion temperature (from 1027 to
1889 °C), the composition of the combustion products
was different. At minimum combustion temperatures,
it contained impurities of initial components Si3;Ny,
Al, and C along with AIN and SiC phases, and at maxi-
mum temperatures, it included only Al and C impurities.
As the combustion temperature increased, the grain size
of combustion products grew. AIN—SiC solid solution
could not be obtained since the combustion tempera-
tures were below the critical value of 1960 °C, separating
the areas of two-phase composite and single-phase solid
solution.

In other studies, nitrogen gas N, was used as a source
of nitrogen. In work [48], the formation of ceramics by
the following reaction was studied:

(1 —9)AL+xSi + xC + (1 — x)/2N,) =
= (1 — x)AIN + SiC, 13)

where x varied from 0 to 0.85, and nitrogen pressure
was 3, 8 or 12 MPa. The combustion led to the forma-
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tion of AIN—SIiC solid solution without unreacted Al
and Si impurities only at considerably high nitrogen
pressures: 12 MPa for x = 0.3 and 8 MPa for x = 0.5 and
0.6. Even higher nitrogen pressures (50 and 70 MPa)
were used for SHS of AIN—SiC solid solution of other
components [61]:

(2.3A1 + SiC) + N, — AIN, ;SiC, 3. (14)

At the pressure of 50 MPa, the combustion tempera-
ture was 1400 °C, and the combustion product contained
a large amount of unreacted Al (up to 12 %) and Si along
with AIN 5SiC, 5 solid solution. An increase in pressure
to 70 MPa resulted in the combustion temperature be-
ing increased up to 2050 °C and the Al impurity content
being reduced to 0.5 %.

The possibility of implementing the SHS mode to
obtain AIN—SiC solid solution at a low pressure of nit-
rogen gas (0.3—0.5 MPa) according to reaction (13)
was studied in work [62]. The combustion tempera-
ture at a pressure of 0.3 MPa was ranging from 1972—
2287 K, depending on the molar ratio of Al/Si com-
ponents in the initial mixture from 0.5 to 2.5, which
corresponded to x values from 0.665 to 0.286 in equa-
tion (13), and was low dependent on pressure. The
maximum temperatures ranging from 2142 to 2287 K
were obtained at Al/Si component ratios from 1 to 2
and allowed to synthesize AIN—SiC solid solution
with residual Si. An almost pure and more homogene-
ous AIN—SiC solid solution was obtained by adding
an additional amount of carbon black (20 %) to the
initial powders. At the lower combustion tempera-
tures, the SHS product was a composite of AIN and
SiC phases being more contaminated with impurities
of unreacted initial powders. In all cases, the syn-
thesized AIN—SiC ceramics were powders with mic-
ron-sized particles.

In works [63, 64], the other SHS option, namely
azide SHS using halide salt (NH,4),SiF¢ and the follow-
ing common chemical reaction equation, was applied to
obtain AIN—SiC powder composite:

20Al + ySi + 6NaN; + (NH,),SiFg + (y + 1)C =
(15)

where coefficient value y took the values from 1 to 10.
The results of thermodynamic calculations of the adia-
batic temperature perform by using the THERMO soft-
ware (7;4) and composition of reaction products (15) for
different values of y are presented in Table 2.

As Table 2 shows, the adiabatic temperatures of re-
actions (15) are high enough for the combustion mode
implementation, and the condensed reaction products
are the desired phases of AIN and SiC with admixed
water-soluble by-product salt NaF, which is easily re-
moved by washing with water. According to the data
of Table 2, after water washing, the synthesized AIN—
SiC composition should contain from 2.8 to 24.0 wt.%
of SiC.

The experimental studies of azide SHS process were
conducted in laboratory reactor SHS-Az with a volume
of 4.5 L at different contents of silicon and carbon pow-
ders in the initial charge, nitrogen pressure of 4 MPa,
the relative bulk density of the charge of 0.4, and the di-
ameter of the sample of 30 mm. Table 3 lists the results of
quantitative XRD phase analysis of the composition of
the synthesis products after water washing and removal
of NaF.

Table 3 shows that the desired composition AIN—
SiC can be synthesized during the combustion of mix-
tures of equation (15), however, the content of silicon
carbide in the composition of the reaction products
is much lower (from 1.3 to 5.9 wt.%) compared with

= 20AIN + (y + 1)SiC + 6NaF + 4H,,

Tabnuua 2. AguabaTuyeckue TemnepaTypbl U COCTaB NPOAYKTOB peakuuit ypasHeHus (15)
Table 2. Adiabatic temperatures and composition of reaction products of equation (15)

Amount, mol.

y T K

Aly F, H, Na, Hy, Ny, NaF, NaF, AIN, SiC
1 2913 0.21 0.03 0.14 0.03 3.93 3.78 5.97 — 19.79 2.00
4 2858 0.13 0.03 0.12 0.03 3.94 3.78 5.97 — 19.87 5.00
6 2824 0.10 0.02 0.10 0.02 3.95 3.78 5.92 0.06 19.90 7.00
8 2812 0.09 0.02 0.10 0.02 3.95 3.78 5.56 0.42 19.91 9.00
10 2799 0.07 0.02 0.10 0.02 3.95 3.78 5.22 0.76 19.93 11.00
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Table 3. The ratio of phases in washed combustion products of charges of equation (15)
Tabnumua 3. CooTHOWEHWe da3 B NPOMbITLIX NPOAYKTAaX rOPEHMs! LMXT ypaBHeHNS (15)

Composition of combustion products,
Composition of charge wt.%
AIN SiC Na;AlF, Si o-SizNy B-SizNy
Si + 20Al + 6NaN; + (NH,),SiFg + 2C 90.3 1.3 7.7 0.7 — —
4Si + 20Al + 6NaN; + (NH,),SiFg + 5C 86.0 2.6 10.5 0.9 — —
6Si + 20Al + 6NaN; + (NHy),SiFs + 7C 81.5 4.2 12.3 0.7 1.3 —
8Si + 20Al + 6NaN; + (NH,),SiFg + 9C 78.8 4.5 13.8 0.7 1.2 1.0
10Si + 20Al + 6NaN; + (NHy),SiFg + 11C 76.0 5.9 15.5 0.8 1.1 0.5

the results of thermodynamic calculations, and wa-
ter-insoluble by-product phase Na3AlF, (cryolite) as
well as free silicon impurity (0.7—0.9 wt.%) appear in
the products. Upon that, the proportion of by-product
cryolite NajAlFy is quite considerable and increases
from 7.7 to 15.5 wt.% with an increase in carbon con-
tent from 2 to 11 mol in the initial mixture. The ap-
pearance of cryolite NazAlFg in SHS-Az products re-
sults in a decrease of AIN phase content in comparison
with the results of thermodynamic calculations. Upon
the proportion of silicon being > 6 mol, the combus-
tion products also contain a small amount of silicon
nitride (less than 1.5 wt.%). Such a difference between
the experimental and theoretical data can be explained
by the fact that the results of the experimental study
(Table 3) show the composition of the cooled products
of SHS-Az reactions and thus differ markedly from the
results of thermodynamic calculation (see Table 2) of
the composition of the products at the maximum pos-
sible adiabatic temperature of SHS-Az reactions, in
which there is no cryolite, and silicon carbide content
is much higher (from 2.8 to 24.0 wt.%). When cooled,
the composition of the products changes that leads to
the formation of cryolite, which cannot exist at tem-
peratures above 1000 °C as it melts and decomposes
at this temperature [65]. It is worth emphasizing that
despite high combustion temperatures (> 2200 °C), the
product of SHS reaction is not a single-phase AIN—
SiC solid solution, but a composition of two phases:
AIN and SiC. This can be explained by considerable
content of cryolite by-product, which separates AIN
and SiC phases and prevents the formation of solid
solution of the ones.

It is also worth noting that no free carbon is found
in the experimental products although the content of
SiC is much lower in the experimental combustion pro-

—_—

ducts compared with the one in the theoretical pro-
ducts, according to stoichiometric equation (15) and
the results of thermodynamic calculations. As in the
previous case of azide SHS of Si;N,—SiC composition,
such a difference between experimental and theoreti-
cal results can also be explained by the peculiarities of
silicon carbide formation according to the sequence of
reactions (4) upon the combustion of silicon powder
in nitrogen atmosphere. A considerable part of ultra-
fine light carbon black particles can be removed from
the burning highly porous bulk charge sample by gases
released during the synthesis of intermediate product
Si;N, (the 1% reaction) and thus not involved in sub-
sequent transformation of silicon nitride into silicon
carbide due to the interaction of Si;N, with carbon
(the 2™ reaction). As a result, a part of intermediate
product Si;N, may remain in the final experimental
combustion products, and less amount of silicon car-
bide is formed compared to the results of theoretical
calculations, but free carbon may not be detected in
the combustion products.

The results of the morphology and particle size
study of the powder product synthesized are shown in
Fig. 2.

As we can see in Fig. 2, a and b, predominantly equia-
xed particles of aluminum nitride powder with a size
from 150 nm to 1 pm are formed during the combus-
tion of mixtures with a silicon content of 1—4 mol. The
combustion products of mixtures with silicon content
ranging from 6 mol (Fig. 2, c—e) are equiaxed particles
of aluminum nitride and silicon carbide of a smaller size
being from 100 to 600 nm.

Thus, using the azide SHS method allows syn-
thesizing the desired ceramic nitride-carbide powder
composition AIN—SiC in the form of equiaxed par-
ticles ranging in size from 100 nm to 1 pm with SiC
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content of up to 5.9 wt.%, but the washed synthesis
products, being condensed, include water insoluble
cryolite impurity Nas;AlFg, upon that ranging in the
amount from 7.7 to 15.5 wt.%, along the desired phas-
es of AIN and SiC. An azide SHS product of such con-
tent can be applied for liquid-phase hybrid reinforce-
ment of aluminum matrix composites with submicron
AIN and SiC powders, upon which cryolite plays a
positive role of flux and is not included in the final
composition of the composite, without contaminating
it [66].
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20kV  X25,000 1 pm

L '20kV  X25,000 |

Fig. 2. Morphology of particles of combustion
products of charges of equation (15)

a— Si+ 20Al + 6NaN; + (NH,),SiF, + 2C

b — 4Si + 20Al + 6NaN; + (NH,),SiF + 5C

¢ — 6Si + 20Al + 6NaN; + (NH,),SiFg + 7C

d — 8Si + 20Al + 6NaN; + (NH,),SiFg + 9C

e — 10Si + 20Al + 6NaN; + (NH,),SiFq + 11C

Puc. 2. Mopdosiorust 4acTuli MpoayKTOB

ropeHus mMuxXT ypaBHeHus (15)

a— Si + 20Al + 6NaN; + (NH,),SiF + 2C

b — 4Si + 20Al + 6NaN; + (NH,),SiF; + 5C

¢ — 6Si + 20Al + 6NaN; + (NH,),SiF, + 7C

d — 8Si + 20Al + 6NaN; + (NH,),SiF + 9C

e — 10Si + 20Al + 6NaN; + (NH,),SiF¢ + 11C

TiN—SiC composition

It bears repeating that silicon carbide (SiC) based ce-
ramics is widely used as a wear-resistant and high-tem-
perature structural material due to its high hardness and
rigidity, phase stability and heat resistance, low density
and thermal expansion coefficient. Since SiC is a semi-
conductor, it has also found application in diodes and
LEDs. But due to its semiconductor properties, SiC
exhibits high electrical resistance (2.0-10° Ohm-cm),
which makes it impossible to use efficient electrical dis-
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charge machining for the production of complex silicon
carbide parts [67]. SiC based polycrystalline ceramics
could find a wider application if they could be more
easily machined to make them more electrically con-
ductive. And the strengthening of SiC based ceramics
would allow them to compete as a structural material
with silicon nitride (SizN,) based ceramics. [67].

In this context, the addition of electrically conduc-
tive titanium nitride particles (TiN) with low electrical
resistivity (22'10_6 Ohm-cm) is of considerable interest
for the improvement of the properties of SiC based ce-
ramics. Upon that, titanium nitride has high values of
melting temperature (3223 K) and hardness (20 GPa),
good corrosion resistance [68]. It is used to create wear-
resistant coatings for metal-cutting tools and protective
and decorative coatings to imitate golden color, and it is
also applied as a heat-resistant material, in particular,
it is used to make crucibles for melting of metals in an
oxygen-free atmosphere. Submicron and nanosized ti-
tanium nitride powders are used in ceramics based on
silicon nitride and sialons to increase the hardness and
strength of these materials [69].

A rich variety of methods for obtaining titanium
nitride is known. The main industrial methods for ob-
taining titanium nitride powders with a particle size
of up to 50 microns are the carbothermal reduction of
titanium oxide in nitrogen atmosphere and direct nit-
ridation of titanium powder. [70]. Submicron powders
and nanopowders are obtained by plasma-chemical
synthesis or by precipitation from the gas phase du-
ring the reduction of titanium tetrachloride vapor with
ammonia at a temperature of 900—1000 °C [71, 72].
These methods are characterized by high energy con-
sumption and the application of complex equipment.
For the first time, titanium nitride was obtained by a
simple energy-saving method of SHS by burning ti-
tanium powders in nitrogen atmosphere [14]. Due to
high temperature of synthesis (2200—2500 °C), tita-
nium nitride was formed in the form of porous cakes
of sintered crystallites up to 100 pum in size. Nano-
structured titanium nitride powders with particles
of nanofibrous structure (the fiber diameter of 50—
100 nm) and nanocrystalline structure (the average
crystallite size of 100—200 nm) were obtained by azide
SHS method [73]. To synthesize the ones, not titanium
powder, but halide salt of ammonium hexafluoroti-
tanate (NH,),TiF¢ was used as the nitrided agent. In
this case, the formation of titanium nitride proceed-
ed in gas phase, from atomic titanium formed during
the decomposition of halide salt at temperatures of
710—1080 °C. According to literature data analysis, in

order to synthesize titanium nitride nanopowders, it
is necessary to create low-temperature conditions for
synthesis (500—900 °C) and to conduct the reduction
and nitridation of titanium source at the atomic level,
i.e. in the gas phase [74].

A method for obtaining silicon carbide ceramics
with the admixtures of titanium nitride nanoparticles
by sintering under pressureless conditions is known
[75]. The initial materials were o-SiC powder (parti-
cle size of 0.5—1.0 pm) in the form of matrix, Al,0;
and Y,O; as sintering additives and TiN nanopar-
ticles (0—15 wt.%, average particle size of 20 nm)
as a strengthening phase. The initial powders were
pressed until rectangular samples were formed, after-
wards they were compacted by cold isostatic pressing
at a pressure of 250 MPa. Further, the samples were
subjected to liquid-phase sintering in a vacuum fur-
nace at a temperature of 1950 °C for 15 min, and then
at 1850 °C for 1 h. The study of the microstructure
showed that TiN nanoparticles inhibited the com-
paction of silicon carbide ceramics and suppressed
the growth of grains of silicon carbide ceramics.
TiN reacted with SiC and Al,0; to form new phas-
es of TiC, AIN and some others. The formation of a
new phase of titanium carbide (TiC), having higher
hardness than the one of TiN, resulted in the fact that
the hardness of sintered ceramics with 10 wt.% and
15 wt.% of TiN nanoparticles was higher than the
hardness of the ones with 5 wt.% of TiN nanoparti-
cles. However, the best combination of properties was
obtained in silicon carbide ceramics with 5 wt.% of
TiN nanoparticles, with a relative density of 92.8 %,
flexural strength of 686 MPa, hardness of 92 HRA
and fracture toughness of 7.04 MPa-m'/%2. Adding
up to 5 wt.% of SiC whiskers being 0.5—2.5 um in
diameter and 10—50 pm in length to such a cera-
mic composition resulted in flexural strength increase
up to 1122 MPa together with some decrease in other
mechanical characteristics [76]. Thus, the addition of
TiN nanoparticles is an efficient technique for im-
proving the mechanical characteristics of silicon car-
bide ceramics. The disadvantage of this method for
manufacturing TiN—SiC ceramics is that it is mul-
ti-stage and quite complex, and expensive TiN nano-
powder and silicon carbide fibers are used to obtain
the composite.

SiC based composites with different content of coars-
er TiN powder (0—50 vol.%) were made of the mixture
of o-SiC (0.7 pm) and TiN (0.8—1.2 um) powders by hot
pressing at ¢ = 1900 °C with holding time of 60 min in
flowing argon atmosphere under pressure 30 M Pa, using

—_—
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Al,05 and Y50 sintering additives (0.7 and 0.9 pm; 6.0
and 4.0 wt.%, correspondingly) [67]. Electrical meas-
urements showed that increase in TiN additions reduc-
es the resistivity from 2.0-10° Ohm-cm (0 % of TiN) to
the plateau of 2.0-10~% Ohm-cm (40—50 vol.% of TiN).
Flexural strength gradually increased with increase in
TiN content. The maximum strength of 921 MPa was
observed at the content of 40 vol.% of TiN compared to
616 MPa for initial SiC.

A method has been recently proposed for obtaining
SiC—TiN composite material based on hot pressing of
a powder mixture containing 53—83 wt.% of silicon
carbide powder (< 25 um), 5—40 wt.% of titanium pow-
der (< 25 um) and 7 wt.% of sintering additive powder
in the form of Y,03—Al,05 at the ratio of 3: 5 [77]. In
the process of hot pressing, the combination of sinter-
ing and nitridation of the powder mixture was ensured
at t = 1600 °C in nitrogen atmosphere within 30 mi-
nutes at a pressure of 30 MPa, then the temperature was
increased to 1850 °C and held for 30 minutes to obtain
a composite material with main phases SiC and TiN.
As a result, the ceramic composite gained considerably
high flexural strength, hardness, and density: 340—
400 MPa, 22.8—34.4 GPa, and 91—97 %, correspon-
dingly. The advantages of this method include less
stages and duration, the use of inexpensive titanium
powder with a particle size of 25 pm instead of expensive
titanium nitride nanopowder.

The SHS process was applied to obtain more comp-
lex composition SizN,—TiN—SiC from TiSi, and SiC
mixtures by combustion reaction at high nitrogen pres-
sure of 10—130 MPa [78]. The analysis of mechanism
of nitridation of TiSi, showed that upon the nitridation
of TiSi,, TiN and Si are formed first, and upon further
nitridation of Si, Si;N, phase is formed. At a higher
nitrogen pressure, the nitridation reaction is completed,
and thus relatively dense composites Si3N,—TiN—SiC
are obtained.

The authors of this review studied the applica-
tion of azide SHS method by using three halide salts
(NH,),TiFg (1), (NHy4),SiFg (2) and Na,SiFg (3) to
obtain highly dispersed powder composition TiN—
SiC with five the following molar phase ratios given:
1:1,1:2,1:4,2:1and 4:1 [79]. Silicon powder of
Kr0 grade (average particle size of 5 um); fine tita-
nium powder of PTM-3 grade (15 um); halide salts
(50 pm); sodium azide powder of «Pure» classification
(100 um); carbon black of P701 grade (70 nm, avera-
ge size of agglomerates of 1 um) were used in exper-
iments as starting reagents. The combustion of mix-
tures of powders was conducted in laboratory reactor

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N4

SHS-Az with an operating volume of 4.5 1 at nitro-
gen gas pressure of 4 MPa. THERMO software was
applied to calculate the equilibrium compositions of
products, adiabatic temperatures (#,4) and the enthal-
pies of reactions of interaction of initial reagents (AH?)
for the synthesis of TiIN—SiC composition with the
above molar phase ratios and the use of the specified
halide salts (Table 4—6).

As Table 4 shows, if salt 1 is used, the thermo-
dynamic composition of the reaction products ful-
ly complies with all specified 5 mole ratios of phases
TiN : SiC. If salts 2and 3 (Table 5 and 6) are used, the
thermodynamic composition of the reaction products
complies with only two molar phase ratios: 2 : 1 and
4 :1,1i.e. TiN—SiC compositions with a high content
of TiN phase, which are synthesized from mixtures
with a high content of titanium powder. In the case
of charges with a high content of silicon and carbon,
which should have resulted in the formation of TiN—
SiC with a mole ratio of phases 1:1,1:2,and 1:4,i.c.
with a high content of SiC phase, this phase is either
not formed at all or is formed partially, with silicon
nitride phase Si;N, being formed instead. Such results
can be explained by the sequence of reactions (4) of
formation of silicon nitride and silicon carbide upon
the combustion of a mixture of silicon and carbon pow-
ders in nitrogen gas. As Tables 4—6 show, the adiabatic
temperature of reactions is high for the charges with
high titanium content, it is close to the temperature of
dissociation of SizN, (about 2000 °C), therefore, sili-
con nitride is completely transformed into silicon car-
bide, and there is no free carbon in the final product of
the synthesis. While in the case of mixtures with high
silicon and carbon contents, the adiabatic temperature
is markedly lower (particularly, in the case of salts 2
u 3), therefore, silicon nitride is not transformed into
silicon carbide or is partially transformed, and silicon
nitride (in whole or in part) and free carbon remain in
the final product.

If we convert from mole ratios of phases to weight
percentages with respect to the composition of TiN—
SiC, we obtain the following expected compositional
contents according to stoichiometric reaction equations
after removal of the water-soluble impurity NaF from
the reaction products, wt.%:

TiN : SiC = 60.7 : 39.3; TiN : 2SiC =43.6 : 56.4;
TiN : 4SiC =279:72.1; 2TiN : SiC=75.6: 24.4; (16)
4TiN : SiC = 86.1: 13.9.
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Table 4. Results of thermodynamic calculations using (NH4),TiFg
Tabnuua 4. PesynbTaThl TEPMOAMHAMUYECKUX PACcYeTOB Npn ucnonb3osanumn (NH,),TiFg

Composition of products, mol.
Initial mixture of powders t.a, °C AH®, kI
SiC TiN NaF H, N,
2Si + Ti + 6NaN; + (NH,),TiFg + 2C 2.00 2.00 6.00 4.00 16.00 1691 —2308
4Si+ Ti + 6NaN; + (NH,),TiFg + 4C 4.00 2.00 6.00 4.00 16.00 1704 —2440
8Si + Ti + 6NaN; + (NHy),TiFg + 8C 8.00 2.00 6.00 4.00 16.00 1712 —2704
2Si+ 3Ti + 6NaN; + (NHy),TiFg + 2C 2.00 4.00 6.00 4.00 15.00 1974 —2984
2Si+ 7Ti + 6NaN; + (NHy),TiFg + 2C 2.00 8.00 6.00 4.00 13.00 2277 —4336
Table 5. Results of thermodynamic calculations using (NH,4),SiFg
Tabnuua 5. Pesynbtathl TepMOAMHAMMYECKMX PACHETOB NPU Ucnonb30BaHum (NH,4),SiFg
Composition of products, mol.
Initial mixture of powders ta °C | AHO KJ
SiC | SizNg | TiIN | NaF | H, | N, | C
Si+ 2Ti + 6NaN; + (NH,),SiFg + 2C — 0.67 2.00 6.00 4.00 14.67 2.00 1557 —2057
3Si+ 2Ti + 6NaN; + (NH,),SiFg + 4C 1.00 1.00 2.00 6.00 4.00 14.00 3.00 1666 —2373
7Si + 2Ti + 6NaN; + (NH,),SiFg + 8C 5.00 1.00 2.00 6.00 400 14.00 3.00 1667 —2638
Si + 4Ti + 6NaN; + (NH,),SiF¢ + 2C 2.00 — 4.00 6.00 4.00 15.00 — 1676 —2365
Si + 8Ti + 6NaN; + (NH,),SiF + 2C 2.00 — 800 600 400 13.00 — 2127  -3718
Table 6. Results of thermodynamic calculations using Na,SiFg
Tabnuua 6. PesynbTaThl TEPMOAMHAMUYECKNX PACYETOB NPK cmonb3oBaHumn Na,SiFg
Composition of products, mol.
Initial mixture of powders t.a, C AH®, kJ
SiC | Si3Ny TiN NaF N, C
Si + 2Ti + 4NaN; + Na,SiF, + 2C — 0.67 2.00 6.00 10.67 2.00 1665 —1790
3Si + 2Ti + 4NaN; + Na,SiFg +4C 1.75 0.75 2.00 6.00 10.50 2.25 1694 —1968
7Si + 2Ti + 4NaN; + Na,SiF¢ + 8C 5.60 0.80 2.00 6.00 10.40 2.40 1695 —2260
Si+ 4Ti + 4NaN; + Na,SiF¢ + 2C 2.00 — 4.00 6.00 11.00 — 1799 —2098
Si + 8Ti + 4NaN; + Na,SiFg + 2C  2.00 — 8.00 6.00 9.00 — 2302 —3451

The experimentally found compositions of the
washed combustion products of all initial mixtures of
powders (charges) with three halide salts being used are
presented in Table 7.

If we compare the experimental compositions of
combustion products provided in Table 7 with the
theoretical compositions given in Table 4—6 and
ratios (16), it can be observed that the experimental

results differ significantly from the theoretical ones
by the stable presence of silicon nitride (of o- and
B-modifications) in the combustion products of all
initial mixtures and the complete absence or a much
smaller amount of silicon carbide phase in these prod-
ucts, along with the absence of free carbon in them.
A noticeable amount of silicon carbide is formed on-
ly during the combustion of charge with a high car-
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Table 7. Phase ratio in washed combustion products of charges
Tabnuua 7. CooTHowweHWe a3 B NPOMBITHIX NPOAYKTaX FOPEHMUS LUMXT

Composition of combustion products, wt.%
Composition of charge

TiN SiC 0-Si3Ny B-Si3Ny Si C

2Si + Ti + 6NaN; + (NH,),TiFg + 2C 45.8 — 49.8 44 — —
4Si + Ti + 6NaN; + (NH,), TiFg + 4C 41.2 6.4 43.9 7.6 0.9 —
8Si + Ti + 6NaN; + (NH,),TiF, + 8C 28.8 19.9 42.5 7.4 1.4 —
2Si + 3Ti + 6NaN; + (NH,),TiFg + 2C 80.0 — 14.0 6.0 — —
2Si + 7Ti + 6NaN; + (NH,),TiFg + 2C 87.7 — 5.6 6.7 — —
Si + 2Ti + 6NaN; + (NH,),SiFg + 2C 54.7 16.0 17.4 11.9 - -
3Si+ 2Ti + 6NaN; + (NH,),SiFg + 4C 40.0 31.0 19.0 9.0 1.0 —
7Si + 2Ti + 6NaN; + (NH,),SiF; + 8C 24.2 49.4 21.1 5.0 0.3 —
Si + 4Ti + 6NaN; + (NH,),SiF¢ + 2C 71.0 — 18.0 9.0 1.2 0.8
Si + 8Ti + 6NaN; + (NH,),SiFg + 2C 61.0 4.0 27.0 7.0 1.0 —
Si + 2Ti + 4NaNj; + Na,SiFg + 2C 54.0 20.0 15.0 11.0 — —
3Si + 2Ti + 4NaNj + Na,SiFg + 4C 42.0 34.0 16.0 8.0 - -
7Si + 2Ti + 4NaN; + Na,SiFg + 8C 23.0 49.0 21.0 6.0 1.0 —
Si + 4Ti + 4NaN; + Na,SiFg + 2C 64.0 10.0 17.0 9.0 — —
Si + 8Ti + 4NaN; + Na,SiFg + 2C 76.0 — 19.0 5.0 — —

bon content (4 and 8 mol), however, it is much less
than the possible theoretical amount of SiC. In cases
of combustion of charge with a low carbon content
(2 mol), silicon carbide is either not formed at all, or it
is formed in a small amount compared to the theoreti-
cally possible one. Upon that, in both cases (with large
and small amounts of carbon in the charge), free car-
bon is practically undetectable in the composition of
the final combustion product, although it is to remain
entirely if SiC is not formed, or to be present partially
if SizNy is partially transformed into SiC by reactions
(4). As it has already been mentioned in two previ-
ous cases of using azide SHS to obtain compositions
SizN,—SiC and AIN—SIiC, the absence of free carbon
in the combustion products can be explained by the
peculiarities of silicon carbide formation according to
the sequence of reactions (4) during the combustion of
silicon powder in nitrogen atmosphere. Ultrafine light
particles of carbon black can be partially or even com-
pletely removed from a burning highly porous charge
sample of bulk density by gases released during the for-
mation of SizNy at the first stage of combustion, and
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not involved in the transformation of SizN, into SiC.
As a result, silicon nitride remains in the combustion
products entirely or partially, and silicon carbide is
not formed at all, or it is formed in a much smaller
amount than it is to be according to the stoichiometric
reaction equations for the initial mixtures of powders.
The lower the amount of carbon in the charge in re-
lation to the titanium content in these equations, the
higher is the combustion temperature, the more is the
gas release (and consequently also more significant is
the relative loss of carbon due to its removal by the
gases), as well as the lower is the formation of SiC (or
it is not formed at all).

The microstructure of typical combustion products
of charges with halide salt 2 is shown in Fig. 3.

As Fig. 3 shows, the synthesized ceramic composi-
tions are a highly dispersed mixture of nanosized and
submicron particles of equiaxed and fibrous forms.

Thus, despite the positive results of the theoreti-
cal thermodynamic analysis, the considered experi-
mental application of the azide SHS method did not
allow to synthesize the desired composition of TiN—

_ .
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X30,000 0.5 pm

20kV in:tiao | pm

SiC powders in pure form, without the by-product
silicon nitride phase of two modifications (0-SizNy
and B-Si;N,) in the composition. Moreover, at a high
relative content of Ti in the charge, compared to the
content of Si, only Si;N4 can be synthesized, and sili-
con carbide may not be synthesized at all. Upon that,
the possibility of using combustion for the synthesis
of compositions of highly dispersed nanosized and
submicron ceramic powders TiN—Si;N, and TiN—
SizN,—SiC with a relatively low content of free silicon
impurity (up to 1.4 %) was experimentally shown for
the first time, and that is a remarkable achievement,

20kV  X20,000 | pum

20KV’ X20,000 | p.m

Fig. 3. Morphology of product particles
synthesized by combustion of charges

a — Si + 2Ti + 6NaN; + (NH,),SiF¢ + 2C

b — 3Si + 2Ti + 6NaN; + (NHy),SiFg + 4C

¢ — 7Si + 2Ti + 6NaN; + (NH,),SiF, + 8C

d — Si + 4Ti + 6NaN; + (NH,),SiF + 2C

e — Si+ 8Ti + 6NaN; + (NH,),SiF, + 2C
Puc. 3. Mopdosiorust yacTUil IpoayKTOB,
CUHTE3MPOBAHHBIX TPU TOPEHU U IIUXT

a— Si+2Ti + 6NaN; + (NH,),SiF; + 2C
b— 3Si + 2Ti + 6NaN; + (NH,),SiF, + 4C
¢ — 7Si + 2Ti + 6NaN; + (NH,),SiFq + 8C
d — Si+ 4Ti + 6NaN; + (NH,),SiF + 2C
e — Si + 8Ti + 6NaN; + (NH,),SiF + 2C

since earlier application of SHS method allowed to ob-
tain these compositions only of much coarser powders
with a particle size of 5—10 um by combustion of ti-
tanium silicides and silicon carbide in nitrogen gas at
high pressure [78, 80].

It is also worth noting that earlier an attempt was
made to use the SHS-Az method to obtain a nanopo-
wder composition TiN—Si;N,4 by burning the charges
of the following systems: Na,SiF—NaN;—Na,TiF,
(NHy),SiFg—NaN;—(NHy),TiFgs, Na,SiFg—NaN;—
(NHy),TiFg and (NH,),SiFgs—NaN;—Na,TiFg with
different ratio of components [23]. The combustion
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product was a mixture of highly dispersed powders,
but a pure nitride composition consisting only of sili-
con nitride and titanium nitride could not be obtained
since the final product contained a large amount (from
10 to 40 wt.%) of non-nitrided Ti and Si by-products,
as well as TiSi, and Na,TiFg by-products of the reac-
tion.

Conclusion

The presented results of the review show that the
application of the SHS process can significantly con-
tribute to the development of methods for obtaining
nitride-carbide powder compositions from the most
common refractory nitride (SizN4, AIN, TiN) and
carbide (SiC) compounds. The SHS process is at-
tractive by its simplicity and cost-effectiveness, it is
one of the promising in situ chemical methods for
direct synthesis of ceramic powders in the desired
composite body from the mixture of initial inexpen-
sive reagents. Azide SHS using sodium azide NaNj
and gasified fluoride halide salts NH4F, Na,SiFg,
(NHy4),SiFg and (NHy),TiF4 has such distinctive fea-
tures as relatively low combustion temperatures, the
formation of a large amount of intermediate vapor and
gas products of reaction, as well as final condensed
and gas by-products that separate particles of the de-
sired powders, making it possible to synthesize highly
dispersed (< 1 pm) powder compositions Si;N,—SiC,
AIN—SiC and TiN—SiC, where Si;N, has a large ra-
tio of a-modification.

However, in most cases, the amount of SiC phase
synthesized in experiments appears to be considerably
lower than the expected theoretical amount, and even
no SiC at all may be present in the desired nitride-car-
bide composition. Upon that, almost all synthesized
compositions contain Si;N, phase as an undesirable
by-product phase in AIN—SiC and TiN—SiC compo-
sitions and in excessive amount in Siz;Ny—SiC com-
positions. Besides, the synthesized compositions may
contain the impurities of unreacted free silicon. These
disadvantages can be explained by the peculiarities
of the formation of silicon carbide through the inter-
mediate formation of silicon nitride during the com-
bustion of a mixture of silicon and carbon powders in
nitrogen atmosphere. (Combustion in nitrogen atmos-
phere is mandatory for in situ production of nitrides
in composite body by SHS methods.) A considerable
part of ultrafine light carbon black particles can be
partially or entirely removed from the burning highly
porous bulk charge sample by gases released during the
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synthesis of intermediate product Si;N4, and thus not
involved in subsequent decomposition of Si;N, and
transformation into silicon carbide due to interaction
with carbon. As a result, silicon nitride remains in the
combustion products partially or entirely, and silicon
carbide is formed in a smaller amount than it is to be
according to the initial stoichiometric reaction equa-
tions and the results of thermodynamic calculations,
or it is not formed at all. Upon that, an impurity of free
silicon appears as well.

Several directions of further research of SHS process
application to obtain highly dispersed compositions of
nitrides with silicon carbide can be used for eliminat-
ing the specified disadvantages. Firstly, to charge an ex-
cessive amount of carbon black (soot) compared to the
one required by the composition stoichiometry. As it has
already been mentioned, almost pure (without SizNy
and Si impurities) and more homogeneous AIN—SiC
solid solution was obtained by adding an additional
amount of carbon black (20 %) to the mixture of initial
powders of AlI—Si—C [62].

Secondly, to use polytetrafluoroethylene C,F, (pow-
der fluoroplast-4) as an activating and carbon-contain-
ing additive in the charge, which promotes the forma-
tion of SiC that was successfully done in work [41] by
combustion synthesis of Si;N4—SiC compositions with
a high content of SiC phase, but with micron-sized par-
ticles and a small proportion of o.-modification in silicon
nitride (Si3Ny). It was shown in works [26, 81] that upon
the combustion of mixtures of silicon powder with car-
bon or polyethylene (in argon atmosphere) at a high con-
tent of C,F,, silicon carbide is synthesized in the form of
nanofibers and nanoparticles.

Thirdly, to burn charges in pressed rather than bulk
form, in order to reduce the loss of carbon black from
the charge due to its being blown out by gases released
during the combustion. The pressed condition of the
charge can hinder the filtration of nitrogen gas into it
and the formation of nitrides, but when using sodium
azide powder as a nitriding agent in the composition of
the charge, a high degree of nitridation can be obtained
even upon difficult filtration of nitrogen gas [20].

Fourthly, it is possible that when burning a pressed
charge with sodium azide and polytetrafluoroethylene
in an argon atmosphere rather than nitrogen, AIN—SiC
and TiN—SiC compositions with a high content of SiC
and without silicon nitride impurities will be synthe-
sized.

Fifthly, to charge finely dispersed silicon car-
bide powder instead of carbon black in the amount
required to obtain the desired nitride-carbide com-
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position. In this case, the synthesis of SiC is not re-
quired as it is already present in the required amount,
and all that is left to do is to synthesize nitride of the
desired composition by combustion. For example, it
was shown in work [42] that the introduction of SiC
significantly expands the limits of stable combus-
tion of ferrosilicon in nitrogen (50 % SiC instead of
10 % C) and increases the degree of nitridation of the
synthesis products.

And sixthly the last, when synthesizing AIN—SiC
composition, not to use sodium azide, but to use on-
ly ammonium halide salts and polytetrafluoroethylene
in order to exclude the formation of by-product salt —
cryolite Na;AlF¢ during the combustion in nitrogen.
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Features of SHS of multicomponent carbides
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Abstract: Combustion of powders of transition metals of titanium PTS (average particle size 57 um), zirconium PCRK-1 (12 um),
tantalum Ta PM-3 (8 um), hafnium GFM-1 (4 um), niobium NBP-1a (21 um) with carbon black grade P-803 dispersion 1—2 um was
studied. The combustion process of the compressed samples (mass 2.5—6.9 g, height 1.2—1.7 cm, relative density 0.55—0.61)
was performed in aninertargon medium at a pressure of 760 mmHg in the constant pressure chamber. Combinations were studied,
Mel + Me2 + Me3 + Me4 + 4C, Mel + Me2 + Me3 + Me4 + Me5 + 5C. XRD patterns of the mixtures were recorded on a DRON-3M
diffractometer (CuK-radiation). Combustion product sections were studied using a LEO 1450 VP scanning electron microscope
(Carl Zeiss, Germany). The fractional composition and particle size distribution of the mixture were determined according to standard
procedure using a Microsizer-201C laser particle size analyzer. Combustion velocity, elongation of samples, phase composition
of products were determined. The maximum combustion temperature of the mixture (Ti + Hf + Zr + Nb + Ta) + 5C was measured
experimentally for the first time. The morphology and microstructure of the reaction products were also observed. Combustion
products of mixtures (Ti + Zr + Nb + Ta) + 4C and (Ti + Zr + Nb + Hf) + 4C contain high entropy carbides, which are solid solutions
with the same structural type B1 (space group Fm-3m) and having different cell parameters. Product samples of mixtures (Ti + Zr +
+ Hf + Ta) + 4C and (Ti + Hf + Zr + Nb + Ta) + 5C contain high entropy and medium entropy carbides, also representing solid solutions
with the same structural type B1 (space group Fm-3m). The results of this work can be used in the production of high-entropy and
medium-entropy multicomponent carbides.

Keywords: SHS, combustion, high-entropy multicomponent carbides, medium entropy carbides, high-entropy ceramics, transition
metals, refractory metals.
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Oco6eHHocT CBC MHOrOKOMNOHEHTHbIX KapouaoB

H.A. KouetoB, U.[l. KoBanes

WMHCTUTYT CTPYKTYPHON MaKpPOKUHETUKM M npobnem matepuanoseaeHus um. A.l. Mepxaxosa PAH (UICMAH),
r. YepHoronogka, Poccus

Crarbs noctynuna B peaakumio 14.04.22 r., gopaboraxa 14.07.22 r., noanucaxa B nevatb 18.07.22 1.

AHHOTauuma: M3y4yeHO ropeHne NopoLLKOB NEPEXOOHbLIX METaNIoB: TuTaHa mapku MNTC (cpenHnin pasmep YactTuy, 57 MkMm), Lump-
KoHus MUPK-1 (12 mkm), TaHTana Ta NM-3 (8 Mmkm), rapHusa FOM-1 (4 mkm), HUOOuma HBIM-1a (21 mkm) — ¢ caxeli mapku 1-803
aucnepcHocTbio 1—2 MkM. MpoLuecc ropeHns crnpeccoBaHHbix 06pasuoB (macca 2,5—6,9 r, BbicoTta 1,2—1,7 cM, OTHOCUTEIbHas
nnoTHocTb 0,55—0,61) ocyLecTBNSNN B MIHEPTHOW Cpeie aproHa npu aasneHnn 760 Mm pT. CT. B KaMmepe NOCTOSHHOIO AaBieHus.
Mccneposanu kombuHaumm Mel + Me2 + Me3 + Me4 + 4C n Mel + Me2 + Me3 + Me4 + Me5 + 5C. PeHTreHorpamMmmbl CMecei peru-
cTpupoBanu Ha gudpaktomeTpe «ApoH-3M» (CuK,-nanyyenne). LLUnndbl NpoaykToB ropeHns n3yvyanu Ha CKaHMpPYIoLLeM dNeKT-
poHHOM mukpockone LEO 1450 VP (Carl Zeis, lepmanus). @pakUMOHHbIA COCTaB U pacrnpefeneHne 4acTul, CMecu no pasmepy
ycTaHaB/MBaAu No CTaHAapTHON MeToAMKe Ha Na3depHOM aHanmnaaTope pasmepa Yactuuy, «<Mukpocarisep-201C» (P®P). Onpenens-
JI CKOPOCTb rOPeHUs], yanmHeHne o6pasLoB, Ga3oBbIi COCTaB NPoAyKTOB. BnepBble akcnepruMeHTanbHO n3amepeHa Makcumasb-
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Has TemnepaTypa roperus cmecu (Ti+ Hf + Zr + Nb + Ta) + 5C. Tak>xxe Habntoganm 3a Mopdonornein n MUKPOCTPYKTYPO NPOAYKTOB
peakunun. NMpoaykTel roperns cmecelt (Ti+ Zr + Nb + Ta) + 4C u (Ti + Zr + Nb + Hf) + 4C conepxat BoICOKOSHTPOMUNHbIE KapOuabl,
npeacraensowme coboit TBepable PaCTBOPbI C OAMHAKOBBLIM CTPYKTYPHbIM TUNoM B1 (npocTpaHcTBeHHas rpynna Fm-3m) v 06-
napaioume pasnmyHeiMn napameTpamm syerikn. O6pasubl npoayktToB cmecein (Ti+ Zr + Hf + Ta) + 4C u (Ti+ Hf + Zr + Nb + Ta) + 5C
cofepXaT B COCTaBe BbICOKO3HTPOMNUIHbLIE U CPEeAHEIHTPONUIAHBIE KapOuabl, TakxXe NpeacTaBnsioLwmne cobon TBepablie pacTBOPbI
C OAMHAKOBbLIM CTPYKTYPHbIM TUNoM B1 (npocTpaHcTBeHHas rpynna Fm-3m). Pe3ynstatel AaHHOM paboThl MOTYT HAATU NMPUMEHE-
HWE NPV NONYYEHNM BbICOKOSHTPOMUIAHBIX U CPEAHEIHTPONMUIAHBIX MHOTOKOMMOHEHTHbIX KApOUA0B.

Kmouesbie cnosa: CBC, ropeHue, BbICOKOSHTPOMUNHBIE MHOTOKOMMOHEHTHbIE KapOuapbl, CpeaHE3HTPONUIHbIE KapOuabl, BbICOKO-

3HTpOI'IVIl7IHaFI KepamMmuka, nepexogHblie meTasbl, TyronnaBkme metaibl.
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Introduction

The combustion of transition metals with carbon was
the subject of scientific research as recently as several
decades ago [1—35].

Self-propagating high-temperature synthesis
(SHS) in Zr + C, Ta + C and Hf + C systems was first
implemented by A.G. Merzhanov and I.P. Borovin-
skaya [1].

In work [2], it has been demonstrated that the
combustion process in Nb + C system is initiated in
a much more complicated way compared to Zr + C
system, and the combustion limit for Nb in Nb + Zr +
+ C system was 0.7 at. fr. Upon a higher content of
niobium, the samples did not flare up at any concen-
tration of carbon. It is noted by the authors [3] that the
combustion parameters of Zr + C system depend hea-
vily on the grade of powders being used. In work [4],
the substantial impact of impurity gas release on the
combustion of Ta + C system was established, which
is expressed in the dependence of the combustion rate
on the pressure of inert gas, as well as in the elonga-
tion and delamination of the sample during combus-
tion. Besides, the combustion at a sample diameter of
d > 1 cm was implemented successfully [4]. There
was no combustion in Ta + C system at d < 1 cm. The
considerable elongation of the compressed samples of
Ti + C mixture during combustion was also noted ear-
lier [5]. In work [6], it is mentioned that combustion
in Ta + C system is possible at temperatures below the
melting temperature, upon which it is necessary to
use metal powders with a submicron particle size. The
authors [7, 8] determined the influence of the particle
size of the titanium powder used on the combustion
rate of samples made from a Ti + C mixture.

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N4

The synthesis and study of the properties of high-
entropy alloys (HEAs), which represent a new class of
metallic materials, have been a popular and promising
line of scientific research in recent times. HEAs include
compounds containing several (usually 5) metals and
forming a single-phase solid solution [9]. The works de-
voted to the production and study of medium entropy
alloys, containing 3 metals, appear [10]. The mechan-
ical properties of medium entropy alloys can exceed the
properties of HEAs [11, 12].

The works devoted to the production of high-entropy
ceramics [13, 14] and, in particular, high-entropy car-
bides (HECs) [15—21] have been published relatively re-
cently. HECs were obtained by mechanical alloying in
ball mills and spark plasma sintering.

The combustion of powders of transition metals with
carbon black in Mel + Me2 + Me3 + Me4 + 4C (4 me-
tals with carbon, 5 combinations) and Mel + Me2 +
+ Me3 + Me4 + Me5 + 5C (5 metals with carbon, 1 com-
bination) combinations, where Mei is Ti, Hf, Nb, Zr,
Ta, was studied. The objective of obtaining a high-en-
tropy metal carbide by using SHS was set.

Research methods

The powders of titanium PTS (average particle size
57 um), zirconium PCRK-1 (12 um), tantalum Ta PM-3
(8 um), hafnium GFM-1 (4 pm), niobium NBP-la
(21 um) and carbon black grade P-803 dispersion 1—
2 um were used as initial materials. The X-ray phase
analysis (XRD) of initial metals revealed that all pow-
ders are single-phase, except for Hf, which exhibits
HfH, ¢; phase impurity.

_ .
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The initial powders were thoroughly mixed in a por-
celain mortar in the required weight proportions for the
purpose of obtaining Me + C mixtures. Mel + Me2 +
+ Me3 + Me4 + 4C (4 metals with carbon, 5 combi-
nations) and Mel + Me2 + Me3 + Me4 + Me5 + 5C
(5 metals with carbon, 1 combination) mixtures, where
Mei is Ti, Hf, Nb, Zr, Ta, were mixed in a ball mill
for 2 h.

The combustion process of the compressed samples
(mass 2.5—6.9 g, height 1.2—1.7 cm, relative density
0.55—0.61) was carried out in an inert argon medium at
a pressure of 760 mmHg in a constant pressure cham-
ber [22]. The process was recorded on the camera
through a viewing glass. The combustion of samples
was initiated from the upper end with an ignite tab-
let consisting of Ti + 2B by means of heated tungsten
coil, which ensured stable ignition conditions. Upon
stop motion viewing of video records, the combustion
rate of the samples was determined. The maximum
combustion temperature was measured with a tung-
sten-rhenium thermocouple.

The measurements of combustion rate, maximum
combustion temperature and relative elongation of the
samples had an error within 10 %.

Thermodynamic calculations were performed

using THERMO software — http://www.ism.ac.ru/
thermo/.

Combustion product sections were studied using a
LEO 1450 VP scanning electron microscope (Carl Zeiss,
Germany). To obtain the sections, combustion product
powders were impregnated with epoxy resin diluted with
acetone to reduce viscosity. Metallographic sections
were made after the resin hardened.

The X-ray phase analysis (XRD) of initial pow-
ders and combustion products was performed with
DRONE-3M diffractometer (the RF) upon copper radi-
ation being in the range of angles 20 from 20 to 80°. The
obtained data were analyzed using PDF-2 database [14].

The fractional composition and particle size distri-
bution of the mixture were determined according to a
standard procedure using a Microsizer-201C laser par-
ticle size analyzer (the RF). The measurement error did
not exceed 1.2 %.

Results and discussions

The values of combustion rates, elongation of sam-
ples during the SHS, as well as the phase composition of
the products of synthesis of metal powders with carbon
black in various combinations are provided in the table.

Combustion rate, elongation of samples, phase composition of products, and adiabatic temperature of SHS

of metal powders with carbon black

CKopocTb ropexus, yaMHeHUe 06pasLioB, $hasoBkli COCTAB NPOAYKTOB U afnabaTuyeckas TeMneparypa

CBC nopoLukoB METaNoB C Caxen

Combustion .\ Elongation Adiabatic
Composition . .
System rate, of the products of the sample during combustion
cm/s p combustion, % temperature, K
Ti+C 1.3 TiC 94 3289
Ta+C 2721
Hf+ C 3899
Zr+C 1.0 ZrC 224 3777
Nb+C 2835
(Ti + Hf + Zr + Nb + Ta) + 5C 0.24 [Ti,Hf,Zr,Nb,Ta]C, 181 3290
| Ti,Hf, Zr, Ta]C, [Ti,Hf,Ta]C
(Ti+ Zr + Nb + Ta) + 4C 0.35 [Ti,Zr,Nb,Ta]C 96 3180
(Ti + Zr + Nb + Hf) + 4C 0.35 [Ti,Hf,Zr,Nb]C 331 3309
(Ta+ Hf + Zr + Nb) + 4C 3360
(Ti + Hf + Nb + Ta) + 4C 3286
(Ti + Zr + Hf + Ta) + 4C 0.55 | Ti,Hf,Zr,Ta]C, [Ti,Hf,Ta]C 213 3290

—_—
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Among Me + C systems, the SHS without preheat-
ing was initiated in samples compressed from Ti + C
and Zr + C mixtures. Samples of other mixtures
(Nb + C, Hf + C, Ta + C) did not burn at room tem-
perature under the present experimental conditions
(the component particle size and the sample size). The
values of the combustion rates of samples of Ti + C
and Zr + C mixtures appeared to be close to: 1.3 and
1.0 cm/s (see the table). Due to the release of impurity
gas, the samples often elongate during the combus-
tion [23, 24]. The samples of Zr + C mixture elongat-
ed significantly compared with the samples of Ti + C
mixture (for comparison, 224 and 94 %, respectively),
which is similar to the results obtained earlier upon
the combustion of mixtures of Zr and Ti powders with
boron [14]. According to XPhA results, the combus-
tion products of Me + C systems exhibited the reflec-
tions of the only carbide phase MeC (ZrC and TiC,
respectively).

Among the mixtures containing 4 metals with car-
bon (where Me is Ti, Hf, Nb, Zr, Ta), the combustion
process without preheating was successfully conduc-
ted (and the sample burned completely) in the systems
containing Ti and Zr, i.e. (Ti + Zr + Nb + Ta) + 4C,
(Ti+ Zr + Nb + Hf) + 4C, (Ti + Zr + Hf + Ta) + 4C.

Intensity, imp./s

The combustion of samples compressed from (Ti + Hf +
+ Nb + Ta) + 4C mixture could not be initiated without
preheating. The samples of (Ta + Hf + Zr + Nb) + 4C
mixture did not burn out completely. The design adiaba-
tic combustion temperature of the compositions varied
in the range of 3180 to 3360 K. Upon that, the samples
of (Ti + Zr + Hf + Ta) + 4C mixture appeared to be
the fastest burning ones as their combustion rate was
0.55 cm/s. The samples of (Ti + Zr + Nb + Ta) + 4C
and (Ti + Zr + Nb + Hf) + 4C mixtures had the same
combustion rate of 0.35 cm/s.

According to XRD results, the products of synthe-
sis of (Ti + Zr + Nb + Ta) + 4C and (Ti + Zr + Nb +
+ Hf) + 4C slow burning systems contain 3 carbide
phases based on solid solutions with the same structural
type Bl (spatial group Fm-3m), having different cell pa-
rameters (Fig. 1).

Phase / is the closest to HfC, phase 2 is the closest
to ZrC, phase 3 is the closest to NbC or TaC in cell
parameter (see below). The combustion products of
the faster burning system (Ti + Zr + Hf + Ta) + 4C
already contain 4 carbide phases, are distinguished
by their cell parameters (see Fig. 1), where phase 4
is the closest to phase TaTiC, by its cell parameter.
Below are the unit cell parameters of the synthesized

7500 y
6500 -
5500 2
i 2l g ) [ )
fo 2 Ti+ Zr+Nb+Ta) +4
4500 - (AN A “M*m_.- 'k.“./\,m(“l LA A
- |.4 ‘
3500 4 4
1 I | ‘\‘ T 4
oI ' h .
as004 1] \J\\ N ) I (Ti + Hf + Zr + Ta) + 4C
1500 3 ) f I
- l,ﬂ |)3 23 2) 21 .
\ fl £ 3 (Ti+Hf+Zr+Nb)+4C
500 Fcrmimpmrmed St St ) S
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Fig. 1. XR D patterns of products of synthesis of Mel + Me2
(where Me is Ti, Ta, Zr, Hf, Nb)

+ Me3 + Me4 + 4C mixtures

1—4 — FCC phases; a, A = 4.6360 (1), 4.6737 (2), 4.4748 (3), 4.4526 (4)

Puc. 1. PeHTreHOrpaMMBI IIPONYKTOB CUHTE3a

cMmeceit Mel + Me2 + Me3 + Me4 + 4C (Me — Ti, Ta, Zr, Hf, Nb)
1—4 — TUK-dassr; a, A = 4,6360 (1), 4,6737 (2), 4,4748 (3), 4,4526 (4)
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solid solutions and the cell parameters of monocarbi-
des (a), A:

NDBC i 4.4698
HEC.ooooieeeeeee e 4.6377
ZIC et 4.6930
TaC ..o 4.4547
TIC i 4.3274
Phase 7...ccccoovvinieiiiiniinicicen 4.6360
Phase 2.....coooiiiiiieeeeeee 4.6737
Phase 3...ccoovvveniiieieieieeeeen 4.4748
Phase 4......cocevvevinieinieeen 4.4526

To identify metals in carbide phases, sections were
made of product samples and local elemental analysis
was performed (Fig. 2). According to XPhA and ele-
mental analysis results, the combustion products of

Time 141429

. § . I .
Tig 06Z1,49NDg 3, Ta 5, C, \Tlo_sazru.lsNbo.lzTaoJﬁz Ti, 74ZNb, 1 HE| 5Cy g6

Ti, 53219 3,Nby 3, T 5,C,

(Ti+Zr+ Nb+Ta) +4Cand (Ti+ Zr + Nb + Hf) + 4C
slow-burning systems contain the phases of high-en-
tropy carbides ([Ti,Zr,Nb,Ta]C and [Ti,Hf,Zr,Nb]C,
respectively), differing in the ratio of components
(Fig. 2, a, b). The products of a faster burning system
(Ti + Zr + Hf + Ta) + 4C include medium entropy
carbides [Ti,Hf Ta]C, containing 3 metals (Fig. 2, ¢),
along with high-entropy carbides [Ti,Hf,Zr,Ta]C.

It appears that considerably high combustion rate of
the sample made of (Ti + Zr + Hf + Ta) + 4C mixture
(0.55 cm/s) and its small size result in a lack of time for
the homogenization of the product.

Similar to the samples of Me + C mixtures, the samp-
les made of Mel + Me2 + Me3 + Me4 + 4C mixtures
grew during combustion and dispersed into separate
fragments due to impurity gas release. Upon that, the
minimum elongation was observed during the com-
bustion of samples made of a mixture without haf-

. = —y k2
/ Ti, g,ZrNby , HI, 4,C 1 \

Ty 7215 65Dy 33 HIC, g 5 TiZry 1NOy g9 7 C

2o

Ti, ggHfTa, 15C; 75

Tig s ZrHI osTa, (C) 5
L .
Tiy; 1 21y 5 HIC,; 47

Signal A=OBSD  Date 18 Feb 2022
Time (13:12:38

Fig. 2. Microstructure of combustion products of samples of Ti + Zr + Nb + Ta + 4C (a), Ti + Hf + Zr + Nb + 4C (b)

and Ti + Zr + Hf + Ta + 4C (c¢) mixtures

Puc. 2. MukpocTpyKTypa MpoayKToB ropeHust oopasuos u3 cmeceit Ti + Zr + Nb + Ta + 4C (a),

Ti+ Hf + Zr + Nb + 4C (3) u Ti + Zr + Hf + Ta + 4C (¢)
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nium — (Ti + Zr + Nb + Ta) + 4C, i.e. 96 % (see the
table). The samples made of mixtures containing haf-
nium ((Ti + Zr + Nb + Hf) + 4C and (Ti + Zr + Hf +
+ Ta) + 4C) elongated much more, namely 331 and
213 %, respectively. This suggests that hafnium, con-
taining hydride HfH, ¢, results in an increase in impu-
rity gas release during the combustion of samples.

The photograph of the microstructure of the com-
bustion products of Ti + Hf + Zr + Nb + 4C mixture,
as well as the element distribution map are presented
in Fig. 3. One can see that all the elements contained
in the product are quite uniformly distributed over the
cross-sectional area of the section.

Combustion
of Me1 + Me2 + Me3 + Me4 + Me5 + 5C
mixture

The sample made of (Ti + Hf + Zr + Nb + Ta) +
+ 5C mixture burned out completely without preheat-
ing. Upon that, its combustion rate appeared to be lower
than the one of burned samples made of Me + C and
Mel + Me2 + Me3 + Me4 + 4C mixtures and amount-
ed to only 0.24 cm/s. The design adiabatic combustion
temperature of (Ti + Hf + Zr + Nb + Ta) + 5C mixture

amounted to 7,4 = 3290 K, which coincides with 7,4
for the fastest burning mixture of 4 metals with carbon
(Ti+ Zr + Hf + Ta) + 4C (see the table).

According to XPhA results, the composition of com-
bustion products of (Ti + Hf + Zr + Nb + Ta) + 5C
mixture, exhibit three carbide phases based on solid
solutions with the same structural type B1 (spatial group
Fm3m), having different cell parameters (Fig. 4), in the
same way as for mixtures of 4 metals with carbon. The
first phase is the closest to HfC, the second phase is the
closest to ZrC, and the third phase is the closest to NbC
or TaC in cell parameter (the same has been specified
above).

The elemental analysis of sections of combus-
tion products allowed to identify these carbide phases
(Fig. 5). They turned out to be high-entropy car-
bide [Ti,Hf,Zr,Ta]C, containing 4 metals, and me-
dium entropy carbide [Ti,Hf,Ta]C, containing 3 me-
tals, there are also the traces of high-entropy carbide
[Ti,Hf, Zr,Nb,Ta]C, including all 5 metals.

Similar to the samples of previous systems (con-
taining 1 or 4 metals), a sample made of (Ti + Hf + Zr +
+ Nb + Ta) + 5C mixture significantly elongated and
dispersed into separate fragments during combustion.
The relative elongation of the sample accounted for 181 %,

Fig. 3. Microstructure of combustion products of Ti + Hf + Zr + Nb + 4C mixture (a) and element distribution map (b—f)

b—C,c—Ti,d— Zr,e — Nb, f— Hf

Puc. 3. MuxkpoctpykTypa npoayktoB ropeHus cmecu Ti + Hf + Zr + Nb + 4C (a)

M KapTa pacrnpeaeicHus 31eMeHTOB (b—f)
b—C,c—Ti,d— Zr,e — Nb, f— Hf
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Intensity, imp./s
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Fig. 4. XRD of products of synthesis

of Mel + Me2 + Me3 + Me4 + Me5 + 5C mixture
(where Me is Ti, Ta, Zr, Hf, Nb)

1—3 — FCC phases; a, A = 4.6360 (1), 4.6737 (2), 4.4748 (3)
Puc. 4. PeHTreHorpamMmma rnpoayKToB CUHTE3a

cmecu Mel + Me2 + Me3 + Me4 + Me5 + 5C

(Me — Ti, Ta, Zr, Hf, Nb)

1—3 — T'UK-da3zsi; a, A =4,6360 (1), 4,6737 (2), 4,4748 (3)

which falls within the interval between maximum and
minimum elongation values for the studied systems con-
taining 1 or 4 metals.

Considerable elongation of the sample during com-
bustion made it difficult to determine maximum com-
bustion temperature by means of a thermocouple. To
measure the maximum combustion temperature, ex-
periments were carried out on the combustion of com-
pressed samples. The sample was pre-compressed, and

Ti, 5, HtT33 01Cs.1

that limited its elongation. As a result, it decreased by an
order of magnitude (15 %) that allowed to measure the
maximum combustion temperature, the value of which
was 1950 °C. The measured maximum combustion tem-
perature appeared to be significantly lower than the de-
sign adiabatic one, probably due to the fact that the heat
loss is not taken into account during the calculation. At
such a combustion temperature, only two of five initial
metals (Tiand Zr) melt in the combustion wave. The rest
of the metals (Hf, Nb, Ta) have a melting temperature
higher than the experimentally measured maximum
combustion temperature of (Ti + Hf + Zr + Nb + Ta) +
+ 5C mixture, below are the melting temperatures of the
components of the mixture, °C:

ZT oo 1855
T 1668
Hf oo 2227
ND e 2468
Ta i 3017

Furthermore, the compression of the sample and
a decrease by an order of magnitude of its growth re-
sulted in a combustion rate increase by a several-fold
factor, namely from 2.4 to 8.8 mm/s, which correlates
well with a pioneer work on the study of the compres-
sion of samples by combustion rate [25]. As it is shown
in works [23, 24], the elongation of the sample during
combustion occurs behind the combustion front due to
impurity gas release. In the case of compression of the
sample, hindering its elongation, the pressure of these
gases, being released behind the front during combus-
tion, increases. According to the findings of the con-

: k_ﬂﬁl].2lzr."\.z."\N-bJ.‘?szTaE.-IﬁCZI.ﬁs

— Tiy, o Z1HE, g, Ta, (Cg 5

L.
.’. -
-
4
p-
e \:_eu'nsu
2 umn ag = WD= 15mm

"y

EHT = 15.00 kv

Signal A= OBSD  Date 18 Feb 2022

Time 125702

Fig. 5. Microstructure of combustion products of the sample made of Ti + Zr + Nb + Ta + Hf + 5C mixture

Puc. 5. MukpocTpyKTypa NpoayKToB ropeHust oopasua us cmecu Ti + Zr + Nb + Ta + Hf + 5C
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vective-conductive combustion model, this results in
an increase in the propagation velocity of the combus-
tion front [26].

It is further planned to obtain compact samples of
high-entropy carbides from the combustion products of
mixtures of 4 metals with carbon and 5 metals with car-
bon by SPS method.

Conclusion

The combustion and composition of the products of
Me + C, Mel + Me2 + Me3 + Me4 + 4C (4 metals with
carbon in 5 combinations) and Mel + Me2 + Me3 +
+ Me4 + Me5 + 5C (5 metals with carbon, 1 combination)
mixtures, where Mei is Ti, Hf, Nb, Zr, Ta, were studied.

Multicomponent carbides, belonging to the class of
high-entropy compounds, were synthesized in the com-
bustion mode.

Among the mixtures of 4 metals with carbon, com-
bustion was achieved in the samples containing Ti
and Zr.

The measured maximum combustion temperature of
(Ti+ Hf + Zr + Nb + Ta) + 5C mixture was 1950 °C.

The conclusions of the work can be used in obtaining
new materials such as high-entropy and medium entro-
py carbides.
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Abstract: In this work, using the methods of X-ray phase analysis, transmission electron microscopy, X-ray photoelectron
spectroscopy and Raman spectroscopy, the features of the impact of annealing in air within the temperature range of t = 200+
+550 °C on the morphology, elemental and phase composition, chemical state and structure of primary particles of nanopowders
obtained by grinding natural diamond and the method of detonation synthesis are studied. It is shown that heat treatment in air at
given values of temperature and heating time does not affect the elemental composition and atomic structure of primary particles
of nanopowders obtained both by the methods of detonation synthesis (DND) and natural diamond grinding (PND). Using XPS,
Raman spectroscopy, and transmission electron microscopy, it has been found that annealing in air within the temperature range of
400—550 °C results in the effective removal of amorphous and graphite-like carbon atoms in the spz- and sp3-states from diamond
nanopowders by oxidation with atmospheric oxygen. In the original DND nanopowder, containing about 33.2 % of non-diamond
carbon atoms of the total number of carbon atoms, after annealing for 5 h at a temperature of 550 °C, the relative number of non-
diamond carbon atoms in the spz-state decreased to ~21.4 %. In this case, the increase in the relative number of carbon atoms
in the Sp3-state (in the lattice of the diamond core) and in the composition of oxygen-containing functional groups ranged from
~39.8 % to ~46.5 % and from ~27 % to ~32.1 %, respectively. In the PND nanopowder, which prior to annealing contains about 10.6 %
of non-diamond carbon atoms in the sp?-state of the total number of carbon atoms, after annealing under the same conditions as
the DND nanopowder, their relative number decreased to 7.1 %. The relative number of carbon atoms in the sps-state increased
from 72.9 % to 82.1 %, and the proportion of carbon atoms in the composition of oxygen-containing functional groups also slightly
increased from 10.2 % to 10.8 %. It is demonstrated that the annealing of PND and DND nanopowders in air leads to a change in
their color, they become lighter as a result of oxidation of non-diamond carbon by atmospheric oxygen. The maximum effect is
observed at a temperature of 550 °C and an annealing time of 5 h. In this case, the weight loss of PND and DND nanopowders after
annealing was 5.37 % and 21.09 %, respectively. The significant weight loss of DND nanopowder compared to PND is primarily
caused by the high content of non-diamond carbon in the initial state and the high surface energy of primary particles due to their
small size.

Keywords: natural diamond nanopowder, detonation nanodiamond, thermal oxidation of nanopowders, morphology, elemental
composition, atomic structure of diamond nanoparticles, chemical state of nanopowders, oxygen-containing functional groups.
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TepmookucneHue Ha BO3gyxe HaHONOPOLUKOB afiMa30B,
noJjiy4yeHHbIX MeXaHn4eCkmm n3meJjibieHmem m MeToaomM AeTOHALUOHHOIro CuHTe3a

N.N. Wapuu', A.B. Cusuesa', B.W. Nonos?
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2 Cesepo-BocTounblit depepanbHbiil yHuBepcuteT uM. M.K. AMMocoga, r. SkyTck, Poccus
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AHHOTauusa: MeTogamu peHTreHOCTPYKTYpHOro ¢asoBoro aHanmsa (P®PA), npocBeunBaloLeli 3IEKTPOHHOM MUKPOCKONUM
(MN3OM), peHTreHoBCKOIN hOTO3NeKTPOHHOM cnekTpockonuu (PP3C) n cnekTpockonmm KOMOUHALLMOHHOMO paccesHusa nccnepo-
BaHbl 0COOEHHOCTY BAUAHMSA OTXUra Ha BO3ayxe B MHTepBane temnepatyp t = 200+550 °C Ha MOpdOnormio, aneMeHTHbIN n da-
30Bbl COCTaBbl, XMMMUYECKOE COCTOSIHNE U CTPYKTYPY NEPBUYHbIX HACTUL, HAHOMOPOLLKOB, MOJIYYEHHbIX U3MENIbYEHNEM NMPUPOS-
Horo anmasa (MHA) n meToaoM AeToHauMoHHoro cuHtesa (AHA). MokasaHo, 4To TepmoobpaboTka Ha BO3Ayxe Npu 3a4aHHbIX
3HAYEHNSAX TEMNEPaTypbl U BDEMEHU HAarpeBa He 0Ka3biBAET BINSHNE HA 3JIEMEHTHbI COCTaB M aTOMHYIO CTPYKTYPY NEPBUYHbIX
4acTuL, HAaHOMOPOLLKOB, MOJIy4YeHHbIX Kak meTogom JHA, Tak u metogom MHA. Mo peaynbtatam POIC, NOM n cnekTpockonunn
KOMOWHALIMOHHOIO paccesiHMs yCTaHOB/EHO, YTO OTXUI Ha Bo3ayxe npu t = 400+550 *C npueBoaunt Kk adPekTMBHOMY yaaneHunio
13 HAHOMOPOLLKOB a/IMa3a aToMOB aMOPdHOro 1 rpaduTonoaoGHOro yrnepoaa B Sp2- 1 sp3-COCTOSIHUSIX MYTEM OKUCIEHNS
Kncnoponom sosayxa. B ucxogHom HaHonopotlwke OHA, copepxatiem okono 33,2 % aToMOB HeanMa3HOro yrnepoaa ot obuiero
KOJI4ecTBa aTOMOB yriepoa, nocsie otxura B TedeHme 5 4 npu t = 550 °C oTHOCUTENbHOE KOJIMYEeCTBO aTOMOB HeasiIMa3Horo
yrnepoga B Sp2-COCTO9IHI/IVI yMeHbLlumnnach 0o ~21,4 %. NMpu 3ToM OTHOCUTENBLHOE KONIMYECTBO aTOMOB yriepoaa B Sp3-COCTOFI-
HUW (B peLueTke anMas3Horo sapa) n B COCTaBe KMC0POACOAEPXALLNX PYHKLLMOHANBHBLIX FPYNN YBENYNIOCH COOTBETCTBEHHO
¢ ~39,8 0o ~46,5 % n ¢ ~27 po ~32,1 %. B HaHonopowke MHA, cogepxalwem o otxura okosio 10,6 % aTtomoB HeanMas3HOro
yrnepoaa B Sp2-CoCTOsIHMM OT OBLLEr0 KOAMYecTBa aTOMOB YIIEPOAa, MOCSE OTXWIa MPU TeX Xe YCIOBUSIX, Y4TO U AJS HAHO-
nopowka AHA, nx oTHOCUTENbHOE KONMYEeCTBO CHN3NNOChb A0 7,1 %. Npn 3TOM OTHOCUTENbHOE KONNMYEeCTBO aTOMOB yriepoa
B SP3-COCTOSIHUM NOBLICMNOCK C 72,9 10 82,1 %, Takxe HeaHaunTenbHo (¢ 10,2 go 10,8 %) BO3pOCNa AONS aTOMOB Yriepoaa B
cocTaBe kmcnopoacoaepxawmx GyHKUMOHanbHbIX rpynn. NokasaHo, 4To OTXUr Ha Bo3ayxe HaHonopowkos NMHA n OHA npu-
BOAUT K UBMEHEHMUIO MX LiBETA: B Pe3YyNibTaTe OKUCEHNS HEAJIMA3HOr 0 yriepoaa KMCc/opoaoM BO3ayxa OHU CTaHOBATCS Bonee
ceeTnbiMu. MakcumanbHbli addekT Habnogaetca npu temneparype 550 °C v BpemeHn otxura 5 4. Mpu 3TOM noTepu maccol
HaHonopouwkoB NMHA n IHA nocne oTXxura coctaBuam, COOTBETCTBEHHO, 5,37 1 21,09 % — 3HauynTenbHasa NOTEPS B MacCe HaHO-
nopowka AJHA o6ycnoBneHa, B OCHOBHOM, BbICOKMM COAEPXAaHNEM B UCXOAHOM COCTOSIHUM HEANIMA3HOr0 Yrnepoaa U BbiICOKOWM
NOBEPXHOCTHOW 3HEPrunen NepBmMYHbIX YacTUL, BCIEACTBUE NX Masioro pasmepa.

KntoyeBble c/10Ba: HAHOMOPOLLIOK NPUPOAHOro anMasa, AeTOHALUMOHHbIM HaHOoaIMas, TEPMUYECKOe OKMUCIIEHME HAaHOMOPOLLKOB,
MOpPGOIOrns, 3IEMEHTHbIA COCTaB M aTOMHas CTPYKTypa HaHO4YacTuL, anMasa, XMMMUYeCcKoe COCTOsIHME HAaHOMOPOLLKOB, KUCJIO-
poacoaepxalimne GyHKLMOHaNbHbIE FPYNMbI.
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Introduction

Diamond nanoparticles are a unique class of na- diamond nanopowders consists of a diamond core ha-
no-sized materials with a variable structure and unsta- ving a cubic crystal lattice and being surrounded by a
ble physical and chemical properties [1—4]. Regardless shell with a complex structure formed predominant-
of the method of obtaining, each primary particle of ly of non-diamond carbon and non-carbon impuri-

68 Izvestiya Vuzov. Poroshkovaya Metallurgiya i Funktsional'nye Pokrytiya = 2022 = Vol. 16 = N24



Nanostructured materials and functional coatings

ties [4—6]. Due to the ultra-small size and, consequent-
ly, the high proportion of surface atoms with partially
non-compensated electronic bonds, the primary parti-
cles of diamond nanopowders exhibit enormous surface
activity, therefore in addition to segments of non-dia-
mond carbon structures, the shell contains various
functional groups, including C—H, oxygen-contain-
ing groups [7—9] imparting various physicochemical
properties to it.

At present, diamond nanopowders are used as va-
rious functional components in polishing compounds
[10], lubricating oils [1, 11], composite materials [12],
elements of microelectronics [13, 14], as well as selective
adsorbents and catalysts [15, 16]. A large number of other
potential applications of nanodiamonds, including their
application as drug carriers [17, 18], immobilizers of bio-
logically active substances, a sorbent for the purification
of blood, lymph, etc. [19, 20], are still at the examination
stage. Most of these promising applications are hindered
by the impossibility of obtaining diamond nanoparticles
with controlled and reproducible surface chemistry de-
pending on (being determined by) the extreme condi-
tions of their production and the purification methods
being used. The relative content of non-diamond car-
bon, the composition of functional groups and impuri-
ty atoms of primary particles of diamond nanopowders
produced even by one manufacturer may differ from one
batch to another [1—3].

In this context, the study of the processes of modi-
fication of diamond nanoparticles constitutes an urgent
task, the solution of which will reveal the regularities of
changes in their morphology, composition and structure
under directed external influence, which contributes to
obtaining diamond nanoparticles with controlled and
reproducible properties, thus being important for their
high-tech applications including biology, medicine etc.
In works [4, 7, 21—23], the efficient and environmental-
ly friendly method of purification of non-diamond car-
bon and impurities as well as modification of detonation
synthesis diamond nanopowders by means of thermal
oxidation with atmospheric oxygen without significant
losses of diamond component are proposed and stud-
ied. Despite a significant number of works devoted to
the study of thermal annealing in air, many issues and
aspects of the formation of the composition and con-
tent of functional structures impacting the chemistry of
diamond nanopowders are still unresolved and require
clarification and additions.

The purpose of this paper is to study the features of
the impact of modification by oxidation with atmos-
pheric oxygen within the temperature range of 200—

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N°4

550 °C on the morphology, elemental and phase compo-
sition, chemical state and structure of primary particles
of nanopowders obtained by natural diamond grinding
and by the method of detonation synthesis.

The subjects, methodology
and methods of research

The samples of diamond nanopowders, obtained by
two methods — the mechanical grinding of natural dia-
mond and detonation synthesis from trinitrotoluene,
were taken for the research. The procedure for obtain-
ing nanopowders from natural diamond (PND) and
their chemical purification are described extensively
in work [6]. Highly purified nanopowder was used as
samples of detonation synthesis nanodiamond (DND)
of UDA-S-GO grade produced by Federal Research
and Production Center «Altai» (Biysk).

A total of 12 samples of nanopowders, namely 6 sam-
ples of PND and DND were prepared. All samples of
PND and DND were prepared from the same batch of
the corresponding types of nanopowders. The staged
heating of samples in air at atmospheric pressure was
carried out as follows. All 12 samples of nanopowders
were poured into separate ceramic corundum cups
placed in a furnace chamber and heated in air at the
following set temperature values (°C): 200, 300, 400,
500, and 550. After being held for 1 hour at each given
temperature value, one sample of PND and DND was
removed from the furnace for subsequent research, and
the remaining samples were retained in the furnace
chamber, the temperature of which was increased by the
next given value at a rate of ~50 °C/min. Thus, the to-
tal time of staged heating of samples of PND and DND
nanopowders in air at a temperature of 200 °C was 1 h,
at a temperature of 300 °C — 2 h, at a temperature
of 400 °C — 3 h, at a temperature of 500 °C — 4 h, and
temperature of 550 °C — 5 h.

Morphological and structural characteristics of
primary particles of nanopowders were studied by
the methods of scanning electron microscopy (SEM)
by means of JSM-6480LV instrument (JEOL, Japan)
and high-resolution transmission electron microscopy
(TEM) by means of «Titan 80-300» instrument (FEI,
USA) with the following resolution: STEM; HREM
~0,08 nm. Digital processing of TEM images (Fourier
transform, Fourier filtering, the determination of in-
terplanar distances by FFT spectra) was performed us-
ing GMS-2.3.2 software package (GATAN, USA). The
study of the phase composition and structural parame-
ters of the samples of primary particles of nanopowders
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was performed by means of «D8 Discover» powder dif-
fractometer available from «Bruker» Company (USA)
in CuK, radiation (A = 1.54 A). X-ray diffraction mea-
surements were performed in the range of 20 angles
from 17° to 96°. The measurement data were processed
and analyzed using Microcal Origin and Crystallo-
graphica Search Match applications.

The elemental and phase compositions, the chemi-
cal state of primary particles of nanopowders were stu-
died by the methods of X-ray photoelectron spectroscopy
(XPS) and Raman spectroscopy. XPS measurements
were performed by means of SPECS photoelectron
spectrometer (Germany) using PHOIBOS-150-MCD-9
hemispherical analyzer and FOCUS-500 X-ray mono-
chromator (AlK,, aradiation, hv = 1486.74 eV, 200 W).
Binding energy scale (E;,4) was precalibrated by the po-
sition of the peaks of the core levels Audfy/, (84.00 eV)
and Cu2p;/, (932.67 eV). The samples of nanopowders
were applied onto a double-sided copper conductive
tape 3M (USA). The panoramic spectra were recorded
at a transmission energy of the analyzer of 50 eV, and
certain spectral areas were recorded at the energies of
10 or 20 eV. The determination of the relative content
of elements on the samples of nanopowders and their
atomic ratios was performed in accordance with the in-
tegral intensities of photoelectron lines (Cls, Ols and
N1s) adjusted for the corresponding atomic sensitivity
coefficients [24].

The Raman spectra (Raman) of nanopowder sam-
ples were studied using Solar TII Raman spectrometer
being an integral part of Integra Spectra measuring
complex (NT-MDT, JSC, Zelenograd). This spectrome-
ter is equipped with a microscope with an objective of
100* with a number aperture of NA = 0.7, a TV came-
ra and a cooled CCD detector (—70 °C). Laser radia-
tion with the wavelengths of 473, 532, and 632 nm was
used for Raman spectra excitation. When registering
Raman spectra, a diffraction grating with a density of
600 lines/mm was used in the spectrometer. The Raman
spectra of the samples were measured in the signal accu-
mulation mode at room temperature.

The specific surface area of the samples was deter-
mined by BET method (Brunauer—Emmett—Teller)
according to measurements of the low-temperature ad-
sorption of nitrogen molecules (77 K) using SORBI-MS
instrument (Meta, JSC, Novosibirsk) equipped with
GSO 7912-2001 standard sample (S, = 98.42 mz/g) de-
veloped at G.K. Boreskov Institute of Catalysis, SB RAS
(Novosibirsk). The density of diamond nanopowders
was estimated by the pycnometric method.

Results and discussions

Table 1 provides the basic physical characteristics
of the original PND and DND nanopowders. The py-
cnometric densities of both nanopowders are signifi-
cantly lower than the theoretical density of diamond
(3.5154 g/cm?) and the density of massive natural dia-
mond crystals, which, as it is known, varies in the
range of 3.30—3.60 g/cm3 depending on their impu-
rity content [25].

In the daylight, dry PND nanopowder in its initial
state exhibits a light gray color (Fig. 1, a), while after
annealing in air at a temperature of 550 °C for 5 h, the
color of the sample changed and became almost white
with a slightly grayish tint (Fig. 1, ¢). After annealing in
air under the same conditions, the dark brown color of
the original dry nanopowder of DN D sample (Fig. 1, b)
changed to light gray (Fig. 1, d).

X-ray phase analysis. 3 clear lines, corresponding to
X-ray diffraction on (111), (220) and (311) planes of the
crystal lattice of the diamond core of the primary par-
ticles of PND and DND nanopowders, were identified
on the diffraction spectra in the studied range of angles
20 ~17+96 deg. (Fig. 2). The ratios of intensity of three
diffraction peaks /)| : Iy:f3; for all the samples
of PND and DND, including the samples subjected
to staged heating in air, are about 100 : 51 : 18 and
100 : 21 : 12, respectively.

There is a line observed in the spectrum of the
original DND sample in the range of 20 ~ 18+28 deg.
(spectrum [/ in Fig. 2, a), which is caused by the dif-

Table 1. Main physical characteristics of diamond nanopowders
Tabnuua 1. OcHOBHblE PpM3NYECKME XapaKTEPUCTMKM aliMa3HbIX HAHOMOPOLLKOB

Powder Size, nm Pycnometric densities, Specific surface area, Non-combustible
(X-ray phase analysis) g/cm3 m2/g residue, %
PND 19.88 £ 3.0 3.05 3298 £2.0 0.95
DND 498 +£0.74 2.95 339.5+20 1.1

[E—
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Fig. 1. The photographs of samples of PND and DND nanopowders in the initial state (a, b)
and after annealing in air for 5 h at a temperature of 550°C (c, d)

Puc. 1. ®otorpaduu o6pasioB HaHomoponikoB [THA u JTHA B ucxonHom coctossHuu (a, b)
M TIOCJIe OTKUTA Ha BO3ayxe B TeueHue 5 4 nmpu remnepatype 550 °C (c, d)
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Fig. 2. X-ray diffraction spectra of DND nanopowders («) and PND nanopowders (b)
before annealing (I) and after annealing in air at a temperature of 550 °C (2)

Puc. 2. PeHTreHoBckue AudpakiiMoHHbIE CrieKTpbl HaHomopoiikoB JIHA (a) u I[THA (b)
1o orxura (1) v mocjie oTXura Ha Bo3nyxe rnpu remmnepatype 550 °C (2)

fuse scattering of X-rays from formations without
long-range order. The presence of such a line in the
spectrum is commonly associated with amorphous
structural groups consisting mainly of non-diamond
carbon and located around the diamond core and in
the space between the adjacent primary particles of
the nanopowder. [21, 26]. While in the spectrum of the
DND sample (spectrum 2 in Fig. 2, a), subjected to
heating in air, such a line is virtually absent, or, upon
annealing in air, the content of amorphous formations
of non-diamond carbon decreased to such an amount
that is not detectable by X-ray phase analysis. Fig. 2
also reveals that the diffraction peaks of the samples of
both nanopowders are broadened, upon that the ones
of DND are much more broadened compared to the
ones of PND due to the smaller size of its crystallites.

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N°4

It is known that the broadening of the diffraction lines
of any powder made of crystalline grains can be con-
tributed by secondary microstresses in their crystals
[27]. In a number of works [3, 5, 28], it was experimen-
tally demonstrated that in the case of nanodispersed
diamond particles, the contribution of secondary mic-
rostresses is insignificant [28]. This is explained by the
fact that any microstresses in crystallites caused by
thermal or mechanical impact are efficiently relaxed
due to the combination of high-modulus of diamond
with the nanoscale of its particles [6]. In this context,
the line broadening in the diffraction spectrum is pri-
marily contributed by the small size of nanodiamond
crystallites; therefore, when calculating the size of the
coherent scattering region (Dcgr), which essentially
corresponds to the size of the diamond core of primary
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particles of nanopowders (without taking into account
their shells), we used a simplified formula Dcgg =
= M/(BcosH).

The data provided in Table 2 suggest that the phy-
sical broadening (B) of the diffraction lines of DND
samples (the original ones and the ones heat-treated
in air), depending on the value of the heating tempera-
ture, is on average approximately 3.9 times higher than
the line broadening of PN D samples. The comparative
analysis of the angles of maxima of diffraction lines,
interplanar spacings, and physical broadening for the
original samples and the PND and DND samples
subjected to annealing in air reveals that heat treat-
ment at the temperatures and heating duration speci-

fied in the experiment does not impact the structur-
al state of primary particles of nanopowders of both
DND and PND.

The elemental composition and chemical state of
the samples. Panoramic X-ray photoelectron spectra of
DND and PND samples before heating and after an-
nealing in air at a temperature of 550 °C provide general
information on the chemical composition of nanopow-
der samples and the presence of impurities or contami-
nants in them. (Fig. 3).

It is worth noting that XPS method, as applied to
the nanopowder samples under study, provides in-
formation not only from the surface of their primary
particles, but also from the entire volume of the ones

Table 2. The values of heating temperature (#), angles of maximum of diffraction lines (26),

interplanar distances (dj,,), physical broadening () and the size of coherent scattering regions (D¢gg)
samples of PND and DND nanopowders before and after the staged heat treatment in air

Tabnumua 2. 3HaueHus TemnepaTypbl HarpeBa (), yrnos Makcumyma AMdPaKLMOHHBIX IMHUIA (26),

MEXMNOCKOCTHBIX PACCTOSIHWIA (dly,,), duanyeckoro yumpenus () n pasmepa obnacteii korepeHTHOro paccesHus (Dgyp)
00pasuoB HaHonopotukos MHA n IHA no v nocne cTyneHyaroit TepMoodpaboTkm Ha BO3LyXe

o .Mi.ller PND DND
’ indices 20, deg. dygs A B,deg. | Dcgr, Nm 26, deg. dy A B, deg. | Dcsr, nNm
(111) 43.77 2.067 0.66 14.08 43.75 2.068 2.23 4.16
Orig. (220) 75.25 1.262 0.43 25.48 75.22 1.263 2.00 5.44
311 91.20 1.079 0.61 20.08 91.29 1.078 2.30 5.36
(111 43.79 2.066 0.60 15.49 43.82 2.065 2.26 4.11
200 (220) 75.26 1.262 0.43 25.41 75.25 1.262 1.99 5.47
(311) 91.22 1.078 0.65 18.96 90.94 1.081 2.30 5.34
111 43.78 2.067 0.55 16.92 43.68 2.071 2.14 4.34
300 (220) 75.23 1.262 0.48 22.74 75.34 1.261 2.14 5.10
311 91.21 1.078 0.61 20.33 91.00 1.080 2.20 5.59
(111) 43.80 2.066 0.65 14.20 43.68 2.071 2.18 4.25
400 (220) 75.24 1.262 0.43 25.34 75.20 1.263 2.05 5.31
(311) 91.20 1.078 0.60 20.68 91.50 1.076 2.10 5.88
111 43.79 2.066 0.64 14.42 43.57 2.076 2.12 4.38
500 (220) 75.25 1.262 0.43 25.34 74.91 1.267 2.10 5.17
311) 91.17 1.079 0.60 20.68 91.13 1.079 2.04 6.05
(111) 43.83 2.065 0.65 14.23 43.66 2.072 2.11 4.40
550 (220) 75.23 1.262 0.42 2591 74.97 1.266 1.98 5.49
(311) 91.18 1.079 0.60 20.50 91.22 1.078 2.09 5.90
T Izvestiya Vuzov. Poroshkovaya Metallurgiya i Funktsional'nye Pokrytiya = 2022 = Vol. 16 = N24
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or a significant part of it, since the mean free path of
electrons (A ~ 3 nm) is comparable to or slightly less
than the average size of the studied primary particles
of DND and PND nanopowders. Taking into account
the fact that about 95 % of the informative signal in
XPS comes from a depth of 3A, the depth of analysis
for carbon constitutes ~ 9+10 nm. In Fig. 3, a, it can be
seen that the spectra of the original samples of both na-
nopowders contain the lines being specific for carbon
(Cls and C KVV) and oxygen (Ols and O KLL). Be-
sides, the spectrum of the DND sample includes a
nitrogen line (NI1s), while the spectrum of the PND
sample includes additional low-intensity peaks of tita-
nium and sodium (practically at the level of noises). No
other elements were found in all samples of nanopo-
wders within the sensitivity of XPS method. The pho-

Intensity, 10* conv.

toelectron spectra of DND and PND samples subject-
ed to heat treatment in air at a temperature of 550 °C
(Fig. 3, b) contain the same lines as the correspond-
ing original samples. Table 3 provides the results of
measurements of the relative content of basic elements
(C, O and N), as well as the ratio of their atomic con-
centrations in the samples of DND and PND nano-
powders.

The relative content of elements in the samples of
nanopowders and their atomic ratios were determined
by the integral intensities of photoelectron lines ad-
justed for the corresponding atomic sensitivity coef-
ficients [24].

According to Table 3, the ratio of the number of
oxygen atoms and carbon atoms is practically the same
for the particles of PND and DND nanopowders.

Intensity, 10" conv.

i a Cls PND
2 -
2 -
1 1 1 -
J W
0 T T T T T T 0 L T T T T T
200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400
Binding energy, eV Binding energy, eV
Intensity, 10" conv. Intensity, 10" conv.
’ Cls PND
3 =
7 -
1 Cls
2
6 i
4 14
5 =
I .
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400

Binding energy, eV

Binding energy, eV

Fig. 3. The panoramic X-ray photoelectron spectra of DND and PND samples
before heating (a) and after annealing in air at a temperature of 550 °C (b)

Puc. 3. O630pHBIC peHTIeHOBCKKE (POTONEKTPOHHBIE CIIeKTphl 00pa3os JJHA u [THA
IO HAarpeBa (@) ¥ TocJjie OTXXUra Ha Bo3nyxe rpu temmnepatype 550 °C (b)
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Table 3. The relative content of elements in PND and DND samples and their atomic ratios

Tabnumua 3. OTHocMTENbHOE COAepXaHne aNeMEHTOB B 06pa3u,ax

MHA n IHA 1 nx aTOMHbIE COOTHOLLIEHMS

. PND DND
he C (0} N o/C N/C C (0) N o/C N/C
Orig. 90.6 9.4 — 0.10 — 89.4 9.1 L5 0.10 0.02
400 90.8 9.2 — 0.10 — 89.0 9.5 L5 0.11 0.02
500 91.2 8.8 — 0.10 — 89.4 9.0 1.6 0.10 0.02
550 90.8 9.2 — 0.10 — 90.6 7.8 1.6 0.19 0.02

For a detailed analysis, the main lines of Cls carbon,
Ols oxygen, and Nls nitrogen were decomposed into
separate spectral components using XPSPeak 4.1 soft-
ware [29].

Fig. 4 shows that the carbon Cls lines of both nano-
powder samples consist of separate spectral components,
indicating that the carbon within the samples appears
in 4 different chemical states. An analysis of binding
energies of individual components in Cls spectra of both
samples allows to conclude that the most intensive peaks
with binding energies of 285.3 + 0.2 eV correspond to
sp>-hybridized carbon forming a diamond crystal lattice
[7, 30—33].

The binding energies of peaks of 284.1 = 0.1 eV are
specific for carbon atoms in the sp?-state (graphite-
like carbon atoms) [30—33]. The peaks with the bind-
ing energies of 286.6 eV correspond to carbon atoms
in the composition of hydroxyl and ether groups (C—
OH, C—0—C) [30—33]. The least intensive lines
with the binding energies of 287.9 = 0.3 eV charac-
terize the states of carbon atoms in the composition
of carboxyl groups (O=C—0O, COOH). Table 4 pro-
vides relative contributions of each state of carbon
atoms to the total Cls spectrum and spz/sp3 ratio for
all measured samples. According to Table 4, in the
original sample of PND nanopowder, about 79.2 % of
the total number of carbon atoms are in the sp>-state.
~10.6 % of the total number of carbon atoms corre-
spond to graphite-like carbon atoms in the sp-hyb-
ridized state, while other carbon atoms are in the
composition of hydroxyl (or ether) (~8.0 %) and car-
boxyl (~2.2 %) groups.

The original sample of DND nanopowder, 33.2 % of
the total number of carbon atoms are graphite-like car-
bon atoms in the sp2-hybridized state. The carbon atoms
in the sp>-hybridized state account for ~39.8 %, while
other carbon atoms are in the composition of hydro-
xyl (or ether) (~24.8 %) and carboxyl (~2.2 %) groups.

Table 4 also shows that as the temperature (starting from
400 °C) and the time of annealing in air increases, the
content of non-diamond carbon atoms in the sp>-hyb-
ridized state both in PN D samples and in DN D samples
gradually decreases as a result of air oxidation, while the
proportion of carbon atoms in the sp>-hybridized state
increases.

Fig. 5 shows Ols oxygen spectra of the samples
of nanopowders measured before heating and after it
(t = 550 °C). It can be seen that Ols spectra of DND
and PND samples contain various oxygen-containing
functional groups, which are commonly localized on
the surface of carbon materials, including diamond na-
nopowders. According to the literature data, the peaks
of oxygen atoms in the carbonyl groups of ketones, al-
dehydes and quinones are in the range of binding ener-
gies of ~531.3+531.5 eV [34—36]. The binding energy of
532.6 eV is characteristic of peaks of oxygen in the com-
position of phenolic [34] and hydroxyl groups [35], as
well as carbonyl oxygen in esters and carboxylic anhy-
drides [35]. The peaks of oxygen with the binding ener-
gy of 533.8 eV correspond to the non-carbonyl atom of
oxygen in esters or anhydrides and carboxyl group [34,
36, 37]. The peaks of oxygen with the binding energy of
530 eV can be attributed to oxygen in the composition
of inorganic compounds [35]. The relative contributions
of different states of oxygen atoms to the total Ols spec-
trum in all measured PND and DND samples are pro-
vided in Table 5.

Table 5 shows that the PND samples annealed in
air exhibit a noticeable tendency to an increase in the
proportion of oxygen atoms in the composition of es-
ter, carbonyl, and carboxyl functional groups com-
pared to the initial state, while the DND samples
annealed in air exhibit a somewhat decrease in the
proportion of oxygen atoms of the hydroxyl and car-
bonyl groups in the composition of ester, anhydride
and carboxyl groups compared to the original sample.
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A certain increase in the fraction of oxygen atoms of in DND samples after annealing. The analysis of the
the non-carbonyl group is also noticeable only in the binding energies of spectral components present-
composition of carboxyl, anhydride, and ester groups ed in the spectrum of main line Nls in Fig. 6 allows

Table 4. The contribution of carbon states (%) to the total spectrum of C1s in PND and DND samples
before their annealing and after heating in air at different temperatures

Tabnuua 4. Bknan, cocTosiHuin yrnepoaa, %, B cymmapHblid cnektp C1s B obpasuax MHA u JHA
10 MX OTXMra 1 NOCcNe Harpesa Ha BO3Jyxe NPy PasHbIX 3HAYEHUSX TEMNEepaTypbl

PND DND
h e sp? sp° €0, | coon sp%/sp’ sp? sp° =0 COOH | sp%/sp
D D C—0—C p°/sp D D C—0—C p°/sp
Orig. 10.6 79.2 8.0 2.2 0.13 33.2 39.8 24.8 2.2 0.83
400 10.1 78.9 8.5 2.5 0.13 31.7 38.9 25.1 4.3 0.81
500 8.2 81.5 8.4 1.9 0.10 29.8 42.8 23.2 4.2 0.70
550 7.1 82.1 9.1 1.7 0.09 21.4 46.5 27.8 4.3 0.46
Intensity, 10" conv. a Intensity, 10" conv.
2853 - sp’ DND 37 2853 —sp’ PND
J 284.1 - sp’ % 286.6-C-0,C-0-C )
5 284.1-sp"§ [ 286.6 - C-0, C-0-C
4 J
288.1 — 0=C-0, COOH 288.2 — 0=C-0, COOH
14
3 T T T T T T 0 ] T T T T T T T
278 280 282 284 286 288 290 292 278 280 282 284 286 288 290 292
Binding energy, eV Binding energy, eV
Intensity, 104 conv. b Intensity, 10° conv.
- 2853 —sp’ DND 2853 —sp’ PND
3 —
286.6 — C-0, C-0-C
6 284.1—sp’ ] 284.1—sp’
2 =
288.1 — 0=C-0, COOH 286.6 — C-0, C-0-C

288.2 - O=C-0O, COOH
7 / & | J
04

278 280 282 284 286 288 290 292 278 280 282 284 286 288 290 292
Binding energy, eV Binding energy, eV

Fig. 4. The spectra of Cls carbon of DND and PND samples
before heating () and after annealing in air at a temperature of 550 °C (b)

Puc. 4. Cnekrpnl yriepona Cls oopasuos JJHA u [TIHA
[0 HarpeBa (@) ¥ Tocjie OTXKUTa Ha Bo3ayxe rmpu temmnepatype 550 °C (b)
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Table 5. The contribution of the states of oxygen atoms (%) to the total spectrum of O1s
Tabnuua 5. Bknag cocTosiHuiA aTOMOB Kucnopoaa, %, B cymmapHblii cnektp O1s

PND DND
t,°C — —
> 0=C—-0—C, _ _ . 0=C—-0—C, _ A= .
_C_OH —C=0 | —0—C=0 | NaOH + TiO, _C_OH —C=0 O—C=0 | NaOH + TiO,
Orig. 36.7 18.6 14.2 30.5 64.6 27.7 7.7 —
400 46.8 21.6 16.7 14.9 58.6 31.0 10.4 —
500 49.3 21.9 16.6 12.2 57.6 29.4 12.9 —
550 49.9 21.7 21.1 7.3 55.2 27.0 17.8 —
Intensity, 10° conv. Intensity, 10’ conv.
— C—O-C/C— a
2+ DND 5326~ G-0-C/C-OH | PND 532.6 - C-O-C/C-OH
8 531.5-C=0 5
531.3-C=0
533.8-0-C=0 530.4 — TiO,, NaOH
533.8 -0-C=0
1- 535.5-NaKLL
5 BPREID
4 -
526 528 530 532 534 536 538 524 526 528 51’»0 532 534 536 538 540
Binding energy, eV Binding energy, eV
Intensity, 104 conv. b Intensity, 103 conv.
- DND 532.6—E—O—C/C—OH PND $326-C-0-C/C-OH
531.3-C=0 0
8- 531.5-C=0
533.8-0-C=0 533.8-0-C=0
i 530.4 — TiO,, NaOH
244 535.5-NaKLL
/ />< v =S
4+ y
526 528 530 532 534 536 538 524 526 528 530 532 534 536 538 540

Binding energy, eV

Binding energy, eV

Fig. 5. The spectra of Ols oxygen of the samples of DND and PN D nanopowders
before heating (a) and after annealing in air at a temperature of 550 °C (b)

Puc. 5. Cnekrpsl kuciaopona Ols o6pasioB HaHomnopoiiikos JIHA u [THA
IIo HarpeBa (a) ¥ IocJie OTXXMra Ha Bo3ayxe rmpu Temmeparype 550 °C (b)

to suggest that nitrogen is present on the surface in The contribution of nitrogen states in N1s spectra
the composition of the following functional groups: ofthe studied samples is provided in Table 6. The ana-
398.6 eV —C—N=C and 399.6 eV — C—N—C. Peak lysis of the binding energies of spectral components
with the binding energy value of 402.8 = 0.1 eV may presented in Nls spectrum allows to suggest that nit-

belong to oxidized nitrogen (NO,).
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Intensity, 10° conv.
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Fig. 6. The main lines of N1s nitrogen of the samples of DN D nanopowder
before heating (a) and after annealing in air at a temperature of 550 °C (b)

Puc. 6. OcToBHbIe TuHNY a30Ta N1s 006pa3iioB HaHomopomika JIHA
[0 HAarpeBa (@) ¥ Tocjie OTXXUra Ha Bo3ayxe rpu remmnepatype 550 °C (b)

Table 6. The contribution of the states of nitrogen

atoms (%) to the total spectrum of N1s in DND samples
Tabnuua 6. Bknag, cocTosiHMIA aTOMOB a30Ta, %,

B CymMMapHbiid cnektp N1s B obpasax JHA

t,°C C—N=C C—N-C NO,
Orig. 27.3 55.6 17.1
400 25.2 57.5 17.3
500 223 60.4 17.3
550 213 61.3 17.4

the following functional groups: 398.6 eV —C—N=C
and 399.6 eV — C—N—C. Peak with the binding
energy value of 402.8 + 0.1 eV may belong to oxidized
nitrogen (NO,).

Transmission electron microscopy. Fig. 7 shows the
images of the structure of primary particles of DND and
PND nanopowder samples in their initial state and after
annealing in air at a temperature of 550 °C.

The interplanar distances of the crystals of the dia-
mond core of the primary particles of nanopowders are
distinctly visible in all the high-resolution images in
Fig. 7. Both in DND nanopowder and in PND nano-
powder, the shells consisting mainly of graphite-like
carbon in spz—hybridized state and amorphous carbon
in sp3—state are clearly visible together with the cores of
primary particles [4, 7]. The space between the adja-
cent primary particles is also filled with formations
of non-diamond carbon and segments of amorphous

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N°4

carbon in sp>-hybridized state (see Fig. 7). The com-
parative analysis of high-resolution images of prima-
ry DND and PND particles obtained before anneal-
ing and after heating in air in the temperature range
of 400—550 °C is indicative of a noticeable decrease in
non-diamond carbon both on the shells surrounding
the cores of primary particles and in the space between
the adjacent primary particles.

Thus, the results obtained by direct TEM observa-
tion are in qualitative line with the analysis data estab-
lished on the basis of XPS measurements of Cls carbon,
which show that the relative content of graphite-like
carbon atoms in the sp?-hybridized state decreases as
a result of their being oxidized with atmospheric oxy-
gen upon annealing of nanopowder samples at a tem-
perature above 400 °C (see Table 4). A decrease in the
relative content of non-diamond carbon in the samples
during annealing in air as a result of oxidation is also
observed in the Raman spectra of PND and DND na-
nopowders.

Raman spectroscopy. Fig. 8 shows the normalized
Raman spectra (RS) of PND and DND nanopow-
ders in their states before and after annealing (in air at
t = 550 °C). It can be observed that the Raman spectra
of the samples of PND and DND nanopowders in their
initial state and after annealing differ significantly (see
Fig. 8). Thus, in the Raman spectrum of PND sample,
D line being the line of low-ordered carbon in sp>-state,
from which a sharp diamond peak, caused by the vib-
rations of carbon atoms in the sp3—state, emerges at a
frequency about 1331 cm™!, and G line being the line
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Fig. 7. The high-resolution images of primary particles of the samples of DND and PND nanopowders
before annealing (@) and after heating in air at a temperature of 550 °C (b)

The numbers indicate the crystalline cores of diamond of primary particles of nanopowders, the arrows indicate the segments
of graphite-like formations of carbon in the sp?-state and amorphous carbon in the sp>-state

Puc. 7. U3006paxkeHu st BLICOKOT'O pa3pellieHus MepBUYHbBIX YacTull 00pa3ioB HaHonopouikos JJHA u [THA
IO OTKUTa (@) U IoCcje HarpeBa Ha Bo3ayxe Impu Temmeparype 550 °C (b)

HI/I(I)paMI/I TTOMEYECHBI KPUCTAIIMYECKUE A/ipa aJiMa3a MMEPBUYHBIX YaCTUL] HAHOITOPOILKOB; CTPEJIKaMn 0003HaYEeHBI (bpal"MCHTbI
Fpa(i)HTOHOZ[OGHLIX 06p330BaHI/Iﬁ us3 yriepojia B sz-COCTOHHI/II/I n aMOp(I)HOl"O yriepoia B Sps-COCTOHHI/II/I

of graphite, occupying the frequency range of 1400—
1700 cm~! with a center at 1577 cm™!, decreased notice-
ably after annealing. In the Raman spectrum of DND
sample before annealing, the diamond peak hardly
stands out against the background of the intense broad
D line of low-ordered carbon in sp?-state, while after
annealing the diamond peak is clearly observed at a fre-
quency centered at about 1328 cm™'. These changes in
the Raman spectra are indicative of the fact that the pro-
portions of non-diamond carbon atoms in the sp>-state
in the samples of PND and DN D nanopowders decrease
as a result of their oxidation with atmospheric oxygen
during annealing in air.

Thus, XPS and Raman spectroscopy methods, as

well as the direct images obtained using high-resolution
TEM, provide consistent results showing that during
the annealing of PND and DND samples in air (start-
ing from a temperature of 400°C), the selective removal
of structural formations consisting primarily of non-
diamond carbon in sp?-state and amorphous carbon in
sp>-hybridized state.

Returning to Fig. 1, which shows the photographic
images of nanopowders, let us note that the color of
both the original samples of DND and PND nanop-
owder, and the samples annealed in air at # = 550°C
correlates well with the relative content of structural
formations of non-diamond carbon in sp2— and sp3 -
states in them. The high content of non-diamond car-
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Table 7. The weight losses of PND and DND samples depending on the temperature and duration
of their annealing in air and the basic processes occurring in nanopowder samples

Tabnuua 7. Motepu Maccsl 06pa3uos MHA n IHA B 3aBUCHMOCTYH OT TeMNepaTypbl U AJIMTELHOCTM UX OTXWra Ha BO3AyXe
1 OCHOBHbIE NPOLECCHI, NpoTekaloLme B 06pasLiax HaHOMOPOLLKOB

/°C Time. h Weight loss, % The main processes occurring in the samples
? ’ PND DND of diamond nanopowders during annealing in air
200 1 0.14 4.01 Desorption and removal of water molecules
300 2 0.30 5.08 and volatile impurities [38—40]
400 3 113 736 The oxidation of the smallest formations of non-diamond sp2-carbon
’ ’ and amorphous carbon in the sp3-state [4, 7, 21—23]
500 5 3.08 14.21 The oxidation of graphite-like sp*-carbon,
amorphous carbon in the sp3—state,
550 6 5.37 21.09 and small primary particles of nanopowders [4, 7, 33]
Intensity, conv. Intensity, conv.
q 1328sm’ 1594 sm a d 1331 sm | b
1.0 1.0
- - 1577 sm '
i b g
0.5- 0.5 w%MMHZ
1
0 T 0
1000 1500 2000 2500 1000 1500 2000 2500

Raman shift, sm :

Raman shift, sm

Fig. 8. The Raman spectra of the samples of PND (a) and DND (b) nanopowders
before annealing (I) and after annealing in air at a temperature of 550 °C (2)

The spectra are adjusted by background subtraction and normalized to unity

Puc. 8. Cnekrpsl KP o6pa3siioB HaHonopoitikoB [THA (a) u JIHA (b)
no orxura (1) v mocjie oTXura Ha Boznyxe rnpu remnepatype 550 °C (2)

CneKTpbl CKOPPEKTUPOBAHBI MyTeM BbIUMTAHUS (HOHA U HOPMUPOBAHBI Ha €IUHUILLY

bon in the original samples of diamond nanopowders
contributes to their dark colour tint. The removal of
structural formations of non-diamond carbon located
both on the shell of the diamond core and in the space
between adjacent primary particles during annealing
in air causes a lighter color of PND and DND nano-
powders.

The weight loss of samples of PND and DND nano-
powders after their annealing in air. Table 7 shows that
at an annealing temperature of 200 °C the weight loss
of PND sample was 0.14 % of its initial value, and the

weight loss of DND sample sample accounted for
4.01 %.

The relatively high weight loss of DND sample
upon heating in air compared to the one of PND
sample is apparently caused by the higher value of its
specific surface area, which is capable of adsorbing
more water molecules and volatile impurities in the
initial state.

As aresult of annealing at z = 300 °C, the weight los-
ses of PND and DND samples compared to their initial
values accounted for 0.3 % and 5.08 %, respectively. In

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N°4
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addition to the removal of adsorbed water molecules and
volatile compounds, the weight losses at this annealing
temperature might also be caused by desulfuring and de-
nitrogenation, the presence of sulfur- and nitrogen-con-
taining compounds in the original samples is associated
with the chemical purification of the original nanopow-
ders using the mixtures of strong acids, containing
H,SO,4 and HNO; [38, 39].

At t=400 °C, the weight losses of PND and DND
samples increase noticeably and account for 1.13
and 7.36 %, respectively. A noticeable increase in
the weight losses is caused by the beginning of the
processes of oxidation and removal of small structu-
ral formations consisting of non-diamond carbon in
sp?-state and amorphous carbon in sp>-hybridized
state [4, 7].

In the case of r = 500 °C and 550 °C, the weight
losses of the original PND and DND samples in-
crease significantly. After annealing at temperatures
of 500°C and 550 °C, the original PND samples lost
3.08 % and 5.37 %, and the DND samples lost 14.21 %
and 21.09 %, respectively. The increase in the weight
losses of the samples at these temperatures is caused
by active oxidation and removal of non-diamond car-
bon from them, which is reflected by the data of XPS
and Raman spectra measurements, in particular, the
change in the ratio of various forms of carbon sp?/sp°
(see Table 4).

Conclusion

A complex of modern methods was used in the
course of the research aimed to study the impact of
modification by annealing in air on the morphology,
elemental and phase compositions, chemical state, and
structure of primary particles of nanopowders obtained
by the methods of grinding natural diamond and deto-
nation synthesis. The annealing of nanopowder samples
was performed at 5 given values of temperature: 200 °C,
300 °C, 400 °C, 500 °C and 550 °C.

It is shown that heat treatment in air at given val-
ues of temperature and heating time does not affect the
elemental composition and atomic structure of pri-
mary particles of both DND and PND nanopowders.
Using XPS and Raman spectroscopy methods, it has
been established that annealing in air in the temper-
ature range of 400—550 °C results in the removal of
amorphous and graphite-like carbon atoms in sp?- and
sp>-states from diamond nanopowders by oxidation
with atmospheric oxygen. After annealing for 5 h at
t=1550 °C, the relative number of non-diamond carbon

atoms in the sp2-state in the original DN'D nanopow-
der, containing about 33.2 % of non-diamond carbon
atoms of the total number of carbon atoms, decreased
to ~21.4 %. In this case, the relative number of carbon
atoms in the sp3-state (in the diamond core lattice) and
in the composition of oxygen-containing functional
groups increased from ~39.8 % to ~46.5 % and from
~27 % to ~32.1 %, respectively. After annealing under
the same conditions, their relative number in PND na-
nopowder, containing about 10.6 % of non-diamond
carbon atoms in the spz—state of the total number of
carbon atoms before annealing, decreased to 7.1 %.
The relative number of carbon atoms in the sp>-state
increased from 72.9 to 82.1 %. The proportion of car-
bon atoms in the composition of oxygen-containing
functional groups increased insignificantly (from 10.2
to 10.8 %) as well.

It is demonstrated that after annealing in air PND
nanopowders exhibit a noticeable increase in the pro-
portion of oxygen atoms in the composition of ester,
carbonyl, and carboxyl functional groups compared to
its content in the original sample, Whereas, in DND
samples annealed in air, the proportion of oxygen atoms
of the hydroxyl and carbonyl groups in the composition
of ester, anhydride, and carboxyl groups somewhat de-
creases compared to the original sample. Besides, in
DND samples after annealing, a slight increase in the
proportion of oxygen atoms of the non-carbonyl group
was recorded only in the composition of carboxyl, anhy-
dride, and ester groups.
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Features of the impact of hot isostatic pressing
and heat treatment on the structure and properties
of maraging steel obtained by selective laser melting method
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Abstract: Using the SLM method in a nitrogen blanket with heating to a temperature of 200 °C, samples were obtained at a
position of 0° against the build plate. The effect of the hot isostatic pressing (HIP) and heat treatment (HT: hardening + aging)
on the structure and mechanical properties of maraging steel CL50 WS was studied (the Russian analogue is ChS4 grade). To
analyze the effect of post-processing on the strength characteristics (o, 69 2, 8, ¥), tensile tests were conducted. Their results
indicated high values of strength and ductility. It has been established that as a result of HT in the steel structure, in addition
to a-Fe, y-Fe, dispersed precipitates of the NiTiz strengthening phase are formed, the identification of which was carried out
by high-resolution transmission electron microscopy. Through the NiTis intermetallic phase, the steel has acquired increased
tensile strength and yield strength required for the production of critical components and parts for highly loaded turbomachine
disks. The change in the porosity of the samples before and after the HIP was analyzed. The microstructure of the samples and
the changes that occur under the influence of various post-processing options are studied. The fine-grained homogeneous
structure obtained by combining the SLM, HIP and HT provided optimal strength and ductility. Analysis of fractures after
mechanical testing showed that the samples after post-processing are destroyed according to the viscous-pitting mechanism
with the formation of a neck.
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0c06eHHOCTU BNMSHUS FOPSYEro M30CTaTMyecKoro NPpeccoBaHus
M TepMo0oOpPaboTKM Ha CTPYKTYPY U CBOMCTBA MapTEHCUTHO-CTapeloLLeil cTanm,
NOJIYyYEHHOI METOI0M CeNEeKTUBHOr0 Na3epHOro CrnaasneHus

A.O. Kascosa, E.A. JleBawos

HaupoHanbHbIi nccnepoBaTenbCkuin TexHonorudeckuii yuusepentet (HUTY) «MUCuC», r. Mockea, Poccus

Crarbs noctynuna B peaakumio 19.07.22 r., gopabotana 27.07.22 r., nognucana B neyats 28.07.22 r.

AHHOTauusa: MeToaom cenekTUBHOro nasepHoro cnnaenenus (CJIC) B cpene asoTta npu nogorpese Ao temnepatypsl 200 °C
nony4yeHbl 06pasubl B Noa0XxeHU 0° OTHOCUTENBHO MUTLI NOCTPOEHUS. MI3y4eHO BAUSIHNME ropsiyero n3oCTaTuyeckoro npec-
coBaHus (FNM) u TepmoobpaboTkn (TO: 3akanka + cTapeHune) Ha CTPYKTYPY U MexaHn4Yeckme CBOMCTBA MapTEHCUTHO-CTape-
owen ctanm CL50 WS (poccuiicknia aHanor — YC4). lng aHanu3a BAMSHUSA NOCTOOpaboTKM HA MPOYHOCTHbLIE XapakTePUCTUKN
(Og, Gp,2, 8, W) NPOBEAEHBI UCMILITAHNSA HA Pa3pbiB. VX pe3ynbTaTel Nokasanm BbICOKME 3HAYEHUS MPOYHOCTU U NNACTUYHOCTK.
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YcTaHoBneHo, 4To B pe3ynbtate TO B CTPykType cTanu, nomumo o-Fe, y-Fe, o6pasyloTcs AMcnepcHble BblAENEeHNS YNPOYHS-
owen ¢asbl NiTis, naeHTnduUKaunio KOTopon NPoOBOANIN METOL0M MPOCBEYNBAIOLLEN 3/IEKTPOHHON MUKPOCKOMUU BbICOKOTO
paspelueHuns. bnarogaps nitepmetannngHon ¢pase NiTiz, cTanb npuobpena NoBbILEHHbIE NPeAen NPOYHOCTU U Npeaen Te-
Ky4yecTu, Tpebyemble AN NPON3BOACTBA OTBETCTBEHHbIX Y3JI0B U AieTasnei BbICOKOHArpyxXeHHbIX AMCKOB TypOomatuuH. MNpoa-
HaM3npPoBaHO N3MeHeHWe noprucTocTu o6pas3uyoB Ao 1 nocne MNM. NccnenoBaHbl MUKPOCTPYKTYPbl 06pa3L0B U UBMEHEHUS,
npovcxoasine nog BAUSHUEM PasnYHbIX BapruaHToOB NoctobpaboTkn. Menko3epHuUcTas ogHoOpoAHas CTPYKTypa, NOay4YeH-
Hasa npu coveTannum CJIC, TUM n TO, o6ecneymnna onTumMasnbHble NoOKa3aTe v NPOYHOCTM U NNACTUYHOCTU. AHANM3 N3JTIOMOB NO-
clle MexaHn4yeckux UcnbiTaHnii nokasan, 4To ob6pasubl Nocsie NocTob6paboTkmM PaspyLLAOTCS MO BA3KO-AMOYHOMY MEXaHN3MY

c o6pa3oBaHNEM LLUENKN.

Kntouesble c/ioBa: cenekTMBHOE la3epHOe CrJiaBfieHe, MapTEHCUTHO-CTapeoLLMe cTanum, ropsyee n3ocraTmiyeckoe npeccosa-
Hue, Tepmuyeckas 06paboTka, MUKPOCTPYKTYpa, pal30Bbili COCTaB, MEXaHNYECKNE CBOMCTBA.
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Introduction

High-strength maraging steel (MS) belongs to the
group of high-alloy steel grades that are based on car-
bon-free martensite. Compared to classic carbon-free
steels, maximum hardening is achieved by heat treat-
ment (HT) in the aging mode due to the dispersion
hardening of highly ductile martensite.

The worldwide experience in the application and
operation of MS steels has proven that they provide a
high degree of reliability, manufacturability and other
advantages in comparison with carbon steels. The low
hardness of low-carbon martensite contributes to good
machinability and deformability in the initial and
hardened states, while aging provides a high level of
strength, ductility and permanent deformation. The
hardening heat treatment of complex shaped thin-walled
parts is accompanied by a small change in linear dimen-
sions, i.e. no warpage is caused.

MS steels exhibit the feature of throughout hard-
enability at the austenitization temperature, i.e. mar-
tensitic structure formation is assured regardless of the
cooling rate and cross-sectional dimension of a fini-
shed product or a part. Such steels are well deformed
without heating during sheet stamping and rotary
drawing and forging.

MS steel of ChS4 grade with strength oy = 1950+
+2150 MPa has increased ductility, especially under
conditions of local deformation, and, as a consequence,
lower sensitivity to stress concentrators, which ensures

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N4

higher reliability during operation under extreme loads
compared to high-strength carbon steels treated for the
equivalent strength.

The structure of carbon-free martensite in all grades
of MS steel, including ChS4, belongs to the type of mas-
sive martensite, which differs from carbon martensite in
the absence of tetragonality in the a-BCC lattice, high
dislocation density, and the presence of a significant
number of twins. This type of structure is not exposed to
tempering and softening processes, but is only capable of
intensive strengthening due to precipitation of dispersed
phases.

In powder metallurgy, MS steel products are ob-
tained from atomized alloy powders by thermoforming
methods. This allows to reduce segregational hetero-
geneity as well as to ensure high strength properties.
The parts produced by sintering exhibit high ductili-
ty, toughness and can be used under high-temperature
contact conditions.

For the manufacture of geometrically-complex spe-
cial-purpose products of MS steels, it is highly promi-
sing to use the technology of selective laser melting
(SLM), which significantly reduces the production time
and the material consumption. Interest in using MS
steels in SLM technology is caused not only by a high
complex of physical and mechanical properties, but also
by almost complete absence of warping in the printing
process due to the unique nature of the steel. The forma-
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tion of the product during SLM is performed due to the
successive melting and crystallization of layers of metal
powder. Therefore, the formation of interfaces, which
are a structural defect for this technology and may con-
tain discontinuities, occurs.

The SLM process is characterized by such defects
as an incomplete fusion of particles, a residual poro-
sity, microcracks, high residual stresses, and a forma-
tion of supersaturated solid solutions. The presence
of defects results in a decrease in the mechanical and
operational properties of products. In this regard,
the use of post-processing techniques, in particular
hot isostatic pressing (HIP), is reasonable and eco-
nomically feasible since it reduces residual porosi-
ty, heals structural defects, ensuring a fine-grained
steel structure with the effect of dispersion hardening
[1—8].

The purpose of this paper is to study the effect of
HIP and heat treatment by aging on the structural phase
transformations and properties of SLM samples made of
maraging steel.

SEM HV: 20.0 kV
View field: 466 pm

WD: 15.16mm | 1
Det: SE
SEM MAG: 1.09 kx  Date{midiy): 10/26/17

100 pm

Research methodology

The metal powder of maraging steel of CL50 WS
grade (Germany) was used for the research. Its Russian
analogue is steel of ChS 4 grade. The chemical composi-
tion of CL50 WS alloy is presented below, wt.%:

Fe.orininis Base Siaviiciinienienn, <0.1
Mo.......c...... 4.5—5.2 Mn .o <0.15
Ni.ooenenn 17.0—19.0 P <0.01
Tl 0.8—1.2 S <0.01
Co .o 8.5—10.0 () ST <0.25
C ot <0.03

The concentrations of gas impurities in the powder
for oxygen, nitrogen and hydrogen are 0.146, 0.021 and
0.0075 wt.%, respectively. The particle size of the pow-
der is in the range of 5—45 um, while the distribution
quantiles dy, ds and dg are 17.7, 29.4 and 48.0 um, re-

VEGA3 TESCAN|

SEM HV: 20.0 kV WOD: 15,16 mm |
View field: 148 pm Det: SE

20 pm
SEM MAG: 342 kx  Date{midly): 10526117

Fig. 1. The morphology (a, b)
and microstructure (c) of CL50 WS powder

Puc. 1. Mopdonorus (a, b)

| u MUKpOCTpyKTYypa (c) mopomika CL50 WS
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spectively. The bulk density is 4.544 g/cm3. The powder
contains irregularly shaped particles up to 50 um in size.
There are satellites on the surface of individual particles
(Fig. 1, a, b). The microstructure of the powder is rep-
resented by small dendritic crystals, no closed gas pores
are detected (Fig. 1, ¢).

The samples were obtained on the «Concept
Laser M2» machine (Germany) under a nitrogen blan-
ket with the blanks being horizontally positioned
against the build plate and subjected to the following
process parameters: the thickness of the fused layer is
30 um, the laser power is 180 W, the scanning speed is
800 mmy/s, the temperature of the build plate during
the printing process is 200 °C. The control of blank
samples was performed using XTH450 LC X-ray to-
mography system (Nikon Metrology, Japan) with a
sensitivity of 0.1 mm.

The SLM samples were gasostated on ABRA HIRP
10/26-200-2000 unit (Sweden). The HIP mode consist-
ed of heating to the hardening temperature and hold-
ing for 2 h at a constant pressure. Following the HIP,
additional heat treatment was conducted in a chamber
furnace with a blanketing atmosphere in two modes:
HT1 — hardening followed by aging, HT2 — aging.

Porosity was determined by the layer-by-layer analy-
sis in the cross section with the calculation of the average
index for three layers with a step of 3 mm. Sections on
samples for determining porosity and structural studies
were made parallel (section YZ) and perpendicular (sec-
tion XY) to the direction of synthesis.

To evaluate the mechanical properties of steel, cylin-
drical test-pieces were cut out of blanks for tensile tests
(under GOST 1497-84, type 1V, No. 8). The tests were
conducted on «Shimadzu 100kN» unit (Japan), offset
yield strength (o ,), tensile strength (oy), percentage
of elongation (d) and percentage of reduction (y) were
determined.

The fractographic analysis of fractures was performed
on «Vega 3» scanning electron microscope (Tescan, the
Czech Republic), and the study of the microstructure
was performed on «Hitachi S-3400N» scanning electron
microscope (Japan). The fine structure was studied by
transmission electron microscopy (TEM) method on
JEM-2100 instrument (Jeol, Japan), including in situ
at high resolution. Foils for TEM were prepared by ion
etching in «PIPS II System» (Gatan, United States).

Research results

The appearance of SLM blanks of MS steel is shown
in Fig. 2.

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N4

The absence of discontinuities and cracks in
the blanks was established using X-ray tomography
(Fig. 3).

Hot isostatic treatment allowed to reduce the re-
sidual porosity from 0.43 to 0.20. The analysis of me-
chanical tests of samples in the state of SLM + HIP +
+ HT1 demonstrated an increase in the yield strength
by 58 % and tensile strength by 50 % relative to the
state of SLM + HIP, and in the case of the state of
SLM + HIP + HT2, the increase in these indicators
was 58 % and 48 %, respectively. Thus, it has been es-
tablished that heat treatment modes ensure optimal

Fig. 2. The location of blanks on the build plate

Puc. 2. PacnoyioxkeHue 3aroTOBOK Ha MJIUTE MOCTPOCHU S

Fig. 3. The X-ray tomography of SLM samples

Puc. 3. Peatrenosckas tomorpadus CJIC-o6pa3iioB

87



lzvestiya Vuzov. Poroshkovaya Metallurgiya i Funktsional'nye Pokrytiya - 2022 - Vol. 16 - N2 4

indices of strength and ductility [9]. Fig. 4 shows the
deformation curves for uniaxial tension of samples in
the states of SLM + HIP + HT1, SLM + HIP + HT2,
and SLM + HIP.

The samples subjected to post-processing under
SLM + HIP + HT1 and SLM + HIP + HT2 modes are
characterized by a uniform plastic deformation area and
high strength and ductility.

A noticeable increase in strength and ductility was
also observed for the samples in SLM + HIP state
(v = 58.9 %). The obtained indices of percentage of re-
duction exceed the value for this steel in the state of hot-
rolled and forged bar (TU 14-1-811-73, y = 40 %).

In works [10—12], it is shown that the mechanical
properties of MS steel of 18Ni300 grade (the analogue
of steel of 01KhNI8LIMS5TYu grade) in SLM state
are in the following intervals: 6,, = 500900 MPa,
oy = 800+1100 MPa, & = 1030 %, y = 1125 %, in
SLM + HT state (r = 425+900 °C) they are as follows:
Gy, = 370+1000 MPa, oy = 700+1200 MPa, 3 = 15+
+35 %, ¢y = 20+50 %. Thus, the mechanical properties

obtained for MS steel of CL50 WS grade correspond to
the international standard.

Fig. 5 shows the microstructure of SLM sample after
HIP with high structural homogeneity. There is no sub-
grain structure typical for SLM samples that indicates
the completion of the grain recrystallization process
during HIP.

Aging after gasostatic processing also results in the
formation of a uniform martensitic structure, but with
a smaller grain size (Fig. 6). As a result of «martensi-
tic» aging, the alloying elements form a plastic matrix
phase being a substituted martensite reinforced with
uniformly distributed high-strength dispersed preci-
pitates of the excessive NiTi; intermetallic phase with
an average crystallite size of 10 um. The identification
of this phase was confirmed by TEM method in an
in situ study of structural transformations during heat-
ing of the lamella. The precipitation of NiTi; phase
from a supersaturated solid solution begins at a tem-
perature of 570 °C, which corresponds to the aging
temperature (Fig. 7).
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Fig. 4. The deformation curves in uniaxial tension of samples made of MS steel of CL50 WS grade depending

on the type of post-processing
1—SILM;2—SLM + HIP + HT1; 3 — SLM + HIP + HT2

Puc. 4. [lepopmanimoHHble KPUBBIE IIPU OAHOOCHOM pacTsixkeHrnu oopasioB u3z MC-cranu CL50 WS

B 3aBUCHMMOCTH OT BUJa MOCTOOPabOTKH
1— CJIC; 2 — CJIC + TUII + TO1; 3 — CJIC + TUII + TO2
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Martensite

A

500 pm

Fig. 5. The microstructure of MS steel
in SLM + HIP state

Puc. 5. Muxkpoctpykrypa MC-ctanu
B coctostnuu CJIC + TUTI

Martensite

Fig. 6. The microstructure of MS steel
in the state of SLM + HIP + HT?2

Puc. 6. Muxkpoctpykrypa MC-cranu
B coctostnuu CJIC+ TT'MIT + TO2

Post-processing under HIP + HT1 mode also re-
sulted in the formation of a hardening phase, however,
additional hardening after HIP contributed to the coar-
sening of the martensitic structure (Fig. 8).

The studies of the fine structure of SLM samples by
TEM method revealed the grains of NiTi3 phase in the
interdendritic space. As a result of calculating the pa-
rameters of crystal lattices of particles by Fourier trans-
forms, the parameters of BCC-lattice @ = 0.210+0.247
A were determined at tabular values a = 0.289+0.607 A.
The formation of twins is specific for this type of steel
(Fig. 9). Aslight deviation of crystal lattice parameters of
the identified phases from the tabular values is associa-

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N4

o NN Ny A EE

Fig. 7. TEM image of the precipitated phase

Puc. 7. [IDM-u3ob6paxeHue BoiaeanBIIEHCS Da3bl

Fig. 8. The microstructure of SLM sample
after HIP + HT1

Puc. 8. Muxkpocrtpykrypa CJIC-o6pa3ia
nocJiie oopadborku 'MIT + TO1

ted with the dissolution of alloying and impurity ele-
ments in them.

The fractographic analysis revealed that the samples
are destroyed with necking, i.e. the plastic component
of deformation prevailed, and the destruction proceed-
ed from the surface. Initially, a viscous shear occurred,
resulting in separation. The macroplastic fracture was
formed by the shear mechanism. The micromechanism
of destruction is a viscous-pitting one. This type of fai-
lure is typical for maraging steels, regardless of the me-
thod of obtaining the material [13—22]. Fig. 10 exhibits
the micromechanism (@) and the appearance of fractu-
res (b—d).

JE—
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Fig. 9. The Fourier transforms separated
from the surface of phase

Puc. 9. ®ypre-TpaHchopmanuu
BBIICIMBIIEICS C IOBEPXHOCTHU (ha3bl

3 kx WD: 15.45 mm
SEM HV: 20.0 kV Dat: SE
Date(midly): 110321  View field: 148 pm

SEM MAG: 145 x WD: 20.94 mm
1 mm

SEM HV: 20.0 kV Det: SE
Dateimidiy): 127721 View lield: 4.78 mm

Fig. 10. The appearance of fractures

20 pm

Conclusions

1. In the process of hot isostatic pressing accord-
ing to the selected modes, the subgrain structure
of SLM samples of maraging steel is recrystallized
with the formation of a homogeneous structure. As
a result of aging, the alloying elements form a plastic
matrix phase being a substituted martensite, disper-
sion-hardened by the precipitates of excessive phase
NiTis.

2. HIP in combination with heat treatment (har-
dening + aging) provides a 2-fold reduction in residual
porosity and a 1.5-fold increase in tensile strength and
offset yield strength.

3. The SLM samples made of MS steel are destroyed

SEM MAG: 214 x WD: 24.97 mm
SEM HV: 2000 kV Det; SE

Date{midly): 110321 View field: 3.89 mm 1 mm

SEM MAG: 145 x WO: 2084mm || 1 VEGA3 TESCAN

SEM HV: 200 kV SE

: 1 mm
Date(midiy): 1217721 View field: 4.78 mm

a — micromechanism; & — HIP; ¢ — HIP, hardening and aging; d — HIP and aging

Puc. 10. BHemiHnii B U3IOMOB

a — mukpomexanusMm; b — 'NI1; ¢ — NI, 3akanka u crapenue; d — [T u crapeHue
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with necking according to the viscous-pitting mecha-
nism, which is typical for maraging steels, regardless of
the method of their production.
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