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The impact of impurities
on the Al-Fe-C system phase composition
changes during sintering

E. N. Korosteleva, A. G. Knyazeva®, M. A. Anisimova, I. O. Nikolaev

Institute of Strength Physics and Materials Science of the Siberian Branch of the Russian Academy of Sciences
2/4 Akademicheskii Prosp., Tomsk 634055, Russia

&) anna-knyazeva@mail.ru

Abstract. Manufacturing waste can be not only recycled but also utilized as a source of chemical elements and as a component
of powder materials. Steel swarf are a complex multicomponent material with a high iron content, while impurities such as
carbon can affect the diffusion interaction in the chip and metal powder mixture. In this study, we investigate the diffusion
interaction between aluminum and steel swarf using temperature-controlled vacuum sintering. We analyzed the resulting
mixture’s microstructure and phase composition, and observed that sintering creates a multiphase structure in which FeAl
iron aluminide occupies at least 30 vol. %. Despite the high sintering temperature, we also observed residual aluminum
and iron. Incomplete transformation may result form refractory products that inhibit diffusion or impurities that influence
the magnitude and direction of the diffusion fluxes. To confirm the impurities’ role in the diffusion interaction kinetics, we
developed simulation models of the intermetallic phase growth for a flat and spherical particle embedded in aluminum.
The model consider cross-diffusion fluxes in the emerging phase regions and possible effects of impurities on the concentration
limit for the new phase’s existence. We derived approximate analytical solutions to analyze the emerging phase growth trends
under various model parameters.

Keywords: metal swarf, reaction sintering, diffusion interaction, intermetallide phase, tests, simulation

Acknowledgements: This study is supported by the Russian Science Foundation and the Tomsk Oblast Administration, Grant
No. 22-13-20031, https://rscf.ru/project/22-13-20031/

For citation: Korosteleva E.N., Knyazeva A.G., Anisimova M.A., Nikolaev 1.0. The impact of impurities on the Al-Fe—C system
phase composition changes during sintering. Powder Metallurgy and Functional Coatings. 2023;17(2):5-13.
https://doi.org/10.17073/1997-308X-2023-2-5-13

Ponb npuMecen B usMeHeHUn pasoBoro coctasa
B cucteMe Al-Fe-C npu cnekaHuum

E. H. Kopoctenena, A. I. Kuasea®, M. A. Auucumosa, /1. O. Hukonaes

HHeruryT Qpu3uky npoyHocTy u MarepuasioseaeHns Cuéupckoro ornenenns PAH
Poccus, 634055, . Tomck, AkagemMudeckui mp-T, 2/46

&3 anna-knyazeva@mail.ru

AHHoTayms. DphekTHBHOE UCTIONH30BAHIE MaTePHATIbHBIX PECYpCOB 3aCTaBIIsET aKTHBHEE 00palarh BHUMAaHUE HAa OTXOJIbI
IIPOM3BOJICTBA C IIEJIBI0 HE TOJIBKO MPOCTONM MX YTWJIM3ALKMU, HO U UX UCIOJIb30BaHMS B Ka4eCTBE MCTOYHHMKA HEKOTOPBIX
9JIEMEHTOB M KaK KOMIIOHEHTOB ITOPOIIKOBBIX MarepuayioB. CrajbHas CTpPY)KKa — CIIOXKHBI MHOTOKOMITOHEHTHBIN
Marepuan Ha OCHOBe jkenesa. Hammuume mpumMecu, HanmpuMmep yriaepoaa, MOKET OKasblBaTh BIUSHHE Ha AU y3nOHHOE
B3aMMO/ICHCTBUE CMECH CTPYKKH C TIOPOLIKOM JAPYroro Meramia. B maHHOH paboTe pacCMOTpPEH OJMH M3 BO3MOXKHBIX
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https://doi.org/10.17073/1997-308X-2023-2-5-13
https://powder.misis.ru/index.php/jour/search/?subject=metal swarf
https://powder.misis.ru/index.php/jour/search/?subject=reaction sintering
https://powder.misis.ru/index.php/jour/search/?subject=diffusion interaction
https://powder.misis.ru/index.php/jour/search/?subject=intermetallide phase
https://powder.misis.ru/index.php/jour/search/?subject=tests
https://powder.misis.ru/index.php/jour/search/?subject=simulation
https://rscf.ru/project/22-13-20031/
https://doi.org/10.17073/1997-308X-2023-2-5-13
mailto:anna-knyazeva%40mail.ru?subject=
mailto:anna-knyazeva%40mail.ru?subject=

W3BECTUSA BY30B. [TOPOLWKOBAA METANNYPTUA U OYHKLLIMOHANBHBIE NOKPbITUA. 2023;17(2):5-13

Drm v on
N\ -
Kopocmeneesa E.H., KHazesa A.I. u dp. Ponb npumeceli B usmeHeHumn $pa3oBoro coctasa B cucteme Al-Fe—C ...

W3BECTUA BY30B

BapuaHTOB IUGQY3UOHHOTO B3aMMOICHCTBUS AMIOMHMHHUS M CTaJIbHOW CTPYXKKH B YCIOBHAX BAaKyyMHOTO CIICKaHHMS
¢ perynupyeMbiM HarpeBoM. Ilocie criekaHus ObUI IPOBEIEH MUKPOAHAIIU3 CTPYKTYphl U onpefelieH (a30oBblidi cocTaB
MIPOIYKTOB B3aUMOAEHCTBHUS. BhIsBIEHO, YTO B mpouecce criekanus GopMupyercst MHOrodasHas CTPYKTypa, B KOTOPOH He
meree 30 % oObema 3aHUMaeT amoMuHAL kene3a FeAl. HecMoTpst Ha 1oCTaTOYHO BBICOKHE TEMITEPATyphl, (PHKCHPYIOTCS
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Introduction

Steels and other iron alloys remain the most widely
used and cost-effective material in the manufacturing
industry. Materials scientists design new and more
efficient materials to replace conventional alloys, while
also seeking ways to recycle and reuse retired prod-
ucts, components, and waste [1-4]. The largest source
of manufacturing waste is generated by machining,
which produces metal swarf [5; 6]. It should be noted
that steel swarf are complex, multicomponent materials
containing iron and carbon [7].

The swarf may also contain other alloying ele-
ments in varying concentrations. For example, lowest
steel grades (e.g., steel 45 [ANSI analog: 1045]) con-
tain 0.42 to 0.5 wt. % of carbon. Other most significant
alloying elements are manganese (up to 0.8 %) and
silicon (up to 0.37 %). The steel specification allows
for the presence of chromium, copper, and nickel
(up to 0.3 % each), as well as a low amount of phos-
phorus and sulfur (up to 0.035 %). Steel swarf are
formed by the high-speed cutting of the metal work-
piece resulting in an activated, highly defective struc-
ture of the chip surface [8].

Swarf are typically remelted, following cleaning
to remove oxidation products and coolant [9], and
then compacted into briquettes. However, steel swarf
can be used as a component of powder mixtures with
other elements [10]. Given that fragmented steel swarf
contain multiple elements, understanding their diffu-
sion interaction with other components of the mix-
ture under heating is of interest. a better understan-
ding of this process will contribute to the develop-

6

ment of new materials and metal waste recycling
technologies.

The objective of this study is to analyze the effects
of impurities on the diffusion interaction between
the components of the Al-Fe—C system.

Materials and methods

Aluminum was used as the primary component
of our mixture, which interacted with fragmented
steel swarf. The Al-Fe system has been extensively
studied [11-16], and aluminum is utilized both as
a matrix and as an alloying element. The Al-Fe phase
diagram [17] reveals that aluminum has high solubil-
ity in a-Fe, forming large areas of solid solutions (up
to 32 at. %). Its solubility in y-Fe drops to 1.285 at. %
at high temperatures. The solubility of iron in alu-
minum is very low, with a maximum of 0.03 at. %
at the 654 °C eutectic temperature. The system pro-
duces five stable intermetallic compounds (Fe,Al,
FeAl, FeAl,, Fe,Al; u FeAl,) and their temperature
range for existence is 552 to 1170 °C.

We studied a mixture of fragmented steel swarf
(75 wt. %) created by machining a steel 45 grade
workpiece and the PA-4 aluminum powder (25 wt. %).
The mixture was heated to 1000 °C in a vacuum furnace,
and the phase composition of the powder was examined
by analyzing the microstructure after sintering.

Figure 1 displays the surface of a steel chip fragment
and its microstructure after sintering. Our analysis indi-
cated that the carbon component concentration did not
exceed 1.5 %. Jager S. et al. [18] conducted a detailed
investigation of steel chip sintering.


https://powder.misis.ru/index.php/jour/search/?subject=металлическая стружка
https://powder.misis.ru/index.php/jour/search/?subject=реакционное спекание
https://powder.misis.ru/index.php/jour/search/?subject=диффузионное взаимодействие
https://powder.misis.ru/index.php/jour/search/?subject=интерметаллидная фаза
https://powder.misis.ru/index.php/jour/search/?subject=интерметаллидная фаза
https://powder.misis.ru/index.php/jour/search/?subject=эксперимент
https://powder.misis.ru/index.php/jour/search/?subject=моделирование
https://rscf.ru/project/22-13-20031/
https://doi.org/10.17073/1997-308X-2023-2-5-13
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As aluminum was added to the steel swarf, inter-
metallic compound s were synthesized, resulting
in a multiphase structure (Figure 2) in which at least
30 vol. % is occupied by the FeAl iron aluminide.
Despite the exothermic nature of the Al and Fe inter-
action, residual Al (at least 15 vol. %), and Fe were
discovered by XRD in the vacuum sintering products.
This indicate that the reactions between Al and Fe
(the base element of the steel 45 grade swarf) were not

Fig. 1. Appearance (@) and surface morphology (b)
of the steel 45 grade swarf. Chip microstructure
after fragmenting and sintering at 1000 °C (c¢)

Puc. 1. O6mwmii Bux (a) 1 Mopdonorust moBepxHoctu (b)
CTaJIbHOW CTPYXKKH M3 CTalM 45, a Takke ee MUKPOCTPYKTypa
nocite n3Mensaenust U cnekanus mpu 1000 °C (c)

completed even at the sintering temperature of 1000 °C
when Al was in liquid state.

In the contact area between interacting particles
where diffusion interaction occurs, there are various
factors that can affect the flux dynamics and comp-
leteness of phase transformations. These factors may
include:

—refractory interaction products that inhibit dif-
fusion;

—impurities that affect the and

direction of the diffusion fluxes;

magnitude

— structural imperfections that affect diffusion and
reactions at the micro level.

Although the impurities may not directly contribute
to the formation of new phases, they can significantly
impact the kinetics of phase formation.

In order to confirm the impact of the impurities,
we proposed a simulation model.

Fig. 2. Microstructure of the synthesized powders
(25 % Al + 75 % steel 45)
a — appearance, b — intraparticle distribution
of iron aluminide needle-like grains

Puc. 2. MUKpOCTPYKTYpa CHHTE3UPOBAHHBIX
TTOPONIKOBBIX TIPOTYKTOB
cocraBa 25 % Al + 75 % crans 45
a — oOmuii Busi, b — BHyTPHIACTHYHOE PACIIpE/ieTICHHE
3€PCH-UITI U3 aJTFOMUHUJIOB JKEJI€3a
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Simulation model

The problem statement assumes that iron, as
the primry component of the steel ships, has low
solubility in Al. However, the solubility of aluminum
in iron,although also limited, should be conside-
red, with a value of 1.285 % at = 1150 °C, which
is the high-temperature solubility in y-Fe. It is also
assumed that each phase contains an area of homoge-
neity. Additionally, the steel swarf obtained by machin-
ing steel workpieces contain carbon as an impurity,
with a maximum content of 1.5 %, accounting for pos-
sible contamination. It should be noted that the model
for Fe and Al diffusion interaction in the presence
of a third component can vary depending on the known
diffusion path variations and higher phase competi-
tion in systems with more than two components[19; 20].
Cross-diffusion fluxes can result in an irregular concen-
tration distribution in such systems [21-23].

1. The first version of the proposed model assumes
a flat body for the chip, as shown in Fig. 1, a. Aluminum
reacts with the iron at the surface, leading to the for-
mation of intermetallic phases. Carbon influences dif-
fusion by facilitating cross-diffusion fluxes. At any
given moment, each phase may contain Fe, C, and
Al. The model incorporates two moving boundaries,
separating three regions that contain the three phases:
(Fe + C)f(FexAly)f(Al) (Figure 3). The intermetallic
phases are located between the moving boundaries.

The sum of the three mass concentrations in each

phase is always equal to 1 at any given point. Typically,
two diffusion equations for each region are abequate:

oC oC, oC
o S | S 2]
ot ox ox ox ox
oC oC oC
24 _ O pib +£ p 2k | g
ot Oox Ox Ox Ox

where the k superscript can be p, ph, m and represent
the Fe + C, FexAly and Al(C, Fe) regions; Cix is the

A

| X, X(0)

|

o=

: Fe+C |FeAl +C Al

|

L1 | s
0 b

Fig. 3. Phase regions and moving boundaries

Puc. 3. Mumtoctparys K MaTeMaTHueCKOn
MOCTAHOBKE 3312491

iron concentration; C,, is the carbon concentra-
tion in each region; Di;k) are the partial diffu-
sion coefficients.

The symmetry condition is fulfilled at the center

of the particle:

ac, oc
L= 0; —L =0, 3)
ox ox

x=0:

The conditions at the phase interfaces are as follows:

x=x1(t):C1,p =C, G, =Cy, €y =0y,

C2,ph = chz,p =71,Cy,

dhx,

(Cl,p - Cl,ph) E =

4 4)
X
_Jl,ph or (Clo_@l)j;:_‘]l,ph’

where C,, C, are the initial concentrations of iron and
carbon, respectively, in the mixture particles; ¢, is
the iron solubility limit in the transition region con-
taining Fe Al

x=x2(t):cl,ph =0y, G 209

1,m

dx dx (5
(Cl,ph _C1,zn)7t2:J1,ph or (P27;:J1,pha
oC, oC, oC,
-D,, —P" _ D L _p =M 6
21750 2o m o (6)
Cz,th2 = CZ,m’ (7

where ¢, is the iron solubility limit in the transi-
tion region containing FeAl;. It depends on the car-
bon concentration as follows:

¢, = (on(l - BCZ,ph)'

The impermeability condition applies to the outer
boundary:

2", (8)

The equations for the diffusion fluxes in the re-
gion where a new phase emerges are given below

oC, oC,
J _ _D P D > P , 9
1, ph T 2T )
oC, oC,
J, , =-D 2D P 10
2,ph 27, AP (10)
At the initial moment
t=0: Cl,p = Cl,po =0.995, Cz’p = Cz,po =0.005,

¢,=0¢,=0c¢ ,=0C, =0,

X=X = Ry, X, =X, =R,
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Assuming the low solubility of aluminum in iron and
iron in aluminum, we made an assumption that the con-
centrations of iron and carbon are constant in the Fe + C
region i.e., to the left of the moving boundary X (7),
and only carbon is allowed to diffuse into the Al
region to the right of X,(¢). Therefore, the concentra-
tions to the left of the X (#) moving boundary can be
expressed as

C,=C0 C,=C (11)
and to the right of X,(¢)
aC’VZ,m =D aZCZ,m (12)
a "

Hereinafter, we omit the k£ superscript at the diffu-
sion coefficients of the emerging phase.

To obtain an analytical solution, we used the quasi-
static approximation and assume for equations (1), (2)
and (12)

oC, _o, 0C, _o, oC,, o
ot ot ot

Then Eq. (1) and (2) take the form

dcC. dcC.
4 Dll—l’ph +i Dy, 22k
dx dx dx dx

dcC, dC.
i DZl;ph +i D22 2,ph =0.
dx dx dx dx

These equations are equivalent to the following:

i dCl,ph -0 i dCZ,ph -0.
del  dx T x| dx

The solution is

0,

Cl’ph(x) =Ax+Bu Cz’ph(x) =A,x+B,, (13)

where 4, 4,, B,, B, are the integration constants.

By substituting Eq. (13) into the concentra-
tion boundary conditions, we obtained the following
system of linear algebraic equations:

x=x):¢, =A4x + B, 1,Coy = 4x, +B,, (14)
x=X,(7) :((on _(onﬁz[Azxz +Bz]) = 4x, + By, (15)
D, A +D,A4, 0. (16)

The solution is:

1 X
_ 1
» Bl =9, —Dpoo——,
X X, =X
1 X
_ 1
s By =v,Cy + Dy )
X =X Xy =X

a:(Pl _@20(1_BY1C20). (17)

02Dy + Dy,

Then flux equation (9) is

oA

Jl,ph =-Dy4 — D4, =-
Xy =X

: (18)

where A=D, D,,—D,,D

12721°
Then we found the equations for the moving boun-
daries from diffusion flux conditions (4) and (5):

dx oA
(C10_¢1)7;= . —x
2 1
(19)
dx, oA
R

By substituting the integration constant expressions
into (13), we obtained C, o

1
C2,ph(x2) = _Dzlafxz +7,Cy +
27X
+D,0 = 711Gy — Dy 0
2 X
It follows that
dx oA
1-B[y,Cyy — D, 0] ) =2 =————. (20)
(on( B[Yl 20 ~ 41 ]) di % —%
It follows from (19) and (20) that
DY
dx,
C. -
where ¥ = 10~ % , therefore
(on(l -B [Y1C20 - DZlo'])
X, =—xx, + F". 1)

At the initial moment, both boundaries are at R:

R,=—R,+F',
then
F'=R (1 +%),x,=—x, +R,(1+7),

dx, oA

(Go _(PI)E: (Ry—x)(x+1)
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Therefore the equation for the x, boundary is

oAt ,
=— +F",

2 (CIO _(P1) (1+X)

(22)

where F" is the integration constant. It follows from
the initial conditions that F" = 0.

The positions of the boundaries are governed
by the parabolic law and are influenced by the cross-
diffusion fluxes. These velocities vary due to the modi-
fications in the homogeneity region of the intermetallic
phase, as illustrated in Figure 4. It shows the boundary
positions vs. time curves (top curves: x, boundary; bot-
tom curves: x, boundary).

We assumed the following: D, =3.63-107',
D,,=247-10"2,D,,=332:10""", D, = 1.84-10-2 m%s,
R, =100 pum.

Note that if there are cross fluxes only, it follows
from (22) that

2
(x —R,) _ Dy, Dy, = Dy, Dy,

P =Py . /
2 D,, (Clo _(Pl) (Clo -¢t (on)

and if there are no impurities, then

(xl _R0)2 _ Dn((P1 _(on)(ont

2 B (Clo _(Pl) (CIO —¢ Jr(on) '

The presence of cross-diffusion fluxes can lead
to both acceleration and deceleration of the boundary
movement (faster or slower phase formation) depen-
ding on the sign of the D ,D,, product. The expan-
sion of the phase homogeneity region is always unidi-
rectional. It means that the first option (D,,D,, >0 ) is
more likely observed in the tests.

If we consider the @, vs. carbon concentration rela-
tionship, the solution is similar.

2. The second version of the model simulates sphe-
rical particles.

The diffusion equations for the transition layer
in the spherical coordinate system take the form
oG,

oC, oC
-2 D, —2 +i£ P D, — |,
ot 7> or or r2 or or
oC. oC, oC.
2 10 ’D,, — +in r’D,, 2ph
- or or

—2— r
ot r- or or
where r is the radial coordinate.

A quasi-stationary approximation is

10

X;, um
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Fig. 4. Boundary positions vs. time curves (for flat particles)
1-B=1;2-B=10(y,=1)

Puc. 4. TTonoxeHne rpaHull B yCIOBHSX INIOCKOH 4aCTUIIBI
1-B=1;2-B=10(y,=1)

dC dC
in D, — +i2i Dy, 20t 1 =0,
rodr dr ro dr dr
1d(,  dC,, 1 d{ . dC
— L\ pp, et |~ L y2p, 2,
¥ dr (r 2 dr ¥ dr T dr

The boundary conditions and solution are
similar to the previous case. The distribution of
concentration is

A A
Cl,ph(r) =—71+Bl, Cz,ph(") =—72+Bz, (23)
where
4 =-aD,, ake , By =—aD,, a:A—— D5
X, — X, X, — X,
XX X (24)
4y = 0Dy —=—, By = aDy ———+7,Cy.
X =X X=X

The expression for the flux is similar to (9).
By accounting for solutions (23), (24), it takes the
form

4 4,
Jipn = _(Dll =) +Dy, r_zl =

1 X, X
=——0—2= (=D Dy, + D;,D,,) =
X —x,

w1

>
X —x,r

= Aa (25)

Consequently, we derived the equation for moving
boundaries and the boundary ratio from the conditions
similar to (4) and (5):
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1 _ 2 —_3 !
2B S gy =+
Xy X 160
where
140
F'=Ry(1+3fx),
120
¥ Cio— 9

B (on(l -B [chzo - DZIOL])'

We again came to the parabolic law. It differs from
the previous one only by the impact of its variables:

(Ro X )2 oAt

2 __(CIO_(PI)(l—i_%/%)‘

Figure 5 shows the difference in interphase veloci-
ties for particles of different shapes.

Conclusions

The study revealed that the vacuum sintering
of fragmented steel swarf with powdered aluminum
does not achieve complete phase transformations,
despite the exothermic nature of the intermetallic
synthesis reaction. The initial phases were observed
in the final product.

Our findings suggest that impurities in the swarf can
affect the phase growth rate by inducing cross-diffu-
sion fluxes and altering the size of the emerging phase
homogeneity region. This effect was observed in both
flat and spherical particles.
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Abstract. This review presents a comprehensive analysis of the impact of tantalum alloying on the structure, heat resistance,
and ablation resistance of ZrB,(HfB,)-SiC ultra-high-temperature composites. The influence of the primary phase content
on the effects on the structural and morphological features of the oxide layers and their protective efficiency is analyzed. It is
shown that alloying positively affects the composite's behavior by enhancing the viscosity and thermal stability of the glass
phase, decreasing anionic conductivity, partially stabilizing the ZrO,(HfO,) lattice, and forming temperature-resistant complex
oxides, such as Zr| Ta,O,, or Hf,Ta,0,, on the surface. It has been established that the alloying can have negative effects,
including an increase in the liquid phase content, oxide film discontinuity, ZrO,(HfO,) grain damage due to TaB, oxidation,
or a significant amount of gas release due to TaC oxidation, as well as the formation of oxygen diffusion channels during
the verticalization of Zr  Ta,O,, or Hf Ta,O . platelets. It is essential to note that the oxidation and ablation resistance, as well
as the mechanisms driving composite behavior, differ depending on the alloying compounds and test conditions. Overall, this
study sheds light on the role of tantalum alloying in enhancing the performance of ZrB,(HfB,)-SiC UHTC and highlights
the importance of understanding the underlying mechanisms that govern their behavior.

Keywords: ultrahigh-temperature ceramics (UHTC), heat resistance, oxidation, ablation resistance, oxide film, borosilicate glass,
tantalum, alloying
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AHHOTaLlMﬂ. O630p TIOCBAIICH HU3YYCHHUIO COCTOsHHSA BOIIpOCA B 00JIaCTH BIIASTHHS JICTUPpOBaHUA COCAUHCHUAMHN TaHTalla Ha

IBOJIIOLIMIO CTPYKTYPBI, JKAPOCTONKOCTh M CTOMKOCTh K aOJSAILMU YIBTPABBICOKOTEMIICPATYPHBIX KOMIIO3HIMI Ha OCHOBE
cuctemsl ZrB,(HfB,)-SiC. IIpoananu3upoBaHO BIMAHUE COAEPKAHUA MEPBUYHBIX (a3 HA CTPYKTYpPHO-MOP(HOIOrHuecKue
0COOCHHOCTH 00Pa3YIOLINXCS OKCHIHBIX CJI0EB U (P ()EKTUBHOCTD MX 3aLIUTHOIO JeHCTBHSA. [I0Ka3aHO, YTO MOI0KUTEIBHBII
3¢ deKT OT JernpoBaHus MPEXK/e BCEro CBA3aH C YBEIMUCHUEM BSI3KOCTH M TEPMHUYECKON yCTOHUMBOCTH (hopMUpyIOIIeiics
cTekn0(haspl, CHIKEHHEM aHMOHHOH IPOBOIAMMOCTH, YaCTUYHOH cTabunusauuei pemerku ZrO,(HfO,) u obpasoannem
Ha MOBEPXHOCTH TEMIIEPATyPOYCTOHUMBBIX KOMIUIEKCHBIX okcuios tuna Zr, Ta,O,, win Hf Ta,O .. Ycranosneno, uro
OCHOBHBIMH NPUYHHAMH OTPHIATEIFHOTO BIHSHHS JICTUPOBAHUS SIBISFOTCS YBEIUYCHHE JOJH JKHAKON (ha3bl, CHIDKCHHE
CIUIOMIHOCTH CTPYKTYPbl OKCHAHOH IIEHKH B pesyabrare nospesxaeHus sepen ZrO,(HfO,) mpu oxucnenun TaB, wumu
00pa30oBaHus 3HAYUTEIBHOIO KOJIMYECTBa ra3oB npu okucieHnu TaC, a TakKe MOSBICHUE JOMOIHATEIBHBIX KaHAIOB UL
auddysun Kkuciopona npy BepTHKanu3auuu mwiockux dactun Zr,,Ta,0O,, wm Hf Ta,O,,. OTMedeHo, 4T0 XapaKTepUCTUKHU
CTOMKOCTH K OKHCJICHHIO M aOJSLHU, a TAKKC MEXaHH3MBbI, ONPE/AC/SIFOIINE TOBEICHHE KOMIIO3UIUM, HEOANHAKOBBI UL

Pa3HbIX JCTUPYIOIIUX Z[O6aBOK u ch'IOBI/Iﬁ HUCTIBITAaHUM.

KnioueBbie cnoBa: ynsrpaBbicokoTeMneparypHas kepamuka (YBTK), sxapocToHKOCTh, OKHCIICHHE, CTOHKOCTD K aOJISAINH, OKCHJI-
Has IIIeHKa, OOPOCHINKATHOE CTEKII0, TAHTAN, MOAN(HUIINPOBAHNE

BbnarogapHocTy: VccienoBaHue BBIMOIHEHO 3a cueT rpanTa Poccuiickoro HayuHoro ¢onma Ne 22-29-01476,
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Introduction

Ultra-high-temperature ceramics (UHTC) and
composites have been intensively studied as materials
suitable for operating under extreme conditions [1-6].
Searching for effective compositions that ensure
the operability of products made of them is an urgent
problem of modern materials science. Zirconium and
hafnium UHTCs have excellent thermomechanical
properties, high melting points, and good oxidation
resistance when alloyed with SiC. They can operate
under extreme temperatures (>2000 °C) and in mona-
tomic-oxygen-rich environments [4; 5]. The heteroge-
neous structure with a refractory crystal oxide matrix
and viscous borosilicate glass make this materials
extremely heat resistant. Many studies have found
that such a structure efficiently withstands the exposure
to high-speed, high-enthalpy flows so such materials

are the mainstream now [7].

However, work on the modification of ZrB,(HfB,)—
—SiC UHTCs is ongoing and there are several reasons
for this. In the crystal lattice of refractory ZrO, or HfO,
oxides during oxidation under conditions of oxygen’s
low partial pressure, as well as when modified with
lower valence cations (for example, Y3*, La’"), oxygen
vacancies are formed, providing rapid anion transfer
through the oxide film [8]. Another problem is ZrO, and
HfO, polymorphism: at high temperatures, the oxides

have a tetragonal or cubic lattice, which transforms
into a monoclinic lattice upon cooling, leading to volu-
metric expansion. This phase transformation, com-
bined with the high coefficient of thermal expansion
and low thermal conductivity of the oxides can easily
lead to cracking and delamination, especially under
thermal cycling loads [8].

To solve this problems, the oxide film can be alloyed
with higher valence cations, such as Ta’* or Nb°*. It
results in an excess of anions in the lattice and increases
film adhesion due to phase stabilization. In addition,
the immiscibility of Ta,O, or Nb,O, oxides and boro-
silicate glass causes phase separation in the surface
layer [8], which contributes to the higher viscosity
and thermal stability of the glass. Alloying with tanta-
lum is preferable, since the partial pressures of vapors
over Ta,O; are significantly lower when compared
to Nb,O; at high and ultra-high temperatures. Tantalum
can be added in the form of a pure element, boride, sili-
cide, or carbide. Some properties of these substances
are listed in Table 1.

This review aims to analyze the available studies
of tantalum alloying effects on the structure and beha-
vior of materials based on ZrB,(HfB,)-SiC in the oxi-
dizing atmosphere, as well as to identify the mecha-
nisms of their impact on the oxidation and ablation
resistance. We considered various types of materials:
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Table 1. Ta composition properties [9—14]
Ta6nunya 1. CBolicTBa Ta-conep:xamux coexuneHuii [9—14]

Property Ta TaB, TaB TaSi, Ta,Si, TaC
Density, g/cm? 16.40-16.65 | 11.20-12.62 | 14.00-14.29 | 8.80-9.14 | 12.50-13.06 | 14.30-14.80
Melting point, °C 29963020 | 3037-3200 | 2040-3090 | 2040-2299 | 2499-2550 | 3800-3880
Thermal expansion
coefficient, 10-/K 6.3-6.6 8.2-8.8 - 7.4-8.5 - 6.64-8.4
Specific heat capacity, J/(kg-K) 140.00 237.55 246.85 - - 190.00
Thermal conductivity, W/(m-K) 57.5 10.9-16.0 - 37.0 — 22.2

bulk UHTC, heat-resistant UHTC coatings on graph-
ite and carbon-carbon composites, and carbon-ceramic
composites with a UHTC matrix.

1. Bulk tantalum-alloyed
ZrB,(HfB,)-SiC
ultrahigh-temperature
ceramics

In oxidizing environments, the structure of zirco-
nium and hafnium diboride UHTCs alloyed with SiC
becomes layered, including a continuous glass layer,
a sublayer of the ZrO, and HfO, refractory oxides
containing heat-resistant particles ZrSiO, and HfSiO,,
respectively, a layer of ZrB, and HfB, depleted
in SiC, and a layer of unreacted ceramic [15-17].
Temperatures above the silicon dioxide melting point
(1723 °C [18]) intensify the evaporation and mechani-
cal removal of the glass by the high-speed flows [19],
so the purpose of alloying with tantalum compounds is
mostly connected with an increase in the UHTC oxida-
tion and ablation resistance. Most studies do confirm
the positive effects of Ta alloying. However, the results
are inconsistent and are highly dependent on the test
conditions.

1.1. Tantalum borides effects
on ZrBz—SiC structure
and oxidation resistance

The Ta—B system has five intermediate phases:
TaB,, Ta,B,, TaB, Ta,B, and Ta,B. Only TaB and
TaB, are stable in the room temperature to melting
point range [14] and can be used as UHTC alloying
components. Talmy I. et al. [20] reported that alloy-
ing the ZrB,~SiC ceramics with tantalum diboride

(10 mol. %) significantly increases its oxidation resis-
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tance at 1300 °C. The oxide film on the TaB, contain-
ing samples was less than a half of that on the refe-
rence UHTC samples. It was also found that adding
even 2 mol. % TaB, results in a significant oxidation
resistance growth when the sample is heated in a fur-
nace at = 1200+1400 °C for 2 h. The morphology
of the resulting heterogeneous surface layer indi-
cates the spinodal decomposition of the SiO,~Ta,Oq
phases [20]. However, at t = 1500 °C no pronounced
positive effect of TaB, additions on the ZrB,-SiC
heat resistance was observed. This may be associated
with exceeding the miscibility limit of the multicom-
ponent SiO,~Ta,0.~ZrO, oxide system.

Lee S. et al. [15] studied the effects of adding tan-
talum to the ZrB,—SiC system and the oxidation resis-
tance of the (Zr,Ta,,)B, ceramic composite contain-
ing 30 vol. % SiC at temperatures up to 1500 °C and
low partial oxygen pressure (~1078 Pa). The weight
gain of the Ta-containing samples, mostly attributed
to the oxidation of ZrB, and TaB, to ZrO, and Ta,O,
occurs starting at 1000 °C, which is above the oxida-
tion start temperature in UHTCs without Ta (800 °C).
Lee S. et al. attributed the higher oxidation resistance
in the material alloyed with TaB, over the entire temper-
ature range primarily to the formation of a less porous
oxide sublayer under the SiO,-containing film. This
was explained by the high viscosity of the liquid phase
in the Si0,-Ta,O system which is less susceptible
to upwelling to the amorphous surface layer [15; 21].
Also, they observed a decrease in the (Zr, ,Ta ,)B, par-
ticle size, higher modulus of elasticity, hardness, and
fracture toughness of the UHTC.

Peng F. et al. [22] studied the oxidation resistance
of ZrB,-B,C-SiC-TaB, containing B,C as a sinter-
ing additive [21] in the 1200+1500 °C temperature
range. Increasing the TaB, concentration from 3.32
to 16.61 mol. % results in slightly better heat resis-
tance at = 1200 and 1400 °C. At = 1500 °C, small
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(3.32 mol. %) amounts of TaB, also improve the oxi-
dation resistance [22]. Alloying with TaB, reduces
the thickness of the oxide sublayers, but has no signifi-
cant effect on the thickness of the amorphous surface
layer. The researchers explained the higher heat resis-
tance by the better sealing of oxide sublayers as their
microstructure branches, since dispersed TaC particles
are formed (it is a thermodynamically possible product
of TaB, and SiC oxidation) [22] and also due to a larger
surface wetted by the liquid phase. This contributes
to reduced upwelling of the glass phase into the surface
layer [23]. The higher TaB, concentration decreases
the oxidation resistance at = 1500 °C (and acceler-
ates the weight gain after 60 and 120 min for 16.61 and
13.29 mol. % TaB, concentrations, respectively) [22],
due to easier dissolution and deposition of zirconium
dioxide in the glass surface layer [20].

The oxidation of ZrB,-B,C-SiC-TaB,
taining 3.32 mol. % TaB, was also studied in the
1500-1900 °C temperature range [23]. The samples
after oxidation feature thinner oxide passivation layers
compared to TaB -free samples, and have a high oxida-
tion resistance.

con-

The effect of TaB monoboride on the oxida-
tion of ZrB,-SiC UHTC was also investigated
att = 1800 °C [24]. Ta adding greatly influences oxida-
tion resistance, due to the evolution of the oxide film
structure and the oxygen transport pathway during
exposure. However, the effect on the UHTC oxidation
resistance is significantly different from that at lower
temperatures. For instance, ceramics alloyed with TaB
show the lowest heat resistance at £ = 1800 °C among
CrB,, HfB, and TaB alloying compounds [24].

1.2. Structure
and oxidation resistance
of ZrB,(HfB,)-SiC
with tantalum carbides
additions

Tantalum carbide has one of the highest melting
pointsand canalsobeusedasanadditive[25], thusincreas-
ing the oxidation resistance of ZrB,-SiC and HfB,-SiC
ceramic materials. However, Opila E. et al. [26] disco-
vered that adding 20 vol. % TaC to ZrB,~SiC does not
increase the heat resistance. The TaC-containing samp-
les at 1= 1627 °C form a non-gastight film, presumably

due to the porous microstructure formed by the CO
and/or CO, release during oxidation.

The oxidation patterns of ZrB,-SiC-TaC sam-
ples with different TaC contents (10 and 30 vol. %)
in the ¢#=1200+1500 °C temperature range indi-
cate [27] that low TaC concentrations accelerate
the oxidation, when compared to ZrB,~SiC (the oxi-
dation rate at = 1500 °C increases 8-fold). Still, high
TaC concentrations significantly improve the resistance
to oxidation in air. For example, a sample containing
30 vol. % TaC showed an oxidation rate half as high as
that of the initial ceramics under the same conditions.
The surface of oxidized UHTCs containing TaC fea-
tures multilayer oxide films including [27]:

1) a thin top layer of silicon dioxide;

2) a layer containing a mixture of the ZrO,-SiO,—
~Ta,0, (10 vol. % TaC) and ZrO,-Si0,-ZrSiO,
(30 vol. % TaC) phases;

3) a layer with a high Ta,O, content.

It should be noted that these layers are porous
in UHTCs with low TaC concentrations (in contrast
to the samples with high TaC concentrations, where all
the three oxide layers are very dense), and the oxide
film thickness after oxidation at = 1500 °C for 10 h is
850 um (vs. 140 pm for ZrB,-SiC-30 vol. % TaC and
440 um for ZrB,-SiC).

Re-oxidation of the same samples at = 1500 °C
showed that the oxidation may be caused not only by
the inward diffusion of oxygen. For instance, cations
diffusing from ceramics into the oxides, according
to Wang Y. et al. [27] are also initially involved in mass
transfer. The oxidation of ZrB,-SiC-10 vol. % TaC is
governed by the outward diffusion of tantalum result-
ing in the rapid formation of a porous structure, while
the oxidation of ZrB,-SiC-30 vol. % TaC is governed
by the outward diffusion of silicon resulting in the for-
mation of a dense SiO, layer and a significant share
of the ZrSiO, heat-resistant phase.

The ZrB,-20 vol. % SiC material with 5 vol. % TaC
[28] also has a multilayer structure after oxidation
at = 1400 °C. The four layers that reacted with oxy-
gen were observed:

1) a thin top layer of silicon dioxide containing
Ta,Oy;

2) a layer containing the ZrO,, ZrSiO, and SiO,
phases;
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3) a layer enriched in ZrO, and depleted in SiC;
4) a ZrB,-depleted layer containing SiO, and Ta,O;.

The oxide film on a similar material oxidized
at t=1700 °C contains the ZrO,, Ta,O;, SiO, and
ZrSiO, phases [28]. It follows that all the UHTC com-
ponents including the initial ZrB,, SiC and TaC, as
well as the in situ formed ZrC and TaSi, phases, are
oxidized under a high-temperature exposure.

Simonenko E. et al. [29] proposed adding the
Ta,HfC, complex carbide to HfB,-SiC (5, 10,
15 vol. %), in order to prevent the HfB, grain growth,
which improves the mechanical properties of the cera-
mics (note Ta,HfC; is a nanodisperse phase). The ther-
mogravimetric analysis of the ceramics samples when
heated in air flow to 1400 °C showed that the increase
of Ta,HfC, content leads to the increase of the sample
weight gain due to oxidation. The materials are more sen-
sitive to oxygen than HfB,-SiC, that can be explained
by the high reactivity of the Ta,HfC, ultra-heat-resis-
tant nanocrystalline carbides and significant porosity.
The microstructure of the oxidized sample surface
depends on the Ta,HfC, content. The UHTC containing
15 vol. % of the complex carbide is most noticeable:
the silicon monoxide fibers on the borosilicate glass
surface are self-organized into regular, hierarchical
3D nanostructures.

Simonenko E. et al. [30] exposed HfB,~30 vol. % SiC-
—10 vol. % Ta,HfC, to a high-enthalpy air jet for
2000 s under conditions of a gradual increase
in the plasm generator anode power from 30 to 70 kW,
and the heat flux from 363 to 779 W/cm?. A distinc-
tive feature of the ceramics under heating is a decrease
of the surface radiative equilibrium temperature relative
to the HfB,~30 vol. % SiC reference material under
identical test conditions. As the authors proposed, it
is associated with the higher thermal conductivity
of the ceramics alloyed with the Ta,HfC, nanodisperse
carbide. The tantalum oxide formed by Ta,HfC; oxi-
dation is a part of the silicate glass [30] and involved
in the creation of the Hf Ta,O,, orthorhombic complex
oxide which has phase stability up to the peritectic
transformation point at ¢ ~2250 °C [31]. The lower
evaporation rate from the glassy layer surface is attri-
buted to the lower surface temperature and lower vapor
pressure over the SiO,~Ta,O, melt (the total vapor
pressure at ¢= 1827 °C over SiO, (mostly SiO) and
Ta,0, (TaO, and TaO) is 9.48-10° and 7-1077 atm,
respectively [30]). As the surface temperature reached
1750+1850 °C, even for the max heat flux, no “tem-
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perature jump” characteristic HfB,(ZrB,)-SiC [32]
was observed.

1.3. Effects of tantalum silicides
on ZrB,(HfB,)-SiC structure
and oxidation resistance

Tantalum silicides are highly refractory (the melt-
ing point exceeds 2000 °C [9; 11]), can be used as
sintering additives [33-35] and an additional source
of silicon [36; 37], in order to facilitate the formation
of protective silicate glass layers of the UHTC surface.
PengF. etal. [21] reported that adding 6.6 mol. % TaSi,
to ZrB,-B,C-SiC resulted in higher oxidation resis-
tance in the 1200+1400 °C temperature range compared
with TaB,. The reason is that the formation of a protec-
tive surface glass layer with phase separation is facili-
tated by both Ta and extra Si, the oxidation of which
increases the amount of the liquid phase and changes
its composition. However, at £ = 1500 °C the tantalum
disilicide produces an opposite effect: TaSi concen-
tration increase above 3.32 mol. % results in lower
heat resistance, although the decrease is not as signifi-
cant as the one caused by the TaB, content increase.
Nevertheless, at low concentrations (3.3 mol. %) TaB,
is more efficient compared to TaSi, at 7 = 1500 °C [22],
and the lowest weight gain was observed in a mixture
of TaB, and TaSi, (3.4 and 3.3 mol. %, respectively)
over the entire temperature range [21].

The addition of TaSi, significantly improved the rela-
tive density, thermal shock resistance, and antioxidant
properties of ZrB,-SiC at =1000+1600 °C [38].
The specific gravity variation over the entire thermal
shock temperature range for the TaSi,-containing samp-
les was significantly less than that of the original samp-
les: at #=1600 °C the weight of ZrB,—5 wt. % SiC—
—15 wt. % TaSi, changed by 0.68 %, whereas the weight
of ZrB,-5 wt. % SiC, by 1.6 %. The weight variation
decreases as the TaSi, content increases [38].

Opila E. et al. [39] discovered that adding 5 vol. %
TaSi, to ZrB,~20 vol. % SiC was not sufficient to induce
phase separation in the glass and improve the oxi-
dation resistance in stagnant air at 1= 1627 °C. On
the other hand, the composition containing 20 vol. %
TaSi, has better oxidation resistance compared
to the original material. The oxide film thickness on the
ZrB,-20 vol. % SiC-20 vol. % TaSi, sample decreased
about 10-fold when compared to the reference ceramics,
and the surface appearance indicated the immiscibility
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of the glass phases [8; 26]. Under more extreme condi-
tions (holding for 50 min in stagnant air at ¢ = 1927 °C),
the ceramics containing 20 vol. % TaSi, showed lower
heat resistance compared to the non-alloyed material,
as a result of forming a significant amount of the liquid
phase [26]. Attempts to reduce its amount by reduc-
ing the TaSi, content to 5 vol. % were unsuccess-
ful. The amount of liquid phase dropped compared
to ZrB,-20 vol. % SiC-20 vol. % TaSi,, but its share
was still substantial [39]. The TaSi, applications
at £ =1927 °C are limited for several reasons:

1) TaSi, is unstable in the matrix with respect
to ZrB,;

2) TaSi, oxidizes intensively in the presence of SiC
producing TaC and gaseous SiO which makes gaps
in the substrate;

3) During the oxidation, 1.3 at. % or less of tanta-
lum dissolves in ZrO,, i.e. in situ alloying of zirconium
dioxide to reduce the rate of oxygen transfer through it
is limited;

4) The oxidation forms oxiboride, silicate, and zir-
conate phases, which leads to the formation of a large
amount of liquid phase, and poor oxidation resistance.

Julian-Jankowiak A. et al. [40] also observed
an increase of the ZrB,-20 vol. % SiC-20 vol. % TaSi,
oxidation resistance to 1900 °C and its decrease
at higher temperatures (the heat resistance was studied
at = 1200+2300 °C in air and water vapor).

With regard to hafnium diboride-based ceramics,
the oxidation resistance of HfB,-20 vol. % SiC in air
at t=1627 °C deteriorated after adding 20 vol. %
TaSi, [26]. Monteverde F. et al. [35] obtained similar
results for HfB,-30 vol. % SiC-2 vol. % TaSi, pro-
duced by hot pressing (HP) and spark plasma sintering
(SPS): the material heat resistance in air deteriorated
in the # = 1450+1650 °C range compared to TaSi,-free
materials. The microstructure of the oxidized samples
was characterized by the presence of a layered oxide
film, which thickness increased with temperature [35].

1.4. Metallic tantalum use
to control ZrB,-SiC structure
and oxidation resistance

Tantalum in the form of a metal additive is also
of interest, since it can be used to reduce sintering
temperature, increase density, and improve the machi-

nability, mechanical, and thermal properties of ZrB,—
SiC [41-43]. Thimmappa S. et al. [44; 45] showed
that ZrB,~20 vol. % SiC (2.5-10.0) wt. % Ta contains
ZrB, cores in (Zr, Ta)B, shells, and also contains SiC,
ZrO, and (Zr, Ta)C phases at the interfaces between
the ZrB, grains. It was shown that tantalum dissolves
in the ZrB, matrix, thus building a shell from the solid
solution phase [41]. Hu C. et al. [33], Silvestroni L.
et al. [37] and Yang Y. et al. [46] observed similar
structures. The alloying with tantalum has a positive
effect on the heat resistance of ZrB,-20 vol. % SiC
samples [44]. As the Ta content increases, the specific
gravity and thickness of the oxide layer after isothermal
oxidation at ¢t = 1500 °C for 10 h in the air decreases
from 22.91 to 18.77 mg/cm? and from 401 to 195 um,
respectively. Thimmappa S. et al. [45] observed a simi-
lar trend at £ = 1600 °C (refer to Table 2).

The cross-section microstructure of the ZrB,-
—SiC-Ta samples oxidized at = 1500 and 1600 °C
consists of three layers:

1) a thick, dense outer SiO, layer;
2) an intermediate ZrO, sublayer;
3) a ZrB, layer, depleted in SiC.

After oxidation, the material contains the ZrO,,
Zr, . TaO, crystalline phases, and the SiO, amorphous
silica [44; 45]. The Zr, .,
modynamically feasible at = 1500 °C, and the phase
content increases with the Ta concentration resulting
in a higher viscosity of the glass phase and higher
oxidation resistance [45]. As the Ta content increases,
the thickness of the SiC-depleted layer decreases, and
this can be attributed to the effects of the SiO,-based,

tantalum-modified top passivation layer [45].

TaOg phase formation is ther-

It is assumed that the SiC-depleted layer reduces
the overall oxidation resistance of ZrB, ceramic
materials. However, no defects were found on
of  ZrB,-20 vol. % SiC-10 wt. % Ta
with a SiC-depleted layer formed by isothermal oxi-
dation at r=1600°C for 10h in air. The UHTC

showed comparable weight gain, and a significantly

the surface

lower oxygen penetration depth (255 vs. 476 um)
than  ZrB,-20 vol. % SiC-10 vol. % Si,N,
such a layer [41]. In general, ZrB,~SiC-Ta ceramics

without

have favorable strength at elevated temperatures [45]
and heat resistance due to the protective nature
of the formed oxide film. These UHTCs are suitable
for high-temperature applications [41].
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Table 2. Oxidation resistance of ZrB,(HfB,)-SiC alloyed with Ta and Ta compounds

Tabnuya 2. XapaKTepUCTHKH OKUCIUTEIbHON CTOHKOCTH KepaMuK Ha ocHose ZrB,(HfB,)-SiC,
MOAU(PULIHPOBAHHBIX TAHTAJIOM U €ro coeJHHeHUsIMH

Oxidation properties Phase Weicht
Composition, Manufacturing . composition | Reaction layer & Refe-
Time .. : change,
vol. % process t.°C | Test conditions after thickness, pm 5 rence
2 min . mg/cm’
oxidation
2tB,-20SiC+ | SPS(1900°C, | 1500 | | Fumace, | SiO,, Zt0,, 401 2291 [44]
2.5 wt. % Ta 50 MPa, 3 min) | 1600 stagnant air Zr, ,TaOy 320 21.04 [45]
Z1B,-5.6B,C~ Sintering
27.9SiC + (2000 °C, Ar, ~9 ~7.9
3.3 mol. % TaSi ; -
2 1 h) ) 1500 240 TGA, air m,0-Z10,, [22]
ZrB2—5.6B4C— HIP (1800 C, (0.1 l/mm) TaC
27.9SiC + 207 MPa, ~24 ~5.7
3.3 mol. % TaB, 30 min)
Sintering 1600 75 ~166 ~5.9
zBseB,c- | GIOCGAR g T g . ~395 ~6.8
27 9SiC + 1 h) TGA, air Zr Ta, B,, [23]
23 ol op ap. | HIP(1800°C, | 1800 | 85 (0.1 Vmin) | ZrC(traces) ~416 ~11
' A 207 MPa,
30 min) 1900 | 85 - ~15
. HP (2100 °C,
— +
2B, 2581C 20MPa, | 1400 | 120 s - - ~4.6 [20]
5 mol. % TaB . stagnant air
2 30 min)
i HP (1850 °C, Si0,, Ta,0,,
?;];’é 208iC 40 MPa, 1400 | 600 stl; u{ﬁi‘t’e;ir 710,, ~65 - [28]
60 min) & Z1Si0,
ZrB,~20SiC + SPS (1900 °C, | 15001 Fumace, | SiO,, Z1O,, 384 19.15 [44]
Swt. % Ta 50 MPa, 3 min) | 1600 stagnant air Zr, . TaO, 303 17.45 [45]
Bottom-
ZrB.,—20SiC— HP (1750 °C loading
2 > . _ ~
STaSi, 69 MPa, 2 h) 1627 | 100 furnace, m,c-Zr0, 5.1 [39]
stagnant air
ZrB,-5.6B,C- Sintering
27.9S1C + (2000 °C, Ar, ZrB,~ ~25 ~2.6
6.6 mol. % TaB, I'h) TGA. air TaB,(ss),
o | 1460 0 - »C 710, [21]
ZI‘B2—5.6B4C— HIP (1800 C, (0‘1 l/mln) TaC, TaO
28SiC + 207 MPa, (crem) - ~1.0
6.7 mol. % TaSi, 30 min)
ZrB.-5.6B,C—
2 4 _
27.98iC + ’”’OTféOZ’ ~42 ~132
6.7 mol. % TaB,
ZrB,-5.6B,C— Sintering m,o0-210,,
27.9SiC + (2000 °C, Ar, TaC, ZrB ~10.7 ~8.1
6.7 mol. % TaSi ; TaB,(ss)
2 I 1 is00 | 240 TGA, air 2 [22]
ZTB2—5.6B4C— HIP (1800 C, (0.1 l/mln) 7:0
27.9SiC + 207 MPa, m’OT'aC 2 ~45 ~17.5
10 mol. % TaB, 30 min)
ZrB,-5.6B,C- m,o0-210,,
27.9SiC + TaC, ZrB,- ~13 ~10
10 mol. % TaSi, TaB,(ss)
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Table 2. Oxidation resistance of ZrB,(HfB,)-SiC alloyed with Ta and Ta compounds (Continuation)

Tabnuya 2. XapakTepUCTHKH OKUCIUTEILHON CTOHKOCTH KepaMuK Ha ocHose ZrB,(HfB,)-SiC,
MOAU(UIHPOBAHHBIX TAHTAJIOM U €0 COeMHEHUSIMH (1POOOIdHCEHUE)

Oxidation properties Phase .
. . .. . Weight
Composition, Manufacturing . composition | Reaction layer chane Refe-
vol. % process t,°C Tlme, Test conditions after thickness, pum m /cfr;ng rence
min oxidation &
. HP (2100 °C TGA, Ar/O
_ + > g 2
D 0MPa, | 1400 300 | misure | PO ~50 - [20]
S 30 min) (125 cm*/min) 275778
ZrB.,-20SiC + SPS (1900 °C Furnace SiO,, ZrO
2 ’ > 29 29
10 wt. % Ta 50 MPa, 3 min) 1500 | 600 stagnant air Zr, , TaO, 193 18.77 [44]
Furnace,
ZrB,-20SiC HP (1800 °C heating/
2 - ’ ing: -
10TaC 28 MPa, 1 h) 1500 | 600 chczzztr;i.l:A;r Zr0,, Ta,0, 850 58 [27]
(10 ml/min)
ZrB,—20SiC + SPS (1900 °C Furnace Si0,, ZrO
2 s fl 29 29 .
10 wt. % Ta 50 MPa, 3 min) 1600 | 600 stagnant air Zr, ,TaO, 253 16.65 [41:43]
Bottom-
ZrB,—20SiC— HP (2000 °C loading
2 > _ _ ~
10TaB 30 MPa, 1 h) 1800 60 furnace, 68 [24]
stagnant air
Z1B,-5.6B,C~ ZiB,-
27.9SiC + 1460 - TaB,(ss), - ~0.9 [21]
13.3 mol. % TaB, Sintering Zr0,, TaC
(2000 °C, Ar,
ZtB,3.68,C- 1'h) TGA, air
27.9SiC + R > ~67 ~23.1
133 mol. % Tap. | HIP (1800°C, (0.1 1/min)
e — 2 207MPa, | 1500 | 240 m,0-Z10,, [22]
ZrB,-5.6B,C— 30 min) TaC, TaB,
27.9SiC + ~12.5 ~11.6
13.3 mol. % TaSi,
e SPS (1700 °C, ZrB,, Zr0,,
ﬁth 55‘%;. 50 MPa, | 1600 | - Themtl:; tShOCk Zr-Ta-B, - 0.68% [38]
W70 T8 10 min) Zt-Ta-O
Bottom-
ZrB,-20SiC— HP (2000 °C loading
2 > - _ ~
20TaC 69 MPa, 2 h) 1627 100 furnace, t,m-Z10, 21 [26]
stagnant air
Bottom-
ZrB,—20SiC— HP (1600 °C loading m,c-Zr0
2 ’ 2> _ - .
20TaSi, 69 MPa, 2 h) 1627 100 furnace, SiO, 0.8 [8; 26]
stagnant air
60 Furnace, CO - 10.1£1.2 -
(Zt Ta )B.- HP (1800 °C, and 2000 ppm
08 W E e Ar,32 MPa, | 1500 | 600 | CO,mixture - 72.3+2.8 - [15]
1 2h) (~1078 Pa)
300 TGA, air - - ~0.3
Furnace,
. o heating/ ZrSi0,,
?é%‘cz()s‘c‘ 1223 15415201 1(1:) 1500 | 600 | cooling: Ar, Ta,0,, 140 ~13 [27]
’ oxidation: air | ZrO,, SiO,
(10 ml/min)
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Table 2. Oxidation resistance of ZrB,(HfB,)-SiC alloyed with Ta and Ta compounds (Completion)

Tabnuya 2. XapakTepUCTHKH OKUCIUTEILHON CTOHKOCTH KepaMuK Ha ocHose ZrB,(HfB,)-SiC,

MOZIH(l)HIIP[pOBaHHBIX TAHTAJOM H €ro COCIUMHCHUAMU (OKOHU(ZHue)

Oxidation properties Phase Weight
Composition, Manufacturing i composition | Reaction layer chang . Refe-
vol. % process t,°C Tm:ne, Thest: @arna e after thickness, pm & 3 rence
i oxidation mg/em
TGA,
1450 | 1200 dry ai - 4.1
HP (1900 °C, (15 crr}l;jjlr;in)
42 MPa,
35 min) 1500 50 Furnace, - 0.79
HfB,-30SiC- 1650 stagnant air - - 6.27
. [35]
ZTaSI2 TGA
1450 | 1200 dry air - — 33
SPS (2100 °C, (15 cm’/min)
30 MPa, 3 min)
1500 " Furnace, - - 0.94
1650 stagnant air _ 285
(HfB,-30SiC)—
T Hife 1400 | - DSCTGA, | ho., - 2.10%
4Hs air HfB 2 [29]
1400 _ (250 ml/min) 2 _ 2.96 %
. HP + reaction
(HfB273fOSIC)7 (1800 °C, 779 Plasma 1.0-Ta.O
10Ta,HfC, Ar,30 MPa, | W/ | 333 | generator,air | .. az o - 5.9% [30]
30 min) cm? (3.6 g/s) 6772717
(HfB,-30SiC)- DSCTGA, 1 o, .
15Ta HfC 1400 - air HfB. Ta.O - 327 % [29]
s (250 ml/min) r TS
Bottom-
HfB,—20SiC— HP (1700 °C loading m,c-HfO
P s 2° _ ~
20TaSi, 69 MPa, 2 h) 1627 100 furnace, HfSiO, 25 [26]
stagnant air

Abbreviations: (ss) — solid solution; HIP — hot isostatic pressing; TGA — thermogravimetric analysis; DSC — differential

scanning calorimetry.

2. Heat-resistant coatings
on graphite and C/C composites
based on ZrB,(HfB,)-SiC
alloyed with tantalum
compounds

An alternative approach is applying UHTC coatings
to heat-resistant, carbon-containing composites, and
graphite [47-50]. In order to protect carbon-containing

materials from oxidation, ceramic coatings should have
the following properties [11; 51; 52]:

1) heat resistance in a wide temperature range;

2) high adhesion, and compatibility with the sub-
strate;

22

3) coating continuity and oxide film gas tightness
for erosion resistance and limiting oxygen diffusion
to the substrate;

4) self-healing of the coating defects;

5) high manufacturability, process consistency, con-
trolled coating thickness, and coating repairability.

Multilayer ceramic coatings with transition metal
diborides and silicon carbide are effective for increas-
ing the oxidation resistance of carbon-containing com-
posites by preventing oxygen penetration to the sub-
strate. They form a silicate glass layer on the surface,
and a sublayer based on refractory oxides [53; 54].
However, the protective properties of such coatings
are very limited: 265 and 550 h for C/C composi-
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tes with HfB,—SiC/SiC and ZrB,-SiC/SiC coatings
at t = 1500 °C, respectively.

In real-life applications, the coatings should main-
tain the long-term performance of the carbon mate-
rial in oxidizing environments in a wide temperature
range, under static and dynamic loads. Therefore,
an extremely important is the creation of ultra-high-
temperature, durable protective coatings highly resistant
to oxidation and erosion. It was proposed that tantalum
be added to ZrB,(HfB,)-SiC compositions, in order
to obtain multiphase coatings with good heat and abla-
tion resistance due to the synergistic effect of the two
cationic compounds exposed to a high-temperature,
oxygen-containing environment [54].

2.1. Tantalum boride-alloyed
ZrB,(HfB,)-SiC coatings

The addition of UHTC borides to SiC-based coa-
tings expands the operating temperature range and
improves antioxidation properties by increasing
the glassy surface layer viscosity and reducing crack
formation. Furthermore, B,0, formed during oxidation
can heal coating defects and improve resistance to low-
temperature oxidation [55-57]. To protect graphite
from oxidation, Jiang Y. et al. [56] applied a single-
layer, multi-phase (Zr, Ta)B,-SiC-Si coating, demonst-
rating oxidation resistance for 468 h at 1000 °C and for
347 h at 1500 °C. The coating structure after oxidation
includes two layers: external Zr—Ta—Si—O (glass), and
internal (Zr, Ta)B,~SiC-Si. The continuous oxide film
on the surface has low oxygen permeability and effec-

tively reduces the coating oxidation rate [56].

The Ta, Zr, .B,~Si-SiC dense, single-layer multi-
phase ceramic coating protects graphite from oxida-
tion at 1650 °C for at least 70 h due to the synergistic
effect of the heterogeneous oxide layer formed dur-
ing oxidation and the dense inner coating [55]. Also,
the Ta . Zr, .B,~Si—SiC coating is resistant to ablation
when exposed to heat fluxes (2.4+4.2 MW/m?). It was
found that increasing the heat flux of the oxyacetylene
flame resulted in more intense weight loss and thinning
of the coating, and its ablation behavior varied from
oxidation and evaporation at 2.4 MW/m? to mechani-
cal removal at 4.2 MW/m? [55]. Note that after ablation
for 40 s under a 4.2 MW/m? heat flux, a new micro-
structure consisting of “lath-like” grains (Ta,Zr,0O,,

solid solution) with few micropores and high erosion

resistance was found at the heat flux center. The sur-
35> 210, and Ta, 0.
These phases provide efficient protection of the mate-
rial below from ablation. The inner Ta, Zr, .B,~Si-SiC
coating protected by the outer oxide layer mostly faces

face oxide layer contains Ta,Zr,,O

high-temperature oxidation and the release of gaseous
SiO and CO.

Jiang Y. et al. [57] manufactured a defect-free, single-
B.,—SiC-Si

0572
graphite. After oxidation in air at = 1500 °C, the coat-

ing surface contained Ta,.B,, Ta,O,, SiO, and HfSiO,

0.572° 2750
(hafnon is the product of the reaction between HfO, and

layer multi-phase Hf ;Ta coating on

Si0, [58]), i.e., a complex silicate oxide layer, emerges
to prevent oxygen from entering into the coating.
The coating is resistant to low- and high-temperature
isothermal oxidation for 1320 h at t =900 °C and for
2080 h at = 1500 °C (the weight gains were 0.14 %
and 1.74 %, respectively), and also has good ablation
resistance [57]. Jiang Y. et al. [57] explained the high
resistance to oxidation at # = 900 °C by the defect-free
coating structure, and at 1500 °C, by the Hf-Ta—Si—-O
surface layer. Here HfSiO, and Ta O, increase the oxide
film viscosity and create “pinning points”, which
change the direction of crack propagation or inhibit
it [57].

Ren X. et al. [59] reported that a two-layer
Ta Hf, B,—SiC/SiC multiphase coating 120-190 pm
thick protects C/C composites from oxidation in air
at ¢ = 1500 °C for more than 1480 h, and from ablation,
for 40 s at the 1927 °C oxyacetylene flame temperature.
The number of cracks and holes after oxidation was
relatively small, when compared to the SiC/SiC coa-
ting, and the glassy layer surface contained Ta and Hf
oxidation products indicating the formation of a multi-
phase silicate glass. The melting point of tantalum and
hafnium oxides is higher than that of SiO,, so adding
these components to the glass increases its thermal
stability and viscosity for better ablation and oxidation
resistance through the synergistic effect of the multi-
phase oxides [59].

The presence of the Zr Ta, B, solid solution

in the SiC coating significantly im;roves its oxida-
tion protection properties. Ren X. et al. [60] reported
t=1500°C for 1412h,
the weight loss of a C/C composite coated with
Zr Ta; B,-SiC/SiC was only 0.1 wt. %, while for
the ZrB,—SiC/SiC coating, it was 0.22 wt. % for 550 h.

The TGA showed the coating is resistant to oxidation

that after oxidation at
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in a wide temperature range (from room tempera-
ture to 1500 °C). The coated C/C composite weight
gain at the end of the test was 1.8 wt. % (C/C compo-
sites with ZrB,~SiC/SiC and TaB,-SiC-Si/SiC coatings
lost 10.3 and 11.2 wt. %) [60]. Ren X. et al. explained
the high oxidation resistance of the Zr Ta, B,-SiC/SiC
coating by the formation of a heterogenecous
Zr-Ta-Si-O glass layer on its surface (containing
evenly distributed Zr and Ta oxides forming an “inlaid
structure” providing cracks deflection and elimination),
as well as by the synergistic effect of multiple protec-
tive mechanisms provided by the coating components.

Tong K. et al. [61] studied the ablation resistance
of a multiphase Zr—Ta—B-SiC coating with various
Zr/Ta weight ratios on a C/C composite at = 2300 °C.
Adding Ta led to the formation of the (Zr, Ta)B, solid
solution, relieving thermal stress during the synthesis
and removes the layer defects. Ta also had a noticeable
effect on the composition and morphology of the coa-
ting after ablation. Tong K. et al. [61] also reported
that the Zr .Ta ,B,~SiC coating has better ablation
resistance due to the formation of a thermal barrier
and low volatility of the Zr-Ta—O layer. Furthermore,
the Ta—O bond stabilizes the high-temperature #-ZrO,
phase. The samples with low Ta (~10 mol. %) and
excessive Zr contents in the solid solution after abla-
tion showed the formation of multiple nanosized
Zr-Ta—O nuclei, thus making it impossible to form
a homogeneous layer over the glass phase and
to increase its viscosity. That is, SiO, was still exposed
directly to the plasma generator flame and intensively
evaporated during the ablation. When Ta is in excess
(~70 mol. %), the ablation results in the extensive for-
mation of the liquid Zr—Ta—O phase with low viscosity,
rapidly exposing the surface. At the same time, gaseous
SiO, CO, CO, and B,O, compounds volatilized making
numerous pores and holes in the glassy layer as chan-
nels for oxygen diffusion [61].

2.2.7rB,-SiC coatings
alloyed with complex
tantalum carbide

The Ta,HfC, complex tantalum-hafnium carbide
seems suitable for high-temperature applications with
its properties [29; 30]. However, it cannot protect C/C
composites from oxygen due to its low heat resis-
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tance [62]. Therefore, it was proposed to apply a 2-layer
coating. The inner layer is Ta,HfC, and the outer layer
is ZrB,—SiC-Ta HfC,. Such a coating can be efficient
to protect C/C composites from oxidation at high tem-
peratures. The weight loss of the coated samples during
isothermal oxidation tests at = 1500 °C for 20 h was
3.3 %. The weight loss after ten 1500 °C to 20 °C ther-
mal cycles with a 10 min isothermal holding at the max
temperature was 9.5 %, indicating the high heat resis-
tance and thermal stability of the coating.

The gas-tight, continuous silicate glass layer con-
taining ZrO,, Si0O,, ZrSiO,, Ta,O, and HfO, particles
has a low oxygen diffusion rate and a relatively high
self-healing ability. Nevertheless, the pores and micro-
cracks resulting from the different thermal expansion
coefficients of the coating and substrate, and from
the gaseous oxidation products release, are the pri-
mary cause of weight loss. They also adversely affect
the protective performance of the coating.

2.3. ZrB,(HfB,)-SiC coatings
alloyed with tantalum
silicides
Since the SiC thermal expansion coefficient is low,
replacing it with another stable SiO, source would
increase the protective performance of ZrB,(HfB,)-SiC
coatings at temperatures above 1700 °C. Adding more

components may increase the glass phase viscosity and
improve the oxidation resistance of the coating.

When added to HfB,~SiC-TaSi, coatings, the pas-
sivating power of TaSi, inhibits the intense oxida-
tion of SiC at = 1700 °C. The expansion caused by
the TaSi, oxidation slows the disintegration of HfB,
and increases the coatings structural resistance to oxi-
dation. The addition of tantalum disilicide also leads
to the formation of a heterogeneous Hf-Ta—B-Si-O
high-viscosity glass layer, which reduces the oxygen
permeability of the coating from 4.87 % to 0.31 % [63].
It was shown that the optimal TaSi, content has
a positive effect and seems promising for alloying
HfB,-SiC coatings. Adding 20 wt. % of TaSi, slows
down the coating removal rate by improving its gas
tightness, while an excessive amount of TaSi, reduces
the oxidation protection performance.

Tantalum disilicide is also used to improve the abla-
tion resistance of ZrB,—SiC coatings on C/C composites.
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Adding 10 vol. % of TaSi, to a ZrB,~27 vol. % SiC
coating results in the porosity drop from 16.65
to 9.65 %, better mechanical properties, and ablation
resistance at 1= 2000 °C for 10 min [64]. The effect
of TaSi, on the resistance to high-temperature gas cor-
rosion was investigated at £ = 1700 °C in the air for
30 min. A ZrB,-20 vol. % SiC-10 vol. % TaSi, coating
on siliconized graphite lasts much longer than a TaSi,-
free coating. This indicates a higher heat resistance
of the former, due to the formation of a tantalum-
containing oxide layer with a significantly lower
oxygen permeability [65]. The ZrB,-20 vol. % SiC—
10 vol. % TaSi, oxide coating layer is significantly
thinner than the ZrB,— 20 vol. % SiC coating. Despite
the absence of pores and bubbles (the TaSi,-free coa-
ting has multiple defects), cracking was observed.

In order to improve the overall performance
of the coating, Ren Y. et al. [66] studied the effect
of additional silicon vapor infiltration as the coating is
formed. The resulting ZrB,-SiC-TaSi,~Si coating on
siliconized graphite efficiently protects the material
from oxidation for 300 h at # = 1500 °C in stagnant air.
The oxidation did not cause any cracking or delamina-
tion. Ren Y. et al attributed this to the modified coating
structure with a dense ZrB,-SiC-TaSi, primary layer
under an additional silicon layer. The coating can with-
stand severe thermal cycling from 20 to 1500 °C
(20 cycles). The area of the cracks per unit of surface
area was only 3.8-107%, which indicates good thermal
resistance due to the self-healing of the surface cracks.
Tables 3 and 4 list some oxidation and ablation resis-
tance properties of the coatings.

Table 3. Oxidation resistance of carbon materials with ZrB,(HfB,)-SiC coatings alloyed

with tantalum

compounds

Tabnuya 3. XapaKTepUCTHKH OKUCIUTEIbHON CTOHKOCTH YIVIEPOJAHBIX MATEPUAJIOB
C OKPBITUSIMU Ha ocHOBe Kepamuku ZrB,(HfB,)-SiC, moaupuuuposannoi

COeTMHEHNSIMU TAHTAJA
. oy Phase .
Coating Substrate Manufacturing Ox1d‘a‘t10n composition Weight Reference
process conditions o change
after oxidation
. . o 7r0,, Ta,0O,,
7tB,-SiC-TaHfC TaHifC, | 2D cjc | Stpmeldinghpack 11300 °C. 7,6 i | 339 [62]
2 aTTS s cementation 20 h 402
HfO,, SiC
Slip molding + Si 1500 °C
ZrB,-SiC-TaSi,-Si/SiC Graphite | vapor infiltration/ 300 h > | Si0,, Z1B,, SiC | 4.76 mg/cm? [66]
pack cementation
. . . Slip molding + Si 1500 °C, . o
(ZrTa)B,~SiC-Si Graphite vapor infiltration 347 h (Zr, Ta)B,, SiO, 0.33% [56]
In situ reaction 1500 °C Zr0,, Ta,0O,,
Zr Ta, B,-SiC/SiC 2D C/C synthesis/pack 1412 h ’ ZrSi0,, Si0,, -0.1% [60]
cementation Ta 0, ,, SiC
In situ reaction HIfO,, TaO,,
e . 1500 °C HfSiO,, SiO
o ) 4° 29 _ 2
Ta Hf, _ B,-SiC/SiC 2D C/C s;;z;l;:rslltz/gzﬁk 1480 h Ta0, Ta, . 2,8 mg/cm [59]
Ta,0, SiC
Impregnation and 1500 °C Hf, ;Ta,.B,,
Hf ;Ta, .B,~SiC-Si Graphite pyr.olysi§ + reagtive 2080 h ’ TaZOS,.HfSiO " 1.74 % [57]
Si gas infiltration Sio,
Slip molding + 1650 °C
Ta, ;Zr, ;B,~Si-SiC Graphite in situ reactive 70h ? Sio, —0.56 % [55]
synthesis
ZrB.-20 vol. % SiC— . Slip molding/pack 1700 °C, Zr0,, Z1Si0,,
2 2 4 2
10 vol. % TaSi,/SiC Graphite cementation 30 min Si0,, TaC 3.81 mg/em [65]
_ 0, 1C_ o
HfB,-20 wt. % SiC Graphite SPS 1700 °C, HfO,, Ta,0, ,, ~15 mg/em’ 63]

20 wt. % TaSi,

100min | HfSiO,, SiO,
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Table 4. Ablation resistance of carbon materials coated with ZrB,(HfB,)-SiC ceramics
alloyed with tantalum compounds

Tabnnya 4. XapakTepUCTHKH CTOMKOCTH K a0JsIMH YIIIePOAHBIX MATEPHAJIOB C MOKPHITUAMH
Ha ocnose kepamuku ZrB,(HfB,)-SiC, monupuuupoBannoii coeMHeHnsivi TAHTaIA

Flame test conditions
Coating Flow rate, /s il I Reference
t,°C Time, s rate, mg/s rate, pm/s
02 C2H2
Ta Hf, B,-SiC/SiC 1927 40 0.2-0.3 0.1-0.2 1.590 3.21 [59]
ZrB,-SiC-TaSi, 2000 600 0.72 0.25 0.114 - [64]
Hf, . Ta, .B,-SiC-Si 2130 60 0.244 0.167 1.050 -10.20 [57]
(Zr, ,Ta, ,)B,-SiC 2300 120 0.42 0.31 0.033 3.01 [61]
o 2.4 MW/m?* 60 0.24 0.18 0.150 0.35
Ta, ;Zr, B,~Si-SiC [53]
R 4.2 MW/m?* 40 0.42 0.31 4.900 3.25
* Heat flux was reported instead of the flame temperature.

3. Carbon-ceramic composites
with a (C)-SiC-ZrB, matrix
alloyed with tantalum compounds

In the last decade, many researchers studied high-
temperature composites with a ceramic matrix, since
solid UHTCs are inherently brittle and lack sufficient
resistance to thermal shock [2]. Reinforcing fibers
increase the strength of the composite, and adapt its
mechanical and thermal properties to the specific appli-
cation. Carbon-ceramic composites (C/SiC) reinforced
with continuous carbon fibers overcome the inherent
brittleness and low thermal resistance of UHTCs offer-
ing better thermal performance and increased ablation

resistance [1].

Kannan R. et al. [67] showed that adding 20 wt. %
of Ta to the C/SiC-ZrB, composite leads to the TaC,
formation from the residual carbon and increases
the ablation resistance due to stabilization of the -ZrO,
martensitic phase and the low melting point of Ta C,
capable of enveloping the ZrO, matrix particles and
reducing the anionic conductivity at ¢>2000 °C.
Kannan R. et al. [67] also attributed the higher abla-
tion resistance to the low thermal conductivity of the
Zr-Ta—-Si-0 oxide layer which inhibits the heat transfer
from the surface inside the composite, and to the rela-
tively high bond strength between the carbon fibers and
the matrix due to the presence of residual metallic Ta.

LiL. etal. [68] reported that adding 24 vol. % of tan-
talum carbides into the matrix also resulted in higher

26

ablation resistance of C/SiC~ZrB,-TaC 2D composites
due to the oxidation and formation of liquid Ta,O,
(at > 1870 °C) capable of healing cracks during abla-
tion and retaining the loose ZrO,, building a gastight
layer around the fibers. It was concluded that the TaC
content should be increased, and the substance should
be more evenly distributed across the matrix to further

improve the ablation resistance of such composites.

C/SiC composites alloyed with ZrB, and TaC
showed higher flexural strength (up to 27 %), Young’s
modulus (up to 28 %), and interlayer shear strength
(up to 22 %). Uhlmann F. et al. [69] attributed the lat-
ter to the addition of TaC. The thermochemical stability
of the C/SiC~ZrB,~TaC composites under the combus-
tion chamber conditions (exposure to a hot gas for
15 min, 1725+1860 °C measured surface temperature)
improved, while the oxygen permeability signifi-
cantly decreased. The reason for this is that the oxide
film in the Si—Zr-Ta—O system is a diffusion barrier,
preventing the penetration of combustion products
into the underlying layers and protecting them from
further oxidation [69].

For  the C/C-2SiC-1ZrB,-2TaC

(the numbers are the relative volumes of the ceramic

composite

particles) the ablation properties deteriorated which
may be a result of the TaC addition. The higher ablation
rate (Table 5) is attributed to the formation of the Ta,O;
liquid phase subject to strong mechanical removal and
erosion at £ = 2700£300 °C [70].
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Table 5. Ablation resistance of the C/SiC composite with the (C)-SiC-ZrB, matrix alloyed with tantalum carbide

Tabnuya 5. Xapakrepucruku croiikocru K adasinnu YKKM ¢ marpuneii na ocnose (C)-SiC-ZrB,,
JIErHPOBAHHON KapOWI0M TaHTaIa

Flame test conditions .
C/SiC Manufacturing | Density, | Porosity, Gas pressure/ Ma§s Llne.ar
. 3 N Time ablation | ablation | Reference
composite process g/cm % t.°C > flow rate
> s rate, mg/s | rate, pm/s
0, | GH,
120 1.33 0.19
1600
600 0.02 0.27
- Reactive HP/ 120 1.80 0.25
gg,lgTa C impregnation and 2.82 21.0 1800 l\(/}ﬁa 1(\)/[%; [67]
1ty pyrolysis 600 0.47 0.63
120 3.05 0.39
2000
600 2.19 1.43
C/C-2SiC- | Powder infiltration 136 | 1.04
1ZrB,- + isothermal vapor - - 27004300 | 30 rﬁ3 h m'3 h ~59 - [70]
2TaC infiltration
0.4 | 0.095
2D C/SiC- | Vapor infiltration + MPa; | MPa;
ZrB,~TaC slip molding 2.35 1.5 3000 20 .51 | 1.12 a 26 [68]
m¥h | m¥h

4. Mechanisms improving
the oxidation and ablation resistance
of ZrB,(HfB,)-SiC composites
alloyed with tantalum compounds

UHTC oxidation and ablation performance is largely
determined by the oxidation product properties, and
the surface chemical and physical processes occurring
in oxygen-containing environments. Consequently,
modifications to the oxide film’s chemical composi-
tion and structure can improve the resistance to high-
temperature oxidation and ablation. Opeka M. et al. [7]
noted that UHTC composites during the oxidation
of which synthesize relatively refractory glass layers
with low oxygen diffusion rates and high self-healing
ability are potentially heat-resistant materials. For
several reasons discussed below, alloying with tanta-
lum compounds modifies the oxide film and improves
the oxidation and ablation resistance.

4.1. Phase separation
in the oxide surface layer
Oxidation of tantalum-containing components

in UHTC composites can be represented by the follow-
ing reactions:

4TaB,(s) + 110,(g) — 2Ta,0,(s, /) + 4B,0,(1), (1)
4TaC(s) + 90,(g) — 2Ta,0(s, [) + 4CO,(g), (2)
4TaC(s) + 70,(g) — 2Ta,0(s, [) + 4CO(g), (3)
4TaSi,(s) + 130,(g) — 2Ta,04(s, 1) + 8Si0,(1), (4)

x(Hf, Ta)B,(s) + (2.5x + 0.5y)0,(g) —
— xHfO(s) + Ta O (s, 1) +xB,0,(s), 5)

x(Zr, Ta)B,(s) + (2.5x + 0.5)0,(g) —
— xZrO,(s) + TaxOy(s, 1) +xB,0,(s), (6)

where s, / and g denote the aggregate state of the phases:
solid, liquid, and gaseous.

As can be seen the relatively refractory Ta,O, is
formed (¢, = 1882 °C [10]). The presence of group
IV-VI transition metal oxides (e.g., tantalum) in boro-
silicate glass causes intense phase separation (immisci-
bility) of the glass phase. It increases the heat resistance
of ZrB,(HfB,)-SiC composites by increasing the lig-
uidus temperature and viscosity [20; 21; 27; 38; 44;
55; 56; 59; 60; 65]. Higher viscosity, in turn, reduces
the oxygen diffusion rate through the film. According
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to the Stokes-Einstein relation, the diffusion coefficient
is inversely proportional to viscosity [71]:
Do kT ’
6mnr

™)

where D is the diffusion coefficient, & is the Boltzmann
constant, 7 is the temperature, 1 is the solution visco-
sity, and r is the average radius of the diffusing particles.

Zhang M. et al. [63] showed that Hf**/Ta>" transi-
tion metal cations interact with the silica-oxygen tetra-
hedral lattice [SiO,] forming 3D ionic clusters. This
increases the glass viscosity and reduces the oxygen
mass transfer. Zhang M. et al. [63] showed that refrac-
tory hafnium and tantalum oxide particles distributed
in a viscous-fluid glass layer improve heat resistance
by increasing the number of barriers to oxygen move-
ment. This significantly limits its diffusion rate through
the oxide film.

Eakins E. et al. [15], Peng F. et al. [21] and Thim-
mappa S. et al. [44] observed a decrease in the porosity
of the oxide layer under the surface glass layer. This
was attributed to the higher viscosity of the glass phase
containing tantalum, which is less mobile reducing
the capillary rise from the lower layers. Borosilicate
glass enriched with tantalum also prevents cracking and
heals defects [27; 38; 64; 67; 69]. Also, the higher vis-
cosity and liquidus temperature contribute to the par-
tial suppression of boron evaporation from glass [7].

4.2. Formation of refractory
solid solutions and complex oxides

Partial dissolution of tantalum in the zirconium or
hafnium boride can result in the formation of a solid
solutions which oxidizes to Zr-Ta—O and Hf-Ta—-O
solid solutions when exposed to oxygen [38;44].
The reaction between the ZrO,(HfO,) u Ta,O, phases
405, (Zr, ;;TaOg) [55] zirconium-
tantalum oxides or the Hf Ta,O , [72] hafnium-tanta-
lum oxides, e.g.:

produces the Zr,,Ta

11ZrO,(s) + 2Ta,04(s, ) — Zr, Ta,0,,(s),  (8)
6HfO,(s) + Ta,O4(s, [) — Hf,Ta,0,(s). 9)

The refractory solid solutions and/or complex
oxides in the films enhance resistance to oxidation
and ablation without inducing additional thermal
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stress. The mechanical and thermophysical proper-
ties of solid solutions are easier to control compared
to stoichiometric phases [61]. Hu C. et al. [34] pro-
posed that the formation of a solid solution reduces
the activation energy of the boride grain boundaries,
contributing to the formation of coherent structures.
The Zr, Ta,0,, n HfTa,0 , phases act as barriers
in the oxygen-acetylene flame preventing the erosive
removal of the internal layers by the high-speed gas
flows due to the low thermal conductivity and rela-
tively high refractoriness of these phases [55; 67; 72].
The heterogeneous structure of the oxide film hampers
cracking and crack propagation [38].

4.3. Reducing the oxygen vacancies
concentration in the ZrO,(HfO,) lattice

Compositions that reduce oxygen transport through
the ZrO, and HfO, matrix phases also increase
heat resistance [7]. ZrO, and HfO, oxides become
non-stoichiometric as oxygen vacancies are formed
in the lattices under the low partial pressure of oxy-
gen (e.g., under a gastight borosilicate glass layer) or
due to the addition of lower valence cations (Y3", La’",
etc.) [8]. The partial replacement of Zr*" and Hf** with
Ta>" decreases the concentration of oxygen vacancies
according to the Kreger-Wink reaction [26]. The reac-
tion for the ZrO, lattice doping is

Ta,04 + Vi — =2 52Ta, +50,.

(10)
A decrease in the oxygen vacancy concentration

reduces the anionic conductivity and decreases the oxi-

dation rate of ZrB,(HfB,)-SiC composites [26; 65].

4.4. Inhibition of ZrO,(HfO,)
polymorphic transformations

The substitution of Zr*" and Hf*" for Ta>" in the
ZrO,(HfO,) lattice depletes the oxygen vacancies
and partially stabilizes the lattice [67]. This reduces
the rate of the diffusion-free martensitic tetragonal-
to-monoclinic phase transformation. It also decreases
the volume expansion associated with the transfor-
mation and the possibility of cracking in the oxide
film during thermal cycling [8; 21; 66]. This factor
improves the performance of composites exposed
to high temperatures, reducing the oxide film cracking
and increasing its adhesion and cohesion [61].
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45. Changing the oxide layer
microstructure

The effect of tantalum on the oxide particle size
in the glass phase also affects the oxidation processes.
Peng F. et al. [22] reported that the size of zirconium
dioxide particles decreases when TaB, is added.
The resulting borosilicate glass phase has a greater ten-
dency to be captured by the lower oxide sublayers con-
taining dispersed particles. It makes these layers more
impermeable to atmospheric oxygen and improves
the overall heat resistance of the material.

Tong K. et al. [61] also found that by increasing
the tantalum compound content in UHTCs, the morpho-
logy of the synthesized complex oxide in the Zr-Ta—O
system changes from dispersed nuclei to sintered rod-
like grains. It improves the ablation resistance, since
this oxide works as a “pinning” phase for efficient
retention of glassy SiO, and resistance to mechanical
erosion. Similarly, the formation of a heterogeneous
oxide film in the Hf~Ta—Si—O system from the immis-
cible HfSiO, and TaxOy phases of the silicate glass
increases the surface layer viscosity and creates “pin-
ning points”, inhibiting or eliminating cracking [57].
It reduces the probability of crack penetration through
the oxide film and improves heat resistance [59].

5. Reduction mechanisms
of oxidation and ablation
resistance in ZrB,(HfB,)-SiC
composites alloyed
with tantalum compounds

Along with the noted improvement in heat-
resistant and anti-ablation properties when alloying
ZrB,(HfB,)-SiC composites with tantalum com-
pounds, under certain conditions these positive
effects are limited, and, in some cases, oxidation and
ablation resistance even deteriorates. Some studies
report negative effects of tantalum compounds on
the HfB,-SiC system [26; 35], at temperatures above
1700 °C [24; 26; 39], and with improper concentra-

tions [22; 27; 39].

The reasons for the oxidation and ablation resis-
tance deterioration are listed below.

5.1. Formation of low-viscosity
liquid phases

Adding tantalum may have a negative effect on
the oxidation of ZrB,(HfB,)-SiC composites at tem-
peratures above 1650 °C, since the presence of Ta,O;
in the oxide film reduces its heat resistance due
to the formation of liquid phases [8; 24; 37].

High tantalum content (~70 mol. %) results
in the extensive formation of the low-viscosity liquid
phase during ablation. It causes intensive oxide film

removal, holes, and bare areas on the surface [61].

Opila E. et al. [39] also observed the formation
of a significant amount of the liquid phase (a mixture
of oxiboride, silicate, and zirconate phases) during
the oxidation of ZrB,-20 vol. % SiC-20 vol. % TaSi,
at t = 1927 °C, which was the key reason for the dete-
rioration of its heat resistance [39].

5.2. Damage of frame structures
in the oxide layer

The presence of Ta,O, in the film at temperatures
above 1700 °C leads to the formation of the Zr  Ta,O,,
or Hf Ta,0,, complex oxides. It reduces the heat resis-
tance of the mechanical framework based on
ZrO,(HfO,), accelerating the oxidation and reducing

the ablation resistance [22; 24].

Due to the limited solubility of tantalum in the ZrO,
thermally grown in situ its excess forms the low-melt-
ing oxide phases, from which zirconium dioxide crys-
tallizes contributing to the formation of dendrites [39].
Dendrite growth from the oxide sublayer to the glass
surface increases the overall oxidation rate, since
the dendrites act as anion channels. Another reason is
the poor wetting of the dendrites with the glass phase,
which contributes to increased oxygen penetration
through the phase interfaces [22].

5.3. Structural changes
in the oxide layer leading
to porosity and cracking
The formation of Ta,O; inside the ZrO, grains leads

to a large volume expansion exceeding 50 % of the ini-
tial one. It causes irreversible damage to the ZrO,
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grains, including their cracking from the inside. This
disturbs the compactness and continuity of the oxide
layers and increases the mass transfer rate across
the oxide film [37]. Silvestroni L. et al. [37] also
noted that the platelet-shaped formations of the mixed
Zr, . TaO, oxide turn vertical at #= 1650 °C. This
configuration has extra channels for oxygen diffu-
sion due to a significant increase in the platelets-glass
phase interface surface area, which negatively affects
the UHTC heat resistance.

Opila E. et al. [26] reported that adding tantalum
carbides to ZrB,~SiC reduces the oxidation resistance,
since a porous oxide layer is formed due to the release
of gaseous CO and/or CO, oxidation products. The struc-
ture discontinuity leads to accelerated oxidation, since
the gas phase mass transfer through the cracks and pores
(even at the Knudsen diffusion mode) is much easier
than diffusion in condensed phases [24].

5.4.Changes
to the oxidation mechanism

Alloying ZrB,~SiC ceramic composites with tan-
talum may change the processes governing its oxi-
dation. Wang Y. et al. [27] suggested that the mass
transfer of tantalum and/or silicon cations diffusing
from the substrate to the oxide film during formation
of the SiC-TaC depleted layer, is crucial. At low tan-
talum concentrations (~10 vol. %) most of the Ta,O;
dissolves in ZrO, forming a solid solution. The remain-
der is insufficient to seal the porous zirconium dioxide
layer, resulting in a loose structure not protected by
SiO, and/or ZrSiO, gastight layers, and a significant
increase in the UHTC oxidation rate [27].

The estimated activation energy of the silicon diffu-
sion to the surface through the oxide layeris 315 kJ/mol.
It is much higher than the previously reported values
for the inward oxygen diffusion (120-140 kJ/mol [73]).
This indicates the key contribution of the outward tan-
talum diffusion, than the inward oxygen diffusion.

5.5. Increasing the coating
thermal expansion coefficient

Cracks in UHTC coatings may be caused by the dif-
ference in the substrate and coating thermal expansion
coefficients [65]. The thermal expansion coefficient
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of tantalum compounds is higher than that of ZrB,(HfB,)
or SiC [63]. Oxidation induces compression forces
in the coating, but rapid cooling leads to tensile stresses
and easy cracking in the oxide layer [65]. Increasing
the TaSi, content leads to heat resistance deterioration
as penetrating cracks occur [63].

Conclusion

We reviewed the available studies of tantalum
alloying effects on the structure and resistance to high-
temperature oxidation and ablation of ZrB (HfB,)-SiC
UHTCs. The studies discuss different materials: bulk
ceramics, heat-resistant coatings on C/C composites
and graphite, and C/C composites with a UHTC matrix.
It is shown that alloying with Ta-containing compo-
nents may have both positive and negative effects.
The increase in heat and ablation resistance is prima-
rily caused by:

— higher viscosity and thermal stability of the boro-
silicate glass containing zirconium (hafnium) and tan-
talum cations;

— anionic conductivity reduction and partial stabili-
zation of the ZrO,(HfO, ) lattice due to tantalum doping;

— compaction and sintering of the oxide sublayer
containing ZrO,(HfO,) and ZrSiO (HfSiO,) grains;

— formation of temperature-resistant complex

oxides like Zr  Ta,O,, or Hf Ta,0,, on the surface.

The key reasons for the negative effect of alloying
are:

—poor oxide film continuity as the ZrO,(HfO,)
grains are damaged by the TaB, oxidation or a signifi-
cant gas release during the TaC oxidation;

— the emergence of additional oxygen diffusion chan-
nels as the Zr| Ta,0,, or Hf, Ta, O, platelets turn vertical,

—an increase of the liquid phase share subjected
to mechanical removal by high-speed gas flows.

The effects of alloying are not so unambiguous: there
are limitations in terms of concentration, structure, and
temperature. The oxidation and ablation resistance and
the mechanisms governing the UHTC behaviors are
different for various alloying components and ambient
conditions. Consequently, both positive and negative
aspects should be considered when selecting the type
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and amount of alloying tantalum, as well as to deter-

mine whether one or another factor is decisive under

given oxidation/ablation conditions.

10.

11.

12.

References / Cnucok nutepatypsl

NiD., ChengY., ZhangJ., LiuJ.X., ZouJ., Chen B., Wu H.,
Li H., Dong S., Han J., Zhang X., Fu Q., Zhang G.J. Ad-
vances in ultra-high temperature ceramics, composites, and
coatings. Journal of Advanced Ceramics. 2022;11(1):1-56.
https://doi.org/10.1007/s40145-021-0550-6

Binner J., Porter M., Baker B., Zou J., Venkatachalam V.,
Rubio Diaz V., D’Angio A., Ramanujam P., Zhang T.,
Murthy T.S.R.C. Selection, processing, properties and
applications of ultra-high temperature ceramic matrix
composites, UHTCMCs: a review. International Mate-
rials Reviews. 2020;65(7):389-444.
https://doi.org/10.1080/09506608.2019.1652006
Ultra-high temperature ceramics: materials for extreme
environment applications (Ed. by W.G. Fahrenholtz,
E.J.Wuchina, W.E. Lee, Y. Zhou). Hoboken, New Jersey:
John Wiley & Sons, Inc., 2014. 464 p.

Justin J.-F., Julian-Jankowiak A., Guerineau V., Mathi-
vet V., Debarre A. Ultra-high temperature ceramics deve-
lopments for hypersonic applications. CEAS Aeronautical
Journal. 2020;11:651-664.
https://doi.org/10.1007/s13272-020-00445-y

Simonenko E.P., Sevast’yanov D.V., Simonenko N.P.,
Sevast’yanov V.G., Kuznetsov N.T. Promising ultra-high-
temperature ceramic materials for aerospace applications.
Russian Journal of Inorganic Chemistry. 2013;58(14):
1669-1693. https://doi.org/10.1134/S0036023613140039
Tang S., Hu Ch. Design, preparation and properties of car-
bon fibers reinforced ultra-high temperature ceramic
composites for aerospace applications: a review. Journal
of Materials Science & Technology. 2017;33(2):117-130.
https://doi.org/10.1016/j.jmst.2016.08.004

Opeka M.M., Talmy 1.G., Zaykoski J.A. Oxidation-based
materials selection for 2000 °C + hypersonic aerosurfa-
ces: Theoretical considerations and historical experience.
Journal of Materials Science. 2004;39:5887—-5904.
https://doi.org/10.1023/B:JMSC.0000041686.21788.77
Levine S.R., Opila E.J. Tantalum addition to zirconium
diboride for improved oxidation resistance. NASA/TM-
2003-212483.2003.

CRC Handbook of Chemistry and Physics 85" edition.
(Ed. by D.R. Lide). CRC Press, Boca Raton, FL. 2005.
2661 p.

Springer Handbook of condensed matter and materials
data (Ed by W. Martienssen, H. Warlimont). Heidelberg:
Springer, 2005. 1120 p.

Schmidt F.F. Tantalum and tantalum alloys. DMIC Report
133/0TS PB 151091. 1960. 328 p.

Mai Z., Zhang X., Liu Y., Yu H., Wang F. Insight
into the structure dependence on physical proper-
ties of the high temperature ceramics TaB, boride.
Vacuum.  2020;177:109427  https://doi.org/10.1016/].
vacuum.2020.109427

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Schlesinger M.E. The Si-Ta (silicon-tantalum) system.
Journal of Phase Equilibria. 1994;15:90-95.
https://doi.org/10.1007/BF02667688

Zhang X., Hilmas G.E., Fahrenholtz W.G. Synthesis, den-
sification, and mechanical properties of TaB,. Materials
Letters. 2008;62(27):4251-4253.
https://doi.org/10.1016/j.matlet.2008.06.052

Lee S.J., Kim D.K. Effect of TaB, addition on the oxi-
dation behaviors of ZrB,~SiC based ultra-high tempera-
ture ceramics. Korean Journal of Materials Research.
2010;20(4):217-222.
https://doi.org/10.3740/MRSK.2010.20.4.217

Eakins E., Jayaseelan D.D., Lee W.E. Toward oxidation-
resistant ZrB,—SiC ultra high temperature ceramics. Metal-
lurgical and Materials Transactions A. 2011;42:878-887.
https://doi.org/10.1007/s11661-010-0540-8

Monteverde F., Savino R. Stability of ultra-high-tempera-
ture ZrB,~SiC ceramics under simulated atmospheric re-
entry conditions. Journal of the European Ceramic Socie-
1. 2007;27:4797-4805.
https://doi.org/10.1016/j.jeurceramsoc.2007.02.201
Bundschuh K., Schiitze M. Materials for temperatures
above 1500 °C in oxidizing atmospheres. Part I: Basic con-
siderations on materials selection. Materials and Corro-
sion. 2001;52(3):204-212. https://doi.org/10.1002/1521-
4176(200103)52:3<204::AID-MACO0204>3.0.CO;2-J
Zhang X., Hu P, Hun J.,, Meng S. Ablation behav-
ior of ZrB,-SiC ultra high temperature ceramics under
simulated atmospheric re-entry conditions. Composites
Science and Technology. 2008;68(7-8):1718-1726.
https://doi.org/10.1016/j.compscitech.2008.02.009

Talmy 1.G., Zaykosky J.A., Opeka M.M., Dallek S. Oxida-
tion of ZrB, ceramics modified with SiC and group IV-VI
transition metal diborides. In: Proceedings of the Internatio-
nal Symposium «High Temperature Corrosion and Materials
Chemistry Ill» (Eds. M. McNallan, E. Opila). The Electro-
chemical Society, Inc., Pennington, NJ.2001;12:144—158.
Peng F., Speyer R.F. Oxidation resistance of fully dense
ZrB, with SiC, TaB,, and TaSi, additives. Journal
of the American Ceramic Society. 2008;91(5):1489-1494.
https://doi.org/10.1111/j.1551-2916.2008.02368.x

Peng F., Berta Y., Speyer R.F. Effect of SiC, TaB, and
TaSi, additives on the isothermal oxidation resistance
of fully dense zirconium diboride. Journal of Materials
Research. 2009;24(5):1855-1867.
https://doi.org/10.1557/jmr.2009.0216

Peng F., Van Laningham G., Speyer R.F. Thermogravimet-
ric analysis of the oxidation resistance of ZrB,—SiC and
ZrB,-SiC-TaB,-based compositions in the 1500-1900 °C
range. Journal of Materials Research. 2011;26(1):96—-107.
https://doi.org/10.1557/jmr.2010.38

Hu P., Zhang X.H., Han J.C., Luo X.G., Du S.Y. Effect
of various additives on the oxidation behavior of ZrB,-
based ultra-high-temperature ceramics at 1800 °C. Journal
of the American Ceramic Society. 2010;93(2):345-349.
https://doi.org/10.1111/j.1551-2916.2009.03420.x
Mohammadzadeh B., Jung S., Lee T.H., Le Q.V., Cha J.H.,
Jang H.W., Lee S.H., Kang J., Shokouhimehr M. Manu-
facturing ZrB,-SiC-TaC composite: potential application
for aircraft wing assessed by frequency analysis through

31


https://doi.org/10.1007/s40145-021-0550-6
https://doi.org/10.1080/09506608.2019.1652006
https://doi.org/10.1007/s13272-020-00445-y
https://doi.org/10.1134/S0036023613140039
https://doi.org/10.1016/j.jmst.2016.08.004
https://doi.org/10.1023/B:JMSC.0000041686.21788.77
https://doi.org/10.1016/j.vacuum.2020.109427
https://doi.org/10.1016/j.vacuum.2020.109427
https://doi.org/10.1007/BF02667688
https://doi.org/10.1016/j.matlet.2008.06.052
https://doi.org/10.3740/MRSK.2010.20.4.217
https://doi.org/10.1007/s11661-010-0540-8
https://doi.org/10.1016/j.jeurceramsoc.2007.02.201
https://doi.org/10.1002/1521-4176(200103)52:3<204::AID-MACO204>3.0.CO;2-J
https://doi.org/10.1002/1521-4176(200103)52:3<204::AID-MACO204>3.0.CO;2-J
https://doi.org/10.1016/j.compscitech.2008.02.009
https://doi.org/10.1111/j.1551-2916.2008.02368.x
https://doi.org/10.1557/jmr.2009.0216
https://doi.org/10.1557/jmr.2010.38
https://doi.org/10.1111/j.1551-2916.2009.03420.x

DM v on

W3BECTUA BY30B

W3BECTUA BY30B. [TOPOLIKOBAA METANNYPTUA U GYHKLLIMOHANBHBIE MOKPbITUA. 2023;17(2):14-34
JudeHko A.A., Acmanog A.H., TepeHmeoesa B.C. BansHue nerMpoBaHna TaHTalOM Ha CTPYKTYPY M CTOMKOCTb ...

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

32

finite element model. Materials. 2020;13(10):2213.
https://doi.org/10.3390/mal13102213

OpilaE., LevineS., LorinczJ. Oxidation of ZrB - and HfB,-
based ultra-high temperature ceramics: Effect of Ta addi-
tions. Journal of Materials Science. 2004;39:5969-5977.
https://doi.org/10.1023/B:JMSC.0000041693.32531.d1
Wang Y., Ma B., Li L., An L. Oxidation behavior of ZrB,~
SiC-TaC ceramics. Journal of the American Ceramic
Society. 2012;95(1):374-378.
https://doi.org/10.1111/1.1551-2916.2011.04945.x
Kakroudi M.G., Alvari M.D., Asl M.S., Vafa N.P,
Rabizadeh T. Hot pressing and oxidation behavior
of ZrB,-SiC-TaC composites. Ceramics International.
2020;46(3):3725-3730.
https://doi.org/10.1016/j.ceramint.2019.10.093
Simonenko E.P., Simonenko N.P., Lysenkov A.S.,
Sevast’yanov V.G., Kuznetsov N.T. Reactive hot press-
ing of HfB,-SiC-Ta HfC, ultra-high temperature cera-
mics. Russian Journal of Inorganic Chemistry. 2020;65:
446-457. https://doi.org/10.1134/S0036023620030146
Simonenko E.P., Simonenko N.P., Gordeev A.N., Koles-
nikov A.F., Chaplygin A.V., Lysenkov A.S., Nagor-
nov L.A., Sevastyanov V.G., Kuznetsov N.T. Oxidation
of HfB,~SiC-Ta,HfC, ceramic material by a supersonic
flow of dissociated air. Journal of the European Ceramic
Society. 2021;41(2):1088-1098.
https://doi.org/10.1016/j.jeurceramsoc.2020.10.001
McCormack S.J., Tseng K., Weber R.J.K., Kapush D.,
Ushakov S.V., Navrotsky A., Kriven W.M. In-situ deter-
mination of the HfO,-Ta,O,-temperature phase diagram
up to 3000 °C. Journal of the American Ceramic Society.
2019;102(8):4848-4861.
https://doi.org/10.1111/jace.16271

Potanin A.Yu., Astapov A.N., Pogozhev Yu.S., Rupa-
sov S.I., Shvyndina N.V., Klechkovskaya V.V., Leva-
shov E.A., Timofeev I.A, Timofeev A.N. Oxidation of H{B —
SiC ceramics under static and dynamic conditions. Journal
of the European Ceramic Society. 2021;41(16):34-47.
https://doi.org/10.1016/j.jeurceramsoc.2021.09.018

Hu C., Sakka Y., Tanaka H., Nishimura T., Guo S., Gras-
so S. Microstructure and properties of ZrB,~SiC compo-
sites prepared by spark plasma sintering using TaSi, as
sintering additive. Journal of the European Ceramic So-
ciety. 2010;30(12):2625-2631.
https://doi.org/10.1016/j.jeurceramsoc.2010.05.013

Hu C., Sakka Y., Gao J., Tanaka H., Grasso S. Microstruc-
ture characterization of ZrB,~SiC composite fabricated
by spark plasma sintering with TaSi, additive. Journal
of the European Ceramic Society. 2012;32(7):1441-1446.
https://doi.org/10.1016/j.jeurceramsoc.2011.08.024
Monteverde F. Ultra-high temperature HfB,—SiC ceramics
consolidated by hot-pressing and spark plasma sinter-
ing. Journal of Alloys and Compounds. 2007;428(1-2):
197-205. https://doi.org/10.1016/j.jallcom.2006.01.107
Talmy I.G., Zaykoski J.A., Opeka M.M. High-temperature
chemistry and oxidation of ZrB, ceramics containing SiC,
Si,N,, Ta Si,, and TaSi,. Journal of the American Ceramic
Society. 2008;91(7):2250-2257.
https://doi.org/10.1111/1.1551-2916.2008.02420.x
Silvestroni L., Kleebe H.-J. Critical oxidation behavior
of Ta-containing ZrB, composites in the 1500-1650 °C

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

temperature range. Journal of the European Ceramic So-
ciety. 2017;37(5):1899-1908.
https://doi.org/10.1016/j.jeurceramsoc.2017.01.020

Wang S., Xu C., Ding Y., Zhang X. Thermal shock be-
havior of ZrB,-SiC composite ceramics with added TaSi,.
International Journal of Refractory Metals and Hard Ma-
terial. 2013;41:507-516.
https://doi.org/10.1016/j.ijrmhm.2013.06.010

Opila E.J., Smith J., Levine S.R., Lorincz J., Reigel M.
Oxidation of TaSi,-containing ZrB,~SiC ultra-high tem-
perature materials. The Open Aerospace Engineering
Journal. 2010;3:41-51.
https://doi.org/10.2174/1874146001003010041
Julian-Jankowiak A., Mathivet V., Justin J.-F., Guéri-
neau V. Development of ultra-high temperature ceramics:
from monoliths to composites. Materials Science Forum.
2018;941:2041-2046.
https://doi.org/10.4028/www.scientific.net/MSF.941.204 1
Golla B.R., Thimmappa S.K. Comparative study on
microstructure and oxidation behaviour of ZrB,-20vol.%
SiC ceramics reinforced with Si;N,/Ta additives. Journal
of Alloys and Compounds. 2019;797:92—-100.
https://doi.org/10.1016/j.jallcom.2019.05.097

Dorner A.N., Werbach K., Hilmas G.E., Fahrenholtz W.G.
Effect of tantalum solid solution additions on the mechan-
ical behavior of ZrB,. Journal of the European Ceramic
Society. 2021;41(6):3219-3226.
https://doi.org/10.1016/j.jeurceramsoc.2020.12.049
McClane D.L., Fahrenholtz W.G., Hilmas G.E. Thermal
properties of (Zr, TM)B, solid solutions with TM = Ta,
Mo, Re, V, and Cr. Journal of the American Ceramic So-
ciety. 2015;98(2):637-644.
https://doi.org/10.1111/jace.13341

Thimmappa S.K., Golla B.R. Effect of tantalum addition
on microstructure and oxidation of spark plasma sintered
ZrB,-20 vol % SiC composites. Ceramics International.
2019;45(11):13799-13808.
https://doi.org/10.1016/j.ceramint.2019.04.076
Thimmappa S.K., Golla B.R., Pitchuka S.B., Prasad B.
Nanoindentation and high temperature oxidation behavior
of ZrB,-20SiC—~0-10 wt.%) Ta UHTCs. Ceramics Inter-
national. 2021;47(15):22184-22190.
https://doi.org/10.1016/j.ceramint.2021.04.241

Yang Y., Qian Y., Xu J., Li M. Effects of TaSi2 addition on
room temperature mechanical properties of ZrB,-20SiC com-
posites. Ceramics International. 2018;44(14):16150-16156.
https://doi.org/10.1016/j.ceramint.2018.05.075

Ren X., Wang L., Feng P., Zhang P., Guo L., Sun X., Mo H.,
Li Z. Low temperature synthesis of pure phase TaB, pow-
ders and its oxidation protection modification behaviors for
Si-based ceramic coating in dynamic oxidation environ-
ments. Ceramics International. 2018;44(13):15517-15525.
https://doi.org/10.1016/j.ceramint.2018.05.212

Ren X., Wang W., Chen P., Chu H., Feng P., Guo L., Li Z.
Investigations of TaB, on oxidation-inhibition property and
mechanism of Si-based coatings in aerobic environment
with broad temperature region for carbon materials. Journal
of the European Ceramic Society. 2019;39(15):4554-4564.
https://doi.org/10.1016/j.jeurceramsoc.2019.07.020

Yuan J., Song W., Zhang H., Zhou X., Dong S., Jiang J.,

Deng L., Cao X. TaZr, ,.O, ceramics as a potential thermal


https://doi.org/10.3390/ma13102213
https://doi.org/10.1023/B:JMSC.0000041693.32531.d1
https://doi.org/10.1111/j.1551-2916.2011.04945.x
https://doi.org/10.1016/j.ceramint.2019.10.093
https://doi.org/10.1016/j.jeurceramsoc.2020.10.001
https://doi.org/10.1111/jace.16271
https://doi.org/10.1016/j.jeurceramsoc.2021.09.018
https://doi.org/10.1016/j.jeurceramsoc.2010.05.013
https://doi.org/10.1016/j.jeurceramsoc.2011.08.024
https://doi.org/10.1016/j.jallcom.2006.01.107
https://doi.org/10.1111/j.1551-2916.2008.02420.x
https://doi.org/10.1016/j.jeurceramsoc.2017.01.020
https://doi.org/10.1016/j.ijrmhm.2013.06.010
https://doi.org/10.2174/1874146001003010041
https://doi.org/10.4028/www.scientific.net/MSF.941.2041
https://doi.org/10.1016/j.jallcom.2019.05.097
https://doi.org/10.1016/j.jeurceramsoc.2020.12.049
https://doi.org/10.1111/jace.13341
https://doi.org/10.1016/j.ceramint.2019.04.076
https://doi.org/10.1016/j.ceramint.2021.04.241
https://doi.org/10.1016/j.ceramint.2018.05.075
https://doi.org/10.1016/j.ceramint.2018.05.212
https://doi.org/10.1016/j.jeurceramsoc.2019.07.020

Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2023;17(2):14-34
Didenko A.A., Astapov A.N., Terentieva V.S. Effects of alloying ZrB,(HfB,)-SiC with tantalum ...

50.

51.

52.

53.

54.

S5S.

56.

57.

58.

59.

60.

61.

barrier coating material for high-temperature applications.
Materials Letters. 2019;247:82-85.
https://doi.org/10.1016/j.matlet.2019.03.102

Liu Q., Hu X., Zhu W., Guo J., Tan Z. Effects of Ta,O;
content on mechanical properties and high-temperature
performance of Zr,Ta,O,, thermal barrier coatings. Jour-
nal of the American Ceramic Society. 2021;104(12):6533—
6544. https://doi.org/10.1111/jace.17990

Yurishcheva A., Astapov A., Lifanov 1., Rabinskiy L. High
temperature coatings for oxidation and erosion protection
of heat-resistant carbonaceous materials in high-speed
flows. Key Engineering Materials. 2018;771:103—117.
https://doi.org/10.4028/www.scientific.net/KEM.771.103
Corral E.L., Loehman R.E. Ultra-high-temperature ce-
ramic coatings for oxidation protection of carbon-carbon
composites. Journal of the American Ceramic Society.
2008;91(5):1495-1502.
https://doi.org/10.1111/1.1551-2916.2008.02331.x

Ren X., Li H.,, Chu Y., Fu Q., Li K. Preparation of oxi-
dation protective ZrB,~SiC coating by in-situ reaction
method on SiC-coated carbon/carbon composites. Surface
& Coatings Technology. 2014;247:61-67.
https://doi.org/10.1016/j.surfcoat.2014.03.017

Ren X., Li H., Chu Y., Fu Q., Li K. Ultra-high-temper-
ature ceramic HfB,-SiC coating for oxidation protection
of SiC-coated carbon/carbon composites. International
Journal of Applied Ceramic Technology. 2015;12(3):560—
567. https://doi.org/10.1111/ijac.12241

Jiang Y., Yin S., Li M., Zhang Z., Tang G., Wang N.,
Ru H. Oxidation and ablation behaviour of multiphase
ultra-high-temperature ceramic Ta, Zr, ;B,~Si-SiC pro-
tective coating for graphite. Ceramics International.
2021;47(8):11358-11371.
https://doi.org/10.1016/j.ceramint.2020.12.262

Jiang Y., Wang W., Ru H. Oxidation protection of (ZrTa)
B,~SiC-Si coating for graphite materials. Surface Engi-
neering. 2019;35(4):317-324.
https://doi.org/10.1080/02670844.2018.1472925

Jiang Y., Liu T., Ru H., Wang W., Zhang C., Wang L. Oxi-
dation and ablation protection of multiphase Hf, . Ta  .B,—~
SiC-Si coating for graphite prepared by dipping-pyrolysis
and reactive infiltration of gaseous silicon. Applied Sur-
face Science. 2018;459:527-536.
https://doi.org/10.1016/j.apsusc.2018.08.042

Wang P., Li H.,, Ren X., Yuan R., Hou X., Zhang Y.
HfB,-SiC-MoSi, oxidation resistance coating fabricated
through in-situ synthesis for SiC coated C/C composites.
Journal of Alloys and Compounds. 2017;722:69-76.
https://doi.org/10.1016/j.jallcom.2017.06.008

Ren X, Li H,, Fu Q., Li K. TaxHf, B,-SiC multiphase
oxidation protective coating for SiC-coated carbon/carbon
composites. Corrosion Science. 2014;87:479—488.
https://doi.org/10.1016/j.corsci.2014.07.016

Ren X., Li H., Li K., Fu Q. Oxidation protection of ultra-
high temperature ceramic Zr Ta, B,-SiC/SiC coating
prepared by in-situ reaction method for carbon/carbon
composites. Journal of the European Ceramic Society.
2015;35(3):897-907.
https://doi.org/10.1016/j.jeurceramsoc.2014.09.038

Tong K., Zhang M., Su Z., Wu X., Zeng C., Xie X.,
Fang C., Yang C., Huang Q., Huang D. Ablation behavior

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

of (Zr,Ta)B,~SiC coating on carbon/carbon composites
at 2300 °C. Corrosion Science. 2021;188:109545.
https://doi.org/10.1016/j.corsci.2021.109545

Zhou C., Qi Y., Cheng Y., Han W. ZrB,-SiC-Ta,HfC./
Ta,HfC, oxidation-resistant dual-layer coating fabricated
by spark plasma sintering for C/C composites. Journal
of Materials Engineering and Performance. 2019;28:
512-518. https://doi.org/10.1007/s11665-018-3807-7
Zhang M., Ren X., ChuH., LvJ.,LiW., Wang W., Yang Q.,
Feng P. Oxidation inhibition behaviors of the HfB ~SiC—~
TaSi, coating for carbon structural materials at 1700 °C.
Corrosion Science. 2020;177:108982.
https://doi.org/10.1016/j.corsci.2020.108982

Wang R., Zhu S., Huang H., Wang Z., Liu Y., Ma Z.,
Qian F. Low-pressure plasma spraying of ZrB,-SiC coa-
tings on C/C substrate by adding TaSi,. Surface & Coa-
tings Technology. 2021;420:127332.
https://doi.org/10.1016/j.surfcoat.2021.127332

Ren Y., Qian Y., Xu J., Zuo J., Li M. Ultra-high tempera-
ture oxidation resistance of ZrB,-20SiC coating with
TaSi, addition on siliconized graphite. Ceramics Interna-
tional. 2019;45(12):15366-15374.
https://doi.org/10.1016/j.ceramint.2019.05.030

Ren Y., Qian Y., Xu J., Jiang Y., Zuo J., Li M. Oxidation
and cracking/spallation resistance of ZrB,~SiC-TaSi,~Si
coating on siliconized graphite at 1500 °C in air. Ceramics
International. 2020;46(5):6254-6261.
https://doi.org/10.1016/j.ceramint.2019.11.095

Kannan R., Rangaraj L. Properties of Cf/ SinZrBfTany
composite produced by reactive hot pressing and polymer
impregnation pyrolysis (RHP/PIP). Journal of the Euro-
pean Ceramic Society. 2019;39(7):2257-2265.
https://doi.org/10.1016/j.jeurceramsoc.2019.02.025

Li L., Wang Y., Cheng L., Zhang L. Preparation and pro-
perties of 2D C/SiC-ZrB,~TaC composites. Ceramics In-
ternational. 2011;37(3):891-896.
https://doi.org/10.1016/j.ceramint.2010.10.033

Uhlmann F., Wilhelmi C., Schmidt-Wimmer S., Beyer S.,
Badini C., Padovano E. Preparation and characteriza-
tion of ZrB, and TaC containing Cf/SiC composites via
polymer-infiltration-pyrolysis process. Journal of the Eu-
ropean Ceramic Society. 2017;37(5):1955-1960.
https://doi.org/10.1016/j.jeurceramsoc.2016.12.048

Tang S., Deng J., Wang S., Liu W., Yang K. Ablation be-
haviors of ultra-high temperature ceramic composites. Ma-
terials Science and Engineering: A. 2007.465(1-2):1-7.
https://doi.org/10.1016/j.msea.2007.02.040

Dunstan D.E., Stokes J. Diffusing probe measurements
of polystyrene latex particles in polyelectrolyte solu-
tions: deviations from Stokes-Einstein behavior. Macro-
molecules. 2000;33(1):193—-198.
https://doi.org/10.1021/ma9908503

Li M, Xu Q., Wang L. Thermal conductivity
of (Hf, Zr ) Ta,0, (x =0, 0.1, 0.3 and 0.5) ceramics.
Ceramics International. 2012;38(5):4357-4361.
https://doi.org/10.1016/j.ceramint.2011.12.080

Jacobson N.S. Corrosion of silicon-based ceramics
in combustion environments. Journal of the American Ce-
ramic Society. 1993;76(1):3-28.
https://doi.org/10.1111/1.1151-2916.1993.tb03684.x

33


https://doi.org/10.1016/j.matlet.2019.03.102
https://doi.org/10.1111/jace.17990
https://doi.org/10.4028/www.scientific.net/KEM.771.103
https://doi.org/10.1111/j.1551-2916.2008.02331.x
https://doi.org/10.1016/j.surfcoat.2014.03.017
https://doi.org/10.1111/ijac.12241
https://doi.org/10.1016/j.ceramint.2020.12.262
https://doi.org/10.1080/02670844.2018.1472925
https://doi.org/10.1016/j.apsusc.2018.08.042
https://doi.org/10.1016/j.jallcom.2017.06.008
https://doi.org/10.1016/j.corsci.2014.07.016
https://doi.org/10.1016/j.jeurceramsoc.2014.09.038
https://doi.org/10.1016/j.corsci.2021.109545
https://doi.org/10.1007/s11665-018-3807-7
https://doi.org/10.1016/j.surfcoat.2021.127332
https://doi.org/10.1016/j.ceramint.2019.05.030
https://doi.org/10.1016/j.ceramint.2019.11.095
https://doi.org/10.1016/j.jeurceramsoc.2019.02.025
https://doi.org/10.1016/j.ceramint.2010.10.033
https://doi.org/10.1016/j.jeurceramsoc.2016.12.048
https://doi.org/10.1016/j.msea.2007.02.040
https://doi.org/10.1021/ma9908503
https://doi.org/10.1016/j.ceramint.2011.12.080
https://doi.org/10.1111/j.1151-2916.1993.tb03684.x

DM v on

W3BECTUA BY30B

W3BECTUA BY30B. [TOPOLIKOBAA METANNYPTUA U GYHKLLIMOHANBHBIE MOKPbITUA. 2023;17(2):14-34
JudeHko A.A., Acmanog A.H., TepeHmeoesa B.C. BansHue nerMpoBaHna TaHTalOM Ha CTPYKTYPY M CTOMKOCTb ...

Information about the Authors

Anna A. Didenko - Cand. Sci. (Eng.), Assistant Professor of the
Department of Engineering Graphics, Moscow Aviation Institute
(National Research University)

ORCID: 0000-0002-2827-8077
&3 E-mail: yurishcheva@yandex.ru

Alexey N. Astapov - Cand. Sci. (Eng.), Assistant Professor of the De-

partment of Advanced Materials and Technologies for Aerospace App-

lication, Moscow Aviation Institute (National Research University)
ORCID: 0000-0001-8943-2333

B3 E-mail: lexxa1985@inbox.ru

Valentina S. Terentieva - Dr. Sci. (Eng.), Full Professor of the De-
partment of Advanced Materials and Technologies for Aerospace
Application, Moscow Aviation Institute (National Research Univer-
sity)

ORCID: 0000-0002-0919-8442
& E-mail: k903ter@mai.ru

Contribution of the Authors

A. A. Didenko - formation of the main concept, search and analysis
of the literature, writing the text, formulation of the conclusions.

A. N. Astapov - formation of the main concept, goal and objectives
of the study, writing the text, formulation and justification of the
heat resistance mechanisms.

V. 8. Terentieva - correction of the text and conclusions.

@

)

CsegeHus 06 aBTopax

AnHa AnekcandpoeHa [JudeHKo - K.T.H., AOLeHT Kadeapsl «MHxe-

HepHasi rpadrka», MOCKOBCKUI aBUALIMOHHBINA HHCTUTYT (HALKO-

HaJIbHBIN UcciejoBaTeNbCcKui yHUBepcuTeT) (MAU (HUY))
ORCID: 0000-0002-2827-8077

& E-mail: yurishcheva@yandex.ru

Aunekceii Hukosaesuu Acmanoe - K.T.H., oneHT Kapeapsl «Ilepc-
NEKTUBHbIE MAaTEPHUAJIbl U TEXHOJOTUH a9POKOCMUYECKOT0 Ha3Ha-
yeHusi», MAU (HHUY)

ORCID: 0000-0001-8943-2333
& E-mail: 1exxa1985@inbox.ru

BasnenmuHa CepzeesHa Tepenmuesa - p.T.H., npodeccop kaden-
pbl «llepcrieKTHBHBIE MaTepHasibl U TEXHOJIOTMM a3pOKOCMUYeC-
Koro HasHaueHus», MAU (HUY)

ORCID: 0000-0002-0919-8442
3 E-mail: k903ter@mai.ru

Bknapa aBTopos

A. A. ludenko - ¢opMUpOBaHHE OCHOBHOHM KOHLEMIUH, IOUCK U
aHaJIM3 JIMTepaTyphbl, MOATOTOBKA TEKCTA CTAaTbH, GOpPMyIUpPOBKA
BBIBOJIOB.

A. H. Acmanos - popMrpoBaHre OCHOBHOW KOHIIENLUH, TOCTAHOB-
Ka L[eJIM U 33/JJa4y UCCJIel0BaHHUs, TIOATrOTOBKA TEKCTA CTAaThH, pop-
MYJIMLPOBKA U 060CHOBAaHHE MEXaHU3MOB )KapOCTOUKOCTH.

B. C. Tepenmbesga - KOppeKTUPOBKA TEKCTa, KOPPEKTHUPOBKA BbI-
BOJIOB.

Received 05.12.2022
Revised 17.12.2022
Accepted 23.12.2022

CraTbs noctynuia 05.12.2022 r.
Jopa6oTtana 17.12.2022 1.
[lpunsTa K ny6saukanuu 23.12.2022 1.

34


https://orcid.org/0000-0002-2827-8077
mailto:yurishcheva@yandex.ru
https://orcid.org/0000-0001-8943-2333
mailto:Lexxa1985@inbox.ru
https://orcid.org/0000-0002-0919-8442
mailto:k903ter@mai.ru
https://orcid.org/0000-0002-2827-8077
mailto:yurishcheva@yandex.ru
https://orcid.org/0000-0001-8943-2333
mailto:Lexxa1985@inbox.ru
https://orcid.org/0000-0002-0919-8442
mailto:k903ter@mai.ru

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2023;17(2):35-45

ST PM s FC Gudyma T.S., Krutskii Yu.L., etc. Synthesis of B,C-TiB, composition powder mixtures by carbidobor ...

Refractory, Ceramic, and Composite Materials
TyronnaBkue, KepaMuyeckne U KOMMNO3ULUOHHbIE MaTepualibl

UDC 546.271 Research article
https://doi.org/10.17073/1997-308X-2023-2-35-45 Hayunas cmames

90

Synthesis of B,C-TiB, composition
powder mixtures by carbidobor reduction
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Abstract. The results of the researching process of obtaining composition powder material B,C-TiB, by carbide reduction of titanium
dioxide, using carbon reducing agent — carbon nanofibers, are presented. Furthermore, the results of studying of some properties
of ceramics made using the synthesized powder are presented. The synthesis of composite materials was carried out in an induction
crucible furnace for 20 min in the temperature range of 1200-1900 °C in an argon atmosphere. It has been established that
the optimum temperature of the synthesis is 1650 °C, irrespective of the batch composition. The characteristics of the composite
powders containing 10-30 mol. % of the TiB, phase have been studied. X-ray electron microscopy has revealed that the particles
of the powder are predominantly aggregated. There are two peaks in the particle size distribution histograms. The part
of the histogram with a smaller particle size mainly characterizes the B,C phase. The part of the histogram with a larger particle
size characterizes the TiB, phase. The average particle size of the B,C phase is in the range of 5.3—-5.5 um, and that of the TiB,
phase is in the range of 33.6-41.9 pm. The average size of 50 % of composite powder’s particles for these contents does not exceed
13.4 um. The surface area of the samples does not exceed 5 m?/g. The oxidation of the composite powder materials by atmospheric
oxygen begins at a temperature of approximately 500 °C. At the same time, when the temperature reaches 1000 °C, no more than
45 wt. % of the studied powders is oxidized. Ceramics made with the synthesized powder mixture B,C + 30 mol. % TiB, by hot
pressing has shown rather high values of relative density (99.0+1.1 %) and fracture toughness (5.0+0.2 MPa-m®5).

Keywords: boron carbide, titanium diboride, carbide reduction, nanofibrous carbon (NFC), high-temperature synthesis

Acknowledgements: The research was performed in accordance with the state order of the Ministry of Education and Science
(code FSUN-2023-0008).

For citation: Gudyma T.S., Krutskii Yu.L., Maksimovskiy E.A., Cherkasova N.Yu., Lapekin N.I., Larina T.V. Synthesis of
B,C-TiB, composition powder mixtures by carbidobor reduction using nanofibrous carbon for ceramic fabrication. Powder
Metallurgy and Functional Coatings. 2023;17(2):35-45. https://doi.org/10.17073/1997-308X-2023-2-35-45

© 2023. T. S. Gudyma, Yu. L. Krutskii, E. A. Maksimovskiy, N. Yu. Cherkasova, 35
N. L. Lapekin, T. V. Larina


https://doi.org/10.17073/1997-308X-2023-2-35-45
mailto:gudymatan%40mail.ru?subject=
https://powder.misis.ru/index.php/jour/search/?subject=boron carbide
https://powder.misis.ru/index.php/jour/search/?subject=titanium diboride
https://powder.misis.ru/index.php/jour/search/?subject=carbide reduction
https://powder.misis.ru/index.php/jour/search/?subject=nanofibrous carbon (NFC)
https://powder.misis.ru/index.php/jour/search/?subject=high-temperature synthesis
https://doi.org/10.17073/1997-308X-2023-2-35-45
mailto:gudymatan%40mail.ru?subject=

W3BECTUA BY30B. [TOPOLIKOBAA METANNYPTUA U GYHKLLMOHANBHBIE MOKPbITUA. 2023;17(2):35-45

@M uon . r
ydeima T.C., Kpymckuii FO./1. u 9p. CMHTE3 KOMMNO3MLIMOHHbIX NOPOLLIKOBbIX CMecei B,C-TiB, meTogom ...

W3BECTUA BY30B

CUHTE3 KOMMO3MULUOHHbIX
nopouwkosbix cMecen B,C-TiB,
MeToAoM KapbmuaobopHoOro BocctaHOBNEHUSA
Cc ncnosnb3oeaHneM HaHOBOJIOKHUCTOIO yrnepopaa
Ana N3arotosjieHUA KepaMnuku
T. C. I'ygpima' @, 10. J1. Kpyrckuit!, E. A. MakcumoBckmii?,

H. 10. Yepkacosa!, H. U. Tanexun', T. B. JTapuna’

! HoBocuOUpCKHii roCy1apCTBEHHbIN TEXHHYECKHIl YHHBEPCUTET
630073, r. HoBocubupck, np-t Kapiia Mapkca, 20
MHCTHTYT Heopranuveckoii xumun um. A.B. Huxonaesa Cubupckoro oraenenus PAH
630090, . HoBocubupck, np-t Akazemuka JlaBpeHTbesa, 3

3 Mucruryt karaausa um. LK. Bopeckopa Cudupckoro otaenaenuss PAH
630090, . HoBocubupck, np-t Akagemuka JlaBpenTtbesa, 5

&3 gudymatan@mail.ru

AHHoOTayms. IlpeacTaBienbl pe3ynbTaThl MCCIIEN0BAHMS MPOLECCa MOoNydeHns nopomkosbix cmeceid B,C-TiB, mMeTomom

KapOuI000pHOTO BOCCTAHOBIICHHS AMOKCHA THTAHA B MPUCYTCTBHH BOCCTAHOBHTEINS — HAHOBOJIOKHHCTOTO YTIEPOJa,
a TaKKe M3YyYEHHs] HEKOTOPHIX CBOMCTB KEPaMUKH, M3TOTOBICHHOW C HCIONBb30BAHHMEM CHHTE3MPOBAHHOIO IIOPOLIKA.
CuHTe3 MOPOUIKOBBIX CMECei MPOBOAWIN B HWHIYKIMOHHOW THTENbHONH Iedn B TedeHHe 20 MHH B JAMana3oHe
temneparyp 1200-1900 °C B cpene MHEPTHOrO raza — aproHa. YCTaHOBJIEHO, YTO ONTHMalbHas TeMIeparypa mpouecca
CHHTE3a HE3aBHCHMO OT COCTaBa HIMXTHI cocTaBmsaeT 1650 °C. M3ydueHB! XapaKTepHCTHKH IOPOIIKOB, COAEPIKAIINX
10-30 mon. % ¢azer TiB,. MeToaoM pEeHTTeHOBCKOH 371€KTPOHHON MHUKPOCKOIHMH YCTaHOBJICHO, YTO YacTHIbI MOPOMIKA
IPEUMYIIECTBCHHO arperHpoBaHbl. Ha rucrorpaMmax pacmpeneneHHs YacTHI[ 110 pa3MepaM IIPHUCYTCTBYIOT JBa MHKA:
HEPBbIHA (C MEHBIIMM Pa3MEPOM HacTHIl) B OCHOBHOM XapakrepusyeT ¢asy B,C, a Bropoii (C KpyNHbIMM YacTHULAMM) —
¢asy TiB,. Cpennuii pasmep dactun dasel B,C cocrapnser 5,3-5,5 MM, a daswl TiB, — 33,6-41,9 mxm. Cpennuii pazmep
50 % 4YacTUI MOPOLIKa ISl UCCIEAYEMBIX cOcTaBoB He Oonbiie 13,4 MkM. Bennunna ynenbHOM OBEPXHOCTH 00pa3IoB
He npeBbimaer 5 M. OKUCIEHUE MONYYECHHBIX CMECEH KHUCIOPOAOM BO3JyXa HAYMHAETCSA IIPH TEMIIEPATYPE OKOJIO
500 °C. Tlpu stom npu goctuxenuu temmneparypsl 1000 °C okucnsiercs He Oonee 45 mac. % HUCCIENyeMbIX MOPOIIKOB.
Kepamuka, H3roTOBIEHHAs C MCIOJIb30BAHMEM CHHTE3MPOBaHHOM mopomkosoii cmecu B,C + 30 mon. % TiB, meromom
rOpsIYero MpeccoBaHUs, POAEMOHCTPUPOBAIa JOCTaTOYHO BBHICOKHE 3HAYEHUSI OTHOCHTENbHOM miotHocTH (99,0+1,1 %)
u TpemuHOocTONKOCTH (5,0+0,2 MITa-M%?).

Knrouessbie cnosa: xapbun 6opa, TuOOpH] TUTaHA, KapOHIOO0PHOE BOCCTAHOBIICHUE, HAHOBOJIOKHUCTHIH yriepos (HBY), Beicoko-

TeMIepaTypHbIi CHHTE3

BbnarogapHocTy: VccienoBanne BBIOIHEHO B COOTBETCTBUHM C roc3aianneM MunoOpHayku (kox FSUN-2023-0008).

Ans untnposanus: I'yneiva T.C., Kpyrckuit FO.J1., Makcumosckuii E.A., Uepkacosa H.YO., Jlanekun H.U., Jlapuna T.B. Cun-

Te3 KOMIIO3UIIMOHHBIX MOpoIKoBEIX cMeceit B,C-TiB, MeTonom kapOum060pHOro BOCCTaHOBJIEHHUS C HCIIOIb30BAHUEM Ha-
HOBOJIOKHHCTOTO YIIIEpOJa [UIsl M3TOTOBICHUSI KepaMuKu. M3zsecmusi 6y306. Ilopowikosas memaniypeusi u (QyHKYUOHAIbHbIE
nokpeimusi. 2023;17(2):35-45. https://doi.org/10.17073/1997-308X-2023-2-35-45

Introduction

Over the past 20 years, the study of the production and
properties of B,C-TiB, composite ceramics has attracted
a great interest, driven by the combination of the unique
properties of their components — boron carbide and tita-
nium diboride.

Boron carbide exhibit a high melting temperature
(2447 °C) and possesses a unique combination of high
hardness (up to 43 GPa) and low density (2.52 g/cm?)
[1; 2]. However, ceramics based on it are characterized

36

by poor sintering and low fracture toughness. The use
of modifying additives, such as titanium diboride, can
significantly increase these indices by 10—40 % [3; 4].

Titanium diboride, as well as boron carbide, is
a refractory compound, its melting temperature is
~3225 °C [5]. The microhardness of TiB, ceramics is
rather high and amounts to 25-35 GPa. Titanium diboride
exhibit a relatively high thermal conductivity coefficient
(66.4 W/(m'K)) and low specific electrical toughness
(~107 Ohm'm) [6; 7]. Furthermore, TiB, is quite stable
when heated in air, and it is not oxidized at a temperature
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of up to 800 °C. At a temperature of 900 °C, it is slightly
oxidized with the formation of a vitreous protective film
on the surface of the material, which prevents its further
oxidation [8].

Many researchers note an increase in the fracture
toughness and sinterability of the ceramics based on
B,C-TiB, system in comparison with the ceramics con-
taining only B,C [9; 10]. The presence of TiB, prevents
the growth of B,C grains, reduces the sintering tempera-
ture and improves the mechanical properties of the result-
ing composite [11; 12]. Besides, there are data [13; 14]
being indicative of the fact that the presence of TiB,
increases the electrical conductivity of B,C-TiB, mate-
rial. B,C-TiB, composite of eutectic composition can
itself act as a modifying additive for refractory ceramics,
increasing its mechanical properties [15].

In most cases, ready-made B,C and TiB, powders are
used as batch components for the production of B,C-TiB,
composite ceramic material [14; 16]. The preparation
of such a batch before compaction involves mixing using
a planetary ball mill.

The literary sources present the data on the produc-
tion of B,C-TiB, composites by in situ methods in accor-
dance with reactions (1) [17], (2) [3] and (3) [18]:

Ti+ 6B + C=B,C+TiB,, (1)
TiC + 6B = B,C + TiB,, )

(1+x)B,C + 2xTiO, + 3xC =
= B,C + 2xTiB, + 4xCO. 3)

The advantage of running the processes in accor-
dance with reactions (1) and (2) is the absence of gas-
eous products, which is particularly important for
the simultaneous synthesis and compaction of the mate-
rial. On the other hand, the use of expensive boron and
long-term mixing of the batch are required. Reaction (3)
is prospective for the preliminary production of B,C—
TiB, batch due to the use of cheaper reagents. For
instance, in terms of producing a mixture with a molar
ratio of B,C:TiB, = 1:1, the cost of reagents for reac-
tion (3) is almost 5 times lower than for reactions (1)
and (2). In addition, the gaseous product release during
the heat treatment can contribute to additional mixing
of the batch and more uniform heating.

Acetylene black is most often used as a carbon source
in carbide synthesis. This material exhibit a rather high
surface area of ~50 m?/g. However, nanofibrous car-
bon (NFC) with a developed surface area (~150 m?/g)
can serve as a more efficient carbon material [19].
A highly dispersed carbon agent can accelerate the for-
mation of titanium diboride due to more intensive dif-

fusion of carbon into titanium dioxide particles. It
should be noted that there are some technological chal-
lenges in using NFC. This highly dispersed material is
prone to caking and requires thorough homogenization
of the reaction mixture before the heat treatment. Besides,
NFC is a more expensive reagent, its price is about
5 times higher than that of acetylene black. However,
in light of the fact that the mass fraction of carbon agent
in the reaction mixture for reaction (3) is relatively low,
the cost of final product increases insignificantly.

The purpose of this paper is to research the synthesis
and study the properties of B,C + TiB, composite pow-
der materials obtained by the carbide reduction of tita-
nium dioxide (reaction (3)) using NFC.

Research methods

To obtain B,C + TiB, powder composites, the follow-
ing reagents were used:

— highly dispersed boron carbide B,C (assay
98.5 wt. %, average particle size d = 2.1 um) synthesized
from simple substances according to method [20];

— titanium dioxide (TU 6-09-3811-79, assay 99.0 wt. %,
d=1.0 um);

— nanofibrous carbon (carbon content 99 wt. %)
[21; 22].

The used NFC contained catalyst residues: ~0.1 wt. %
Al,O, and 0.9 wt. % Ni. In its initial form, the carbon
material consisted of pellets being 0.4-8.0 mm in size
formed by densely intertwined fibers with an average
diameter of 73 nm. The NFC pellets were pre-ground
in the AGO-2S planetary ball mill for 5 min at an accele-
ration of 15g and a NFC to ball mass ratio of 1:15.
The average particle size of NFC after grinding was
3.9 um.

According to the diagram of B,C-TiB, sys-
tem state at the eutectic point, the content of TiB, is
~26 mol. % [23]. The composite powder materials,
the composition of which corresponds to the eutectic
point and beyond it, were selected for research. The ratio
of reagents was selected so that the composite powder
materials containing 10, 20, 25, and 30 mol. % of TiB,
were obtained in accordance with reaction (3). In calcu-
lating the batch composition, the presence of impurities
in the composition of reagents was taken into account.
The samples were designated as T10, T20, T25 and T30,
respectively. The initial powders were mixed in a plane-
tary ball mill for 5 min at an acceleration of 20g, and
then they were sifted through a sieve with a mesh size
of 100 pm.

The synthesis was performed in the VCh-25AV
induction crucible furnace (Russia). Argon was chosen
as an inert atmosphere preventing nitriding of boron
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carbide and titanium diboride. During carbide reduction
of titanium dioxide, gaseous products (CO and CO,)
are released and the pressure in the system increases.
To ensure the safety of the process, the synthesis should
be performed in a flow reactor, ensuring continuous
removal of the resulting gases by an argon flow. The tem-
perature was controlled using the Kelvin Compact 2300
optical pyrometer (PC EUROMIX, Russia). The pressure
in the reactor was almost atmospheric. The temperatures
of the beginning of titanium dioxide reduction were
determined by performing the thermodynamic calcula-
tions in accordance with the procedure [24]. The tem-
peratures were calculated for different CO pressures,
since it is difficult to estimate the partial pressure of CO
in Ar + CO gas mixture.

The value of the isobaric-isothermal potential
of the reaction of carbide reduction of titanium diox-
ide turns negative at the temperatures of 745, 849 and
994 °C for CO pressures of 0.001, 0.01 and 0.1 MPa,
respectively.

In this research, the heat treatment of the batch
was initially performed to prepare a mixture of B,C—
—25 mol. % TiB, (T25) at ¢=1200, 1400, 1650 and
1900 °C for 20 min in accordance with reaction (3).
The completeness of the process was evaluated
by weighing the batch and the reaction products, as well
as by comparing experimental data with the theoretical
ones. The estimated weight loss upon the completeness
of this reaction was 19.05 wt. %. In practice, this value
may slightly differ from the estimated value. This is
due to the presence of impurities in the reagents used,
as well as due to the possibility of the formation of alu-
minum borocarbide Al,B,C,, being prone to oxidation
and hydration, during the synthesis. Since the results
of the conducted studies revealed that the optimal syn-
thesis temperature is 1650 °C, further experiments
with a batch of a different composition were performed
at the same temperature for 20 min.

The X-ray phase analysis (XPA) of the obtained pow-
ders was performed by means of DRON-3 diffractometer
using CuK -radiation. The diffraction patterns were inter-
preted using Power Diffraction File (PDF-2) database.
The ratio of B,C and TiB, phases was estimated using
the corundum number method.

The total carbon content was determined by infrared
absorption spectrometry using the CS 844 sulfur and
carbon analyzer (LECO Corporation, the USA) as per
GOST 12344-2003.

The microstructure of the powders and the morpho-
logy of the particles were studied using S-3400N scan-
ning electron microscope (Hitachi, Japan) equipped
with an energy-dispersive analysis attachment (Oxford
Instruments Analytical, the United Kingdom). The par-
ticle size distribution was evaluated by means of laser

38

particle size analyzer MicroSizer 201 VA Instrument (VA
Instalt LLC, Russia). The surface area was determined
by the method of low-temperature nitrogen adsorption
using NOVA 2200e device (Quantachrome Instruments,
the USA).

The thermal-oxidative stability of the samples was
determined using STA 449 C Jupiter synchronous ther-
mal analysis instrument (Netzsch, Germany). During
the analysis, the sample was oxidized in an atmo-
sphere of synthetic air when heated up to a temperature
of 1000 °C at a rate of 15 °C/min.

Experiments on the production of B,C-TiB, com-
posite ceramics were performed on a hot pressing unit
designed by the Institute of Automation and Electrometry,
the Siberian Branch of the Russian Academy of Sciences
(Novosibirsk), using a synthesized powder containing
30 mol. % of TiB,. In this case, the batch was pre-ground
in a planetary ball mill at an acceleration of 20g for
5 min at a mass ratio of the batch to balls of 1:30. The pro-
cess was carried out in argon atmosphere at a pressing
pressure of 25 MPa and a temperature of 2100 °C.

The relative density and open porosity of ceramics
were evaluated in accordance with GOST 2409-2014
using AD-1653 hydrostatic weighing set installed on
GR-300 analytical balance (AND, Japan).

Vickers microhardness measurements were per-
formed on 402M VD unit (Wolpert Group, Great Britain).
The indentation load was 500 g. At least 5 punctures were
applied to the samples in such a way that the distance
between the center of one indent and the edge of the next
one was at least 2.5 lengths of the diagonal of the indent.

The fracture toughness was determined by indenta-
tion on a hardness tester of TP model No. 3534 (Russia)
with an indenter in the form of a 4-sided diamond Vickers
pyramid with a load of 5 kg. Its values were calculated
according to equation [25]

-0,5 -0,4 0,5
H ™ Ha"
K, = 0.048(1] ( v J e

a ED ()

where / is the fracture length, um; « is the half-diagonal
of impression, um; H  is the microhardness, GPa; E is
the Young modulus, GPa; ® = 3 is the constant.

Results and discussion

Fig. 1 shows the X-ray diffraction patterns of the syn-
thesized samples of B,C-25 mol. % TiB, mixture. It can
be seen that at the synthesis temperatures ¢ = 1200 and
1400 °C the peaks of both the target B,C and TiB, phases
and the unreacted carbon are observed for condensed
products. At = 1650 and 1900 °C, B,C and TiB, phases
are formed in the reaction products, and the X-ray diffrac-
tion patterns show the impurity reflections of AL,B,.C,
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Fig. 1. The diffraction patterns of the samples
of B,C-25 mol. % TiB, mixtures obtained
at the temperatures of 1200-1900 °C

Puc. 1. lndppaxrorpammsl 00pas3roB cMecei
B,C-25 mon. % TiB,, momy4eHHbIX
npu Temneparypax 1200-1900 °C

phase. Its presence is caused by the fact that NFC has alu-
minum oxide impurity Al,O,, which reacts with the com-
ponents of the batch [20].

Fig. 2 presents the electron micrographs of mixture
samples synthesized at the temperatures of 1400, 1650
and 1900 °C. The micrographs were taken in the mode
of registration of secondary electrons. The scanning
electron microscopy (SEM) images of a sample obtained
at t=1400 °C clearly show heterogeneous particles,
some of which are fragmented. To clarify their nature,
an elemental mapping was performed, which indicated
that the particles constituted remains of unreacted NFC
(Fig. 3). Besides, the energy- dispersive analysis data
revealed the presence of oxygen in the amount of 5 wt. %.

The samples obtained at 7=1650 and 1900 °C
have aggregated particles with smooth edges, the size
of which does not exceed several micrometers. According
to the energy-dispersive analysis, these samples con-
tain titanium, boron, carbon, as well as nickel and alu-
minium (~1 wt. % in total).

The theoretical weight loss of the batch as a result
of reaction (3) is 19.05 % at a ratio of reagents corres-
ponding to 25 mol. % of TiB, in the resulting pow-
der. The experimental weight loss was 0.9, 1.7, 19.5
and 19.4 % at the processing temperatures of 1200,
1400, 1650 and 1900 °C, respectively. It follows from
the obtained results that the reaction of boride formation
is fully completed at # = 1650 °C.

The results of granulometric analysis of the samp-
les of B,C-25mol. % TiB, composition synthesized
at t=1650 and 1900 °C showed that the average par-
ticle size of the obtained powders increases from 8.4
to 9.8 um upon an increase in the synthesis temperature.
Since an increase in the particle size of the powder can
lead to adeterioration in its sintering properties, the fur-
ther experiments at ¢ = 1650 °C were conducted.

To evaluate the effect of the mixture composition
on the properties of the resulting powder, the batch
with the composition corresponding to 10, 20, 25 and

Fig. 2. The SEM images of B,C-TiB, powders synthesized
at £ = 1400 °C (@), 1650 °C (b) and 1900 °C (¢)

Puc. 2. Cauvku POM nopomkos B,C-TiB,, cunTe31poBaHHBIX
npu ¢t = 1400 °C (a), 1650 °C (b) u 1900 °C (c)
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Fig. 3. The micrograph of B,C-TiB, powder
synthesized at ¢t = 1400 °C (a), and the distribution
of carbon (b)

Puc. 3. Muxpodotorpadus nopomka B,C-TiB,,
cuHTe3upoBanHoro mpu ¢ = 1400 °C (a), u pacupenencHue
yriepona (b)

30 mol. % of TiB, was heat-treated. The experimental
weight loss of the batch during the synthesis was close
to the theoretical value in all cases (the relative devia-
tion did not exceed 3 %), which indicates the complete-
ness of the synthesis process at = 1650 °C, regardless
of'the composition of the sample. This was also confirmed
by X-ray phase analysis data (Fig. 4). The diffraction pat-
terns of the condensed reaction products contain TiB,
and B,C phases for all samples. The TiB, phase content
estimated by the corundum number method was 9, 18,
24, and 29 mol. % for T10, T20, T25, and T30 samples,
respectively. These data turned out to be close to the esti-
mated values.

From the results of determining the total carbon con-
tent, presented in Table 1, it can be seen that the obtained
experimental data slightly exceed the values correspond-
ing to the given composition of the synthesized mix-
tures. This also indicates a complete synthesis process.
It should be noted that with an increase in TiB, phase
content in the powders, the excess of carbon decreases.
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Fig. 5 shows the micrographs of the samples of com-
posite powder materials with different TiB, contents.
All SEM images contain aggregated particles of several
micrometers in size, and the absence of fragmented parti-
cles indirectly bespeaks of the absence of unreacted par-
ticles of the initial components of the reaction mixture.

In the course of particle size analysis, the samples
of B,C-TiB, powders were subjected to ultrasonic disper-
sion at a power of 200 W for 30 s. Two peaks were found
in the particle size distribution histograms of T10 and T30
samples (Fig. 6), with the second peak increasing upon an
increase in TiB, phase content. Since the ratio of the heights
of the first and the second maxima on the bimodal curve
changes with an increase in the concentration of titanium
diboride in the synthesized mixture, it can be assumed

! o —TiB,
m - ALB,C,
o 4 -B,C
T30 ° R N T
a AN A AIA A S k A af ® A 1_
°
.
é\ T25 i
17} ° N A
=] A e
QL A, J A= { A 1 A A : I I
=]
—
.

20 30 40 50 60 70 80 90
26, deg

Fig. 4. The diffraction patterns of the samples
of powder mixtures containing 10-30 mol. % TiB,,
synthesized at ¢t = 1650 °C

Puc. 4. lnppaxrorpamMmsl 00pa3IioB MOPOIIKOBEIX CMECEH,
conepxamux 10-30 mon. % TiB,, CMUHTE3MPOBaHHBIX
npu ¢t = 1650 °C

Table 1. The results of determining
the total carbon content, wt. %

Tabnunya 1. Pe3ynbTarsl onpe/iesieHusl colep:KaHus
odurero yriepoaa, mac. %

Sample Experiment | Calculation
T10 19.7 19.1
T20 16.8 16.5
T25 154 15.3
T30 14.2 14.1
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Fig. 5. The micrographs of B,C-TiB, powder synthesized at z = 1650 °C
TiB, content, mol. %: 10 (a), 20 (b), 25 (¢) and 30 (d)

Puc. 5. Muxpodororpaduu o6pasios nopomkossix cmeceit B,C-TiB,, cunresuposanHbix npu ¢ = 1650 °C
Conepxanue TiB,, mon. %: 10 (a), 20 (b), 25 (¢) u 30 (d)

that the part of the histogram with a smaller particle size
mainly characterizes the B,C phase; consequently, its other
part with a larger particle size refers to the TiB, phase.
Based on this assumption, the average size of particles and
aggregates was calculated for each phase (Table 2), and
the values of standard deviations and asymmetry indices
were determined using method [26].

Table 2 shows that the average 50 % particle size
increases with an increase in the TiB, content of the pow-

ders under research. There is also an increase in the par-
ticle size of B,C phase compared to pure B,C (2.4 um).
The standard deviation values indicate a wide range
in particle size distribution, i.e. the powder is poly-
disperse. The low value of asymmetry degree proves
the symmetry of the distribution curves for each phase.
The largest value of the average particle size of B,C
and TiB, phases is typical for the sample containing
30 mol. % of TiB,.

O . N W AN e X

Fig. 6. Particle size distribution histograms for T10 (a) and T30 (b) samples
X — fraction content, wt. %; D — particle size, pm

Puc. 6. TucrorpamMel pacripeiesieHns 9acTull o pasmepam oopasuos T10 (a) u T30 (b)
X — conepxanue ppakuuu, Mac. %; D — pa3Mep 4acTHIl, MKM

41



Drm o WU3BECTMA BY30B. MIOPOLWKOBAA METANINYPTUA U ®YHKLWOHANBHBIE MOKPbITUA. 2023;17(2):35-45
' usBECTA 8Y308 ydeima T.C., Kpymckuii FO./1. u 9p. CMHTE3 KOMMNO3MLIMOHHbIX NOPOLLIKOBbIX CMecei B,C-TiB, meTogom ...
Table 2. The results of research of particle size of B,C-TiB, powders
Tabnuya 2. PesynbTaThl HCC/ae10BaHus pasmepa yactul nopomkos B,C-TiB,
Average size of 50 % Average size Standard Asymmetry
Sample of particles D50, pm Phase of the phase, um deviation, um degree
B,C 53 1.9 —0.050
T10 7.4 :
TiB, 33.6 1.6 0.040
B,C 5.0 1.9 —0.040
T20 8.3 "
TiB, 40.0 1.6 0.010
B,C 5.1 1.9 —-0.040
T25 8.4 -
TiB, 41.0 1.6 —-0.023
B,C 5.5 1.9 —-0.050
T30 13.4 ;
TiB, 41.9 1.6 —0.005

The surface area values were 5, 4, 3, and 3 m?/g for
T10, T20, T25, and T30 samples, respectively, whereas
the said value was 4 m?/g for the initial boron carbide
sample without modifying additives.

In order to determine the thermal-oxidative stability
of the obtained B,C-TiB, powders, they were oxidized
in a synthetic air atmosphere. Similar thermogravimetric
curves were obtained for all samples of different com-
position. The derivatogram of T10 sample is presented
in Fig. 7 as an example.

X-ray phase analysis was conducted to identify
the products of oxidation of the mixture with oxygen.
The diffraction pattern of the sample of composite pow-
der material after heating up to 1000 °C in an oxidizing
atmosphere is shown in Fig. 8.

The results of thermogravimetric analysis show
that the weight gain is caused by the oxidation process
starting at ¢t ~500 °C. Upon the temperature reaching
1000 °C, there are unoxidized B,C and TiB, phases, as
well as TiBO,, TiO, and B,0O, oxidation products present
in the samples. It can be assumed that when this tempera-
ture is reached, the process proceeds in accordance with
the following reactions

240 30
220
200 -
180 |
160 |-
140 |
120

100 - : !
0 200 400 600 800

TG, %
DSC, mW/mg

Temperature, °C

Fig. 7. TG (I) and DSC (2) curves
for B,C—10 mol. % TiB, (T10) sample

Puc. 7. Kpussie TI" (1) u JICK (2) obpa3sua
B,C-10 mon. % TiB, (T10)
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(1 -x)B,C+xTiB, + (3.5 -0.25y)0, =
=(2-x-0.59)B,0, + (x - »)TiO, +
+yTiBO, + (1 —x)CO, 4)

(1 -x)B,C +xTiB, + (4 — 1.5x - 0.25y)0, =
=(2-x-0.59)B,0, + (x - »)TiO, +
+yTiBO, + (1 —x)CO,. &)

Upon that, the oxidation of minimum 80 wt. %
of composite powder material occurs. The mass frac-
tion of the oxidized substances at = 1000 °C is 80, 75,
69 and 73 wt. % for T10, T20, T25 and T30 samples,
respectively, and 83 wt. % for the initial boron car-
bide. The incomplete oxidation of the samples can be

1000
900 . e -B,C
= —B,0,
800 - » —TiBO,
» 700 v - TiB,
= + —TiO,
5 600 -
O
5 500 | .
£ 400
=
S
£ 300
200
100
0
1 1 1 1 1 1 1

20 30 40 50 60 70 80
20, deg

Fig. 8. The diffraction pattern of B,C-25 mol. % TiB, (T25)
sample subjected to oxidation in a synthetic oxygen
atmosphere at = 1000 °C

Puc. 8. ludppaxrorpamma obpasua B,C-25 mon. % TiB, (T25),
MOJBEPIHYTOIO OKHCIICHHIO B CPEJIC CHHTETHUECKOTO KUCIOPO/Ia
npu ¢ = 1000 °C
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Fig. 9. The microstructure of B,C-30 mol. % TiB,
composite ceramics
Gray area — B,C matrix, light inclusions — TiB,

Puc. 9. MUKpOCTPYKTYpa KOMITO3HILIHOHHON KEpaMUKN
B,C-30 mon. % TiB,

Ceppie yuactku — matpuna B,C, ceembie Biontouenus — TiB,

explained by the formation of a liquid protective film
of B,0,, the melting temperature of which is ~450 °C,
on the surface of B,C and TiB, particles [27].

The synthesized powder containing 30 mol. %
of TiB, was selected for the preparation of composite
ceramics. The relative density of the obtained material
was 99.0+1.1 %, and the relative density of B*C ceramics
produced in a similar way without the use of modifying
additives was 97.7+0.5 %.

Thus, the use of a batch with B,C-30 mol. % TiB,
composition obtained by carbide reduction allows to pro-
duce ceramics with a high relative density. Its structure
consists of a boron carbide matrix (gray area) and light
inclusions of titanium diboride of various sizes (Fig. 9).

The microhardness of the composite ceramics
was 33.0£3.4 GPa, and the fracture toughness was
5.0+£0.2 MPa-m®3; for ceramics without TiB, additives,
these indices were 45.5+5.2 GPa and 3.6+0.11 MPa-m°?,
respectively. Thus, the presence of a modifying additive
in the composition of ceramics naturally led to a decrease
in microhardness and an increase in the material fracture
toughness.

Conclusion

B,C-TiB, composite powder materials have been
obtained by the carbide reduction of titanium dioxide
using an excess of boron carbide and nanofibrous car-
bon. It has been established that the process of formation
of the TiB, phase starts at = 1200 °C, but it is fully com-
pleted at 1650 °C. a further increase in a temperature leads
to an increase in the particle size of B,C-TiB, powder.
The average size of 50 % particles of the composite powder
material containing 10-30 mol. % of TiB, is 15 pm maxi-

mum, and the surface area value does not exceed 5 m%/g.
The average particle size of the B,C phase is in the range
of 5.3-5.5 um, and that of the TiB, phase is 33.6+41.9 um.

The oxidation of the obtained mixtures with atmo-
spheric oxygen starts at £ ~500 °C. Upon that, maximum
80 wt. % of the powders under study are oxidized when
the temperature reaches 1000 °C.

The presence of 30 mol. % of TiB, in the compo-
site powder material allows to perform the hot pressing
production of the ceramics with a higher relative density
(99.0+1.1 %) and fracture toughness (5.0+£0.2 MPa-m®?)
as compared to the ceramics obtained in a similar way
only from B,C.

References / Cnucok nutepatypbl

1. Domnich V., Reynaud S., Haber R.A., Chhowalla M.
Boron carbide: Structure, properties, and stability un-
der stress. Journal of the American Ceramic Society.
2011;94(11):3605-3628.
https://doi.org/10.1111/j.1551-2916.2011.04865.x

2. Krutskii Y.L., Nepochatov Y.K., Pel” AN., Skovoro-
din LN., Dyukova K.D., Krutskaya T.M., Kuchumo-
va 1.D., Mats O.E., Tyurin A.G., Emurlaeva Y.Y., Pod-
ryabinkin S.I. Synthesis of polydisperse boron carbide
and synthesis of a ceramic on its basis. Russian Journal
of Applied Chemistry. 2019;92(6):750-758.
https://doi.org/10.1134/S1070427219060041
Kpyrckuii 10.J1., Henouaros 10.K., ITexs A.H., CxoBopo-
nuH WL.H., [Troxosa K. /1., Kpyrckas T.M., Kyaymosa 1./1.,
Marn O.3., Tropun A.T., Dmypnaera 10.10., [ToapsOun-
xuH C.M. CuHTe3 nomuaucIepcHoro kapouna 6opa u mo-
JIlydeHHEe KepaMUKU Ha ero oCHOBE. JKVpHan npuxkiaoHoul
xumuu. 2019;92(6):719-727.
https://doi.org/10.1134/S0044461819060045

3. Guo W, Wang A., He Q., Tian T., Liu C., Hu L., Shi Y.,
Liu L., Wang W., Fu Z. Microstructure and mechani-
cal properties of B,C-TiB, ceramic composites prepared
via a two-step method. Journal of the European Ceramic
Society. 2021;41(14):6952—6961.
https://doi.org/10.1016/j.jeurceramsoc.2021.07.013

4. Rubink W.S., Ageh V., Lide H., Ley N.A., Young M.L.,
Casem D.T., Faierson E.J., Scharf T.W. Spark plasma
sintering of B,C and B,C-TiB, composites: Deforma-
tion and failure mechanisms under quasistatic and dy-
namic loading. Journal of the European Ceramic Society.
2021;41(6):3321-3332.
https://doi.org/10.1016/j.jeurceramsoc.2021.01.044

5. Fahrenholtz W.G., Hilmas G.E. Ultra-high temperature
ceramics: Materials for extreme environments. Scripta
Materialia. 2017;129:94-99.
https://doi.org/10.1016/j.scriptamat.2016.10.018

6. Basu B., Raju G.B., Suri A.K. Processing and properties
of monolithic TiB, based materials. International Mate-
rials Reviews. 2006;51(6):352-374.
https://doi.org/10.1179/174328006X102529

7. Golla B.R., Mukhopadhyay A., Basu B. Review on ultra-
high temperature boride ceramics. Progress in Mmaterials

43


https://doi.org/10.1111/j.1551-2916.2011.04865.x
https://doi.org/10.1134/S1070427219060041
https://doi.org/10.1134/S0044461819060045
https://doi.org/10.1016/j.jeurceramsoc.2021.07.013
https://doi.org/10.1016/j.jeurceramsoc.2021.01.044
https://doi.org/10.1016/j.scriptamat.2016.10.018
https://doi.org/10.1179/174328006X102529

DM v on

W3BECTUA BY30B

W3BECTUA BY30B. [TOPOLIKOBAA METANNYPTUA U GYHKLLMOHANBHBIE MOKPbITUA. 2023;17(2):35-45
ydeima T.C., Kpymckuii FO./1. u 9p. CMHTE3 KOMMNO3MLIMOHHbIX NOPOLLIKOBbIX CMecei B,C-TiB, meTogom ...

10.

11.

12.

13.

14.

15.

16.

17.

18.

44

Science. 2020;111:100651.
https://doi.org/10.1016/j.pmatsci.2020.100651

Krutskii Y.L., Bannov A.G., Antonova E.V., Sokolov V.V.,
Pichugin A.Y., Maksimovskii E.A., Krutskaya T.M.,
Netskina O.V., Bataev I.A. Synthesis of fine dispersed
titanium diboride from nanofibrous carbon. Ceramics In-
ternational. 2017;43(3):3212-3217.
https://doi.org/10.1016/j.ceramint.2016.11.146

White R.M., Dickey E.C. Mechanical properties and defor-
mation mechanisms of B,C-TiB, eutectic composites. Journal
of the European Ceramic Society. 2014;34(9): 2043-2050.
https://doi.org/10.1016/j.jeurceramsoc.2013.08.012
Clayton J.D., Rubink W.S., Ageh V., Choudhuri D.,
Chen R.R., Du J. Scharf T.W. Deformation and failure
mechanics of boron carbide—titanium diboride composites
at multiple scales. JOM: the Journal of the Minerals, Met-
als & Materials Society. 2019;71:2567-2575.
https://doi.org/10.1007/s11837-019-03548-y

Heydari M.S., Baharvandi H.R. Comparing the effects
of different sintering methods for ceramics on the physical
and mechanical properties of B,C-TiB, nanocomposites.
International Journal of Refractory Metals and Hard Ma-
terials. 2015;51:224-232.
https://doi.org/10.1016/j.ijrmhm.2015.04.003

Srivatsan T.S., Guruprasad G., Black D., Radhakrish-
nan R., Sudarshan T.S. Influence of TiB, content on mi-
crostructure and hardness of TiB,~B,C composite. Pow-
der Technology. 2005;159(3):161-167.
https://doi.org/10.1016/j.powtec.2005.08.003

Cai K.F., Nan C.W., Schmuecker M., Mueller E. Micro-
structure of hot-pressed B,C-TiB, thermoelectric compo-
sites. Journal of Alloys and Compounds. 2003;350(1-2):
313-318.https://doi.org/10.1016/S0925-8388(02)00993-3
Wang A., He Q., Guo W,, Liu C, Tian T., Hu L., Liu L.,
Wang W., Fu Z. Microstructure and properties of hot
pressed TiB, and SiC reinforced B,C-based composites.
Materials  Today Communications. 2021;26:102082.
https://doi.org/10.1016/j.mtcomm.2021.102082

Bogomol .I, Borodianska H., Zhao T., Nishimura T.,
Sakka Y., Loboda P., Vasylkiv O. a dense and tough (B,C—
TiB,)-B,C «composite within a composite» produced
by spark plasma sintering. Scripta Materialia. 2014;71:17—
20. https://doi.org/10.1016/j.scriptamat.2013.09.022
LiuY., LiZ.,PengY., Huang Y., Huang Z., Zhang D. Effect
of sintering temperature and TiB, content on the grain size
of B,C-TiB, composites. Materials Today Communica-
tions. 2020;23:100875.
https://doi.org/10.1016/j.mtcomm.2019.100875

Nikzad L., Orru R., Licheri R., Cao G. Fabrication and
formation mechanism of B,C-TiB, composite by reactive
spark plasma sintering using unmilled and mechanically
activated reactants. Journal of the American Ceramic So-
ciety. 2012;95(11):3463-3471.
https://doi.org/10.1111/j.1551-2916.2012.05416.x
Shestakov V.A., Gudyma T.S., Krutskii Y.L., Uvarov N.F., Bres-
ter A.E., Skovorodin I.N. Evaluation of the temperature range
suitable for the synthesis of B,C-TiB, and B,C-ZrB, powder
composite materials. /norganic Materials. 2021;57:481-486.
https://doi.org/10.1134/S0020168521050083

[lecrakoB B.A., I'ymeima T.C., Kpyrckuit FO.JL., VBa-
poB H.®., bpecrep A.E., CxoBopomma WN.H. Ouenka

19.

20.

21.

22.

23.

24.

25.

26.

27.

TEMIIEPaTypPHOTO JHara3oHa IMPOLECCOB CHHTE3a MOPOLI-
KOBBIX KOMIIO3MIMOHHBIX Marepuanos B,C-TIB, u B,C—
ZrB,. Heopeanuueckue mamepuanst. 2021;57(5):506-511.
https://doi.org/10.31857/S0002337X21050080

Gudyma T.S., Krutskii Yu.L., Uvarov N.F., Aparnev A.L
Optimization of the obtaining temperature of powder
composite material B,C-ZrB, by the boron carbide me-
thod. MATEC Web of Conferences. 2021;340:5.
https://doi.org/10.1051/matecconf/202134001028
Krutskii Yu.L., Bannov A.G., Sokolov V.V., Dyukova K.D.,
Shinkarev V.V., Ukhina A.V., Maksimovskii E.A., Kruts-
kaya T.M., Kuvshinov G.G. Synthesis of highly dispersed
boron carbide from nanofibrous carbon. Nanotechnologies
in Russia. 2013;8:191-198.
https://doi.org/10.1134/S1995078013020109

Kpyrckuit FOJI., bannoB A.I., CokomnoB B.B, roxo-
Ba K./I., Illuakapes B.B., Yxmna A.B., MakcumoBc-
kit E.A., Tlmayrun A.}O., ConoeeeB E.A., Kpytc-
kass T.M., Kysmmuos I'I. CuHTE3 BBICOKOIUCTIEPCHOTO
kapOua 60pa U3 HAHOBOJIOKHUCTOTO yriepoza. Poccuiic-
xue Hanomexronozuu. 2013;8(3-4):43-48.

Kurmashov P.B., Maksimenko V.V., Bannov A.G., Kuv-
shinov G.G. Horizontal vibrofluidized bed pilot reactor for
nanofiber carbon synthesis process. Khimicheskaya tekh-
nologiya. 2013;14(10):635-640. (In Russ.).

Kypmamos IL.b., Makcumernko B.B., bannos A.I', Kys-
wuHOB ['I. [Opu30OHTanNbHBI NHIOTHBIA PEAKTOp C
BUOPOOXKMIKEHHBIM CIIOEM ISl TIpollecca CHHTe3a Ha-
HOBOJIOKHHCTOTO yIJIepona. Xumuyeckas mMexHono2us.
2013;14(10):635-640.

Popov M.V. Improving the efficiency of the process of ob-
taining a methane-hydrogen mixture by catalytic decom-
position of light hydrocarbons: Abstract of the dissertation
of PhD. Novosibirsk: NSTU, 2019. 20 p. (In Russ.).

ITorros M.B. IloBbimenne 3GeKTHBHOCTH HpoIiecca mo-
JY9eHHsS METaHO-BOJOPOJIHOW CMECH KaTalUTHUSCKHM
pa3IOKeHUEeM JIETKHX YIIeBOAOPOAOB: ABTOoped mwmC. ...
kaHp. TexH. Hayk. HoBocubupck: HI'TY, 2019. 20 c.
Ordan’yan S.S. Rules for the reactions in B,C—Me'V™V'B,
systems. Refractories. 1993;34:268-271.
https://doi.org/10.1007/bf01293229

Elyutin V.P., Pavlov Yu.A., Polyakov V.P., Shebolda-
ev S.B. Interaction of metal oxides with carbon. Moscow:
Metallurgiya, 1976. 360 p. (In Russ.).

Emotun B.I1., ITasnos 10.A., IToaskos B.II., Illebonma-
eB C.b. B3anmopelicTBue OKHCIIOB METAJIOB C yIIEpO-
oM. M.: Metamnyprus, 1976. 360 c.

Niihara K., Morena R, Hasselman D. Evaluation of K
of brittle solids by the indentation method with low crack-
to-indent ratios Journal of Materials Science Letters.
1982;1:13-16. https://doi.org/10.1007/BF00724706

Blott S.J., Pye K. GRADISTAT: a grain size distribution
and statistics package for the analysis of unconsolidated
sediments. Earth Surface Processes and Landforms.
2001;26(11):1237-1248. https://doi.org/10.1002/esp.261
Samsonov G.V. Physical and chemical properties of oxides:
Ref. ed. Moscow: Metallurgiya, 1978. 471 p. (In Russ.).

CamconoB ['B. ®u3uko-xuMuueckue CBONCTBA OKHCIIOB:
Cmpas. m3n. M.: Metammyprus, 1978. 471 c.


https://doi.org/10.1016/j.pmatsci.2020.100651
https://doi.org/10.1016/j.ceramint.2016.11.146
https://doi.org/10.1016/j.jeurceramsoc.2013.08.012
https://doi.org/10.1007/s11837-019-03548-y
https://doi.org/10.1016/j.ijrmhm.2015.04.003
https://doi.org/10.1016/j.powtec.2005.08.003
https://doi.org/10.1016/S0925-8388(02)00993-3
https://doi.org/10.1016/j.mtcomm.2021.102082
https://doi.org/10.1016/j.scriptamat.2013.09.022
https://doi.org/10.1016/j.mtcomm.2019.100875
https://doi.org/10.1134/S0020168521050083
https://doi.org/10.31857/S0002337X21050080
https://doi.org/10.1051/matecconf/202134001028
https://doi.org/10.1134/S1995078013020109
https://doi.org/10.1007/bf01293229
https://doi.org/10.1007/BF00724706
https://doi.org/10.1002/esp.261

Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2023;17(2):35-45
Gudyma T.S., Krutskii Yu.L., etc. Synthesis of B,C-TiB, composition powder mixtures by carbidobor ...

Information about the Authors

Tat'yana S. Gudyma - Postgraduate Student of the Department
of Chemistry and Chemical Technology, Novosibirsk State Technical
University (NSTU)

ORCID: 0000-0002-4724-3371
& E-mail: gudymatan@mail.ru

Yurii L. Krutskii - Cand. Sci. (Eng.), Associate Professor of the De-
partment of Chemistry and Chemical Technology, NSTU

ORCID: 0000-0003-2524-4143
&3 E-mail: j_krutskii@rambler.ru

Eugene A. Maximovskiy - Cand. Sci. (Chem.), Senior Researcher
of the Laboratory of Functional Films and Coatings, Nikolaev Insti-
tute of Inorganic Chemistry, Siberian Branch RAS

ORCID: 0000-0002-1555-2719
& E-mail: eugene@niic.nsc.ru

Nina Yu. Cherkasova - Cand. Sci. (Eng.), Junior Research of the Re-
search Laboratory of Physicochemical Technologies and Functional
Materials, NSTU

ORCID: 0000-0002-5603-7852
&3 E-mail: cherkasova.2013@corp.nstu.ru

Nikita I. Lapekin - Student of the Department of Materials Science
in Mechanical Engineering, NSTU
& E-mail: lapekin21@mail.ru

Tat’yana V. Larina - Cand. Sci. (Phys.-Math.), Senior Researcher
of the Department for Catalytic Studies, Boreskov Institute of Cata-
lysis, Siberian Branch RAS

ORCID: 0000-0002-8020-5270
& E-mail: larina@catalysis.ru

Contribution of the Authors

T S. Gudyma - formation of the main concept, goal and objectives of
the study; writing the text, formulation of the conclusions, conduct-
ing the calculations, testing the samples

Yu. L. Krutskii - preparation and management of the experiments,
provision of the resources.

E. A. Maksimovskiy - conducting the experiments, processing of the
research results.

N. Yu. Cherkasova - conducting the calculations, writing the text,
testing the samples.

N. I Lapekin - conducting the calculations, analysis of the research
results.

T V. Larina - scientific guidance, correction of the text and conclu-
sions.

@

@

CBegeHuns o6 aBTopax

TamvsaHa CepzeesHa [ydvima - acunupaHT Kadeapbl XUMHUU U
XMMHYEeCKOM TexHosoTHH, HoBocHGUPCKMH TrocyaapCTBEHHBIN
TexHU4Yeckui yHuBepcuteT (HI'TY)

ORCID: 0000-0002-4724-3371
3 E-mail: gudymatan@mail.ru

IOpuii Jleonudosuy Kpymckuii - K.T.H., JOLEHT Kadeapbl XUMUH
U XUMHU4YeCcKoH TexHoJsioruu, HI'TY

ORCID: 0000-0003-2524-4143
& E-mail: j_krutskii@rambler.ru

Eezenuii AHamosesuy Makcumosckuil - K.X.H., CT. Hay4. COTPyJ-

HUK J1abopaTopuu pyHKIHOHAIbHbIX IJIEHOK U MOKPLITUH, UHCTH-

TYT HeopraHuyeckoi xuMuu uM. A.B. Hukosaesa (MHX) CO PAH
ORCID: 0000-0002-1555-2719

€3 E-mail: eugene@niic.nsc.ru

HuHa OpvesHa Yepkacoea - K.T.H., MJI. Hay4. COTPYAHUK HAay4HO-
HCCJIe/l0BaTeIbCKON J1ab0paTOpUU PU3UKO-XUMHUYECKUX TEXHOJI0-
Ui 1 GYHKIMOHANTBHBIX MaTepuanos, HI'TY

ORCID: 0000-0002-5603-7852
& E-mail: cherkasova.2013@corp.nstu.ru

Hukuma Hzopesuu JlanekuH - cTyfeHT KadeApbl MaTepHaIoBe-
JleHus B MamnHoctpoeHuu, HI'TY
B3 E-mail: 1apekin2 1@mail.ru

TamvsaHa BukmopoeHa JlapuHa - K.b-M.H., CT. Hay4. COTpYA-
HUK OTZeJla UCC/Ie/J0BaHUA KaTalu3aTopoB, MHCTUTYT KaTaausa
nM. ['K. Bopeckosa CO PAH

ORCID: 0000-0002-8020-5270
€3 E-mail: larina@catalysis.ru

Bknapg aBTopos

T. C. T'ydvima - bopMUpOBaHHE OCHOBHON KOHLENL MY, TOCTAaHOBKA
LeJId U 3aJia4M UCC/1e/J0BaHuUsA, IOATOTOBKA TeKCTa, GOpPMy/IMPOB-
Ka BbIBOJIOB, IPOBEJIEHUE PACUETOB, UCIBITAHUH 06pasI0B, TOAT0-
TOBKa TEKCTa CTaTbH.

10. /1. Kpymckuil - moAroToBKa 3KCIepUMeHTa, pyKOBOJCTBO MPO-
BeJleHHeM 3KCIIepUMEeHTa, obecrieyeHre pecypcaMu.

E. A. MakcumogcKuil - npoBe/ieHHe IKCIEPUMEHTOB, 06paboTKa
pesy/IbTaTOB HCCIel0BaHUM.

H. I0. Yepkacoea - npoBe/JieHNe PacyeTOB, UCIbITAHUH 06pa3I0B,
MO/ArOTOBKA TEKCTa CTAaThH.

H. H. /lanekuH - npoBeJieHWe pacyeToB, aHa/IM3 pe3y/JbTaTOB HC-
cJieJOBaHUM.

T B. /lapuHa - Hay4HOe PYKOBOJCTBO, KOPPEKTHUPOBKA TEKCTa,
KOPPEKTHPOBKa BbIBOJIOB.

Received 14.06.2022
Revised 13.10.2022
Accepted 17.10.2022

CraTbsa noctynuia 14.06.2022 r.
JlopaboTaHa 13.10.2022 1.
[lpunsiTa K ny6saukanuu 17.10.2022 r.

45


mailto:gudymatan%40mail.ru?subject=
https://orcid.org/0000-0003-2524-4143
mailto:j_krutskii%40rambler.ru?subject=
https://orcid.org/0000-0002-1555-2719
mailto:eugene%40niic.nsc.ru?subject=
https://orcid.org/0000-0002-5603-7852
mailto:cherkasova.2013%40corp.nstu.ru?subject=
mailto:lapekin21%40mail.ru?subject=
https://orcid.org/0000-0002-8020-5270
mailto:larina%40catalysis.ru?subject=
mailto:gudymatan%40mail.ru?subject=
https://orcid.org/0000-0003-2524-4143
mailto:j_krutskii%40rambler.ru?subject=
https://orcid.org/0000-0002-1555-2719
mailto:eugene%40niic.nsc.ru?subject=
https://orcid.org/0000-0002-5603-7852
mailto:cherkasova.2013%40corp.nstu.ru?subject=
mailto:lapekin21%40mail.ru?subject=
https://orcid.org/0000-0002-8020-5270
mailto:larina%40catalysis.ru?subject=

’OI'IM u ®r W3BECTUA BY30B. [TOPOLIKOBAA METANNYPTUA U GYHKLLMOHANBHBIE MOKPbITUA. 2023;17(2):46-52
' usBECTA 8Y308 Ipueopos W.I., Hunses B.A. MukpocTpyKTypa aapo/oboa 8 kepmetax Ti(C, N) npu geduunte HUKeNb-MOAMBAEHOBOM ...

Refractory, Ceramic, and Composite Materials
TyronnaBkue, KepaMuyeckne U KOMMNO3ULUOHHbIE MaTepualibl

UDC 621.762 Research article
https://doi.org/10.17073/1997-308X-2023-2-46-52 Hayunas cmames

90

Core/rim microstructure
of Ti(C, N) cermets with low nickel-molybdenum
binder content

I. G. Grigorov®, |V. A. Zhilyaev

Institute of solid state chemistry, Ural branch of the Russian Academy of Sciences
91 Pervomayskaya Str., Yekaterinburg 620990, Russia
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Abstract. We investigated the influence of the basic component concentration on the microstructure of the KNT3 and KNT3
tungsten-free hard alloys (TFHA), focusing on ceramic-metal samples (cermets) with a low nickel-molybdenum binder content.
The microstructure of the sintered cermets was analyzed using reflected electron images of thin sections obtained with a
scanning electron microscope. Our analusis revealed that the KNT alloy exhobits a core/rim structure (CRM). We observed that
decreasing the Ni-Mo binder content leads to a significantincrease in the rim size isurrounding the Ti(C, N) core in the sintered
alloy. We also investigated the effect of the plasticizer on the formation of the core/rim microstructure with a low binder content.
Furthermore, we found that the absence of nitrogen-enriched areas in the Ti(C, N) grains increases the molybdenum diffusion
rate across the refractory phase interfaces during the cooling stage, resulting in a higher specific volume fraction of the shell in
the cermet microstructure.

Keywords: thin shell micrography, cermets, titanium carbonitride (Ti(CN)), nickel-molybdenum binder, plasticizer

For citation: Grigorov 1.G., Zhilyaev V.A. Core/rim microstructure of Ti(C, N) cermets with low nickel-molybdenum binder
content. Powder Metallurgy and Functional Coatings. 2023;17(2):46-52.
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MukpocTpykTypa aapo/o6opa
B kepMeTax Ti(C, N) npu peduuute
HUKeJIb-MONIM64eHOBOM CBA3KM

. T. Tpuropos ©, |B. A. Kunses|

HNHCeTUTYT XMMUH TBEpAOro Tesa Ypaabckoro otaeaenuss PAH
Poccus, 620990, r. ExarepunOypr, yiu. [lepBomatickas, 91

& igorgrigorov2012@yandex.ru

AHHoTtaywms. 1o pesynbraram, MOJNy4YeHHBIM paHee B paborax 1o 6e3BoibdpamoBsiM TBepbM cruiaBam (BBTC) mapox KHT3
n KHT7, mpoBeieH aHau3 BIMSHHS KOMIOHEHTOB, COCTABJIAIONINX MX OCHOBY, Ha KOHEYHOE POPMHUPOBAHIE MHKPOCTPYKTYPBI
CIu1aBoB. MccnenoBanus MpOBOAMIIMCH Ha KEPAMUKO-METAUTMUECKUX 00pa3iax (kepMeTax) npu Ae(uIuTe CBA3yuei Gpaspl
W3 HUKeNs ¢ MonuOaeHoM. J[iisi aHanmm3a MUKPOCTPYKTYPBI KEPMETOB OBLIM HCIOJB30BaHBI H300pa)KEHHsT TTOBEPXHOCTH
X HUMGOB, MOTYYCHHBIX C TOMOIIBIO PAaCTPOBOI IMEKTPOHHOW MHKPOCKONIUHM B PEKUME OTPAKEHHBIX SIEKTPOHOB.
ITokazaHo, 4TO OCOOCHHOCTBIO MHKPOCTPYKTYpBI CciiaBoB cepun KHT siBisieTcsi Hanuuue y HHUX CTPYKTYPBI Sapo/o6o
(Core/Rim Structure — CRM). Ananu3 BoisiBuII, uTo ¢ ymeHblieHneM B BBTC cepun KHT conepikanus cBsizyromieid ¢asbl
u3 Ni-Mo 3aMeTHO yBeIM4MICS pa3Mep 000/a B CiedeHHOM ciiaBe BOokpyT siapa u3 Ti(C, N). JlonomHUTeIBHO pacCMOTpeHa
poib Tuactudukaropa B Iporecce (GpOpMHUPOBaHUS MHUKPOCTPYKTYpsl siapo/o6onx BBTC cepun KHT npu aedunure
cesytomel ¢aspl. I1o pesynbraraM HCCISTOBAHUS MHUKPOCTPYKTYPBI KEPMETOB C/IENIaHbI BBIBOJBI, KOTOPBIE MO3BOJSIOT

46 © 2023. 1. G. Grigorov &, V. A. Zhilyaev
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MIPEATNOJIOKHUTh, YTO B OTCYTCTBHE 30H, OOOTAICHHBIX a30TOM, BO3pacTaeT BeposATHOCTh Auddy3un momubaeHa yepes
MeK(pa3HbIe TPaHHIBI TyromaBkux (a3. CIeacTBHEM 3TOTo SBISICTCS YBEIMYCHHE MapaMeTpa yIelbHOH 00beMHON J10IH

000JI0YKH B MUKPOCTPYKTYpE KepMeTa.

KnroueBbie csoBa: ananu3 n3o0paxenns: nutndos, kepmersl, kapoouutpua turana (Ti(CN)), HUKenb-MOIHOICHOBAsT CBS3KA,

iactudukarop

Ans untuposanms: ['puropos N.T., XKunses B.A. Mukpoctpykrypa siapo/o6on B kepmerax Ti(C, N) npu nedunnte HUKEIb-MO-
OIeHOBOM CBA3KU. M36ecmus 8y308. [lopowkosas memannypeus u @yHkyuonanoHie nokpvimus. 2023;17(2):46-52.
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Introduction

The KNT series of tungsten-free hard alloys
(TFHA) are composed of titanium carbonitride
Ti(C, N) and nickel and molybdenum powders as
fusible binders. These alloys can be used as an alterna-
tive to tungsten carbide hard alloys. The KNT alloys
exhibit unique properties that distinguish them from
other TFHASs including high hardness and low specific
gravity. For example, the widely used KNT16 alloy
(GOST 26530-85) has a hardness of 89 HRA and
a density of 5.9 g/cm? [1-4].

The titanium carbonitride-based cermet offers sev-
eral advantages, such as its easy availability and simple
manufacturing. Moreover it exhibit higher hardness
at high temperatures compared to tungsten carbide,
along with superior scale resistance. Additionally, a thin
oxide film is formed on the surface of the cermet during
tool operates at elevated temperatures, which acts as
a lubricant. As a result, the KNT alloys exhibit low fric-
tion coefficient and good wear resistance. Nonetheless,
KNT alloys also possess certain drawbacks, including
low impact toughness and thermal conductivity, and
a high coefficient of thermal expansion. Consequently,
these properties increase the likelihood of cracking
when the tool is soldered and sharpened [2].

We developed a TFHA (KNT series) alloy with
a reduced amount of No—Mo bonder, to evaluate its
suitability as carbide cores for armor-piercing projec-
tiles [3; 5]. These alloy has improved ceramic prop-
erties due the presence of a metallic bond improves
their [6—12]. The authors presented the sintering con-
ditions, essential TFHA microstructure characteristics,
and physical and mechanical properties of the KNT3
and KNT7 alloys [13—15].

The microstructure of the KNT alloy is characte-
rized by a core/rim structure (CRS) [15-20]. The core
is comprised of a permanent liquid phase (PLP) con-
sisting of carbonitride TiC, ~ Ni_, while the rim (which
forms the shell of the core) is a multicomponent car-
bonitride (Ti, Mo)(C, N). The formation of the cermet
microstructure is primarily attributed to the wetting
of the solid phase by the molten binder, facilitated

by a wetting angle close to zero at the interface between
the solid phase and the melt.

The objective of this study is to examine the impact
of the carbon-to-nitrogen ratio in the permanent liquid
phase (PLP) on the formation of the core/rim structure
(CRS).

Alloys with a low binder
content

Figure 1 presents composite contrast SEM cross
sections of KNT7 and KNT3 alloys. It is apparent
from the Fig. 1 that the coaxial shell of the base metal
grains, or the rim, around the cermet cores in KNT3
occupies a larger surface area compared to KNT7.
This notable difference in the microstructures of KNT3
cermets and conventional hard alloys was previously
by Pakholkov V. et al. [3]. The authors suggested varia-
tions in the manufacturing process conditions such as
sintering temperature and time, as shown in the table,
can lead to the formation of different microstructures
in cases where the content of the melt liquid phase is
inadequate.

The rim (shell) formation by the dissolution-sedi-
mentation reaction [4] is limited by the amount of avail-
able molybdenum in the liquid phase. The shell forma-
tion may be associated with molybdenum solid-phase
mass transfer over the interphase interfaces. There are
no available studies of this phenomenon so we decided
to investigate the CRS phase and structure forma-
tion during the interaction between titanium carboni-
tride and metallic melts at various stages of sintering.

Formation of CRS ctructure
in KNT alloys with
a low binder content

The detailed synthesis of KNT3 and KNT7 cermets
is presented in references [3; 13]. The values of sin-
tering temperature (7 ) and isothermal holding time
(t,) for each sample (see the Table) can be attributed
to the increased contribution of solid-phase sintering
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Fig. 1. The core/rim microstructure of KNT7 (a) and KNT3 alloys (b)
JSM 6390 LA microscope (JEOL Ltd., Japan), x5000, reflected electron image

Puc. 1. Bun MukpoctpykTypsl siipo/o6ox crutaBoB KHT7 (a) m KHT3 (b)
Muxkpockor JSM 6390 LA (JEOL Ltd., Simonust), ysemuaerne x5000, peskuM CbeMKH — OTPasKEHHBIC YIIEKTPOHBI

Phase composition of the cermets [13]

®a30Bblii cocTaB HcceayeMbIx kepMeToB [13]

Hard Sintering conditions Content, vol. %
alloy Rim
o o) . . .
grade t,£10°C |71 %, min | TiC N_core (Ti, Mo)(C, N) Ni—Mo binder
1480 20 44.64 47.41 6.70
1480 60 43.95 48.27 6.65
1500 60 40.42 53.26 6.30
1520 12 40.97 52.12 6.74
KNT7
1520 40 38.64 55.24 6.10
1520 60 36.67 57.46 5.86
1540 60 34.06 60.48 5.45
1560 60 30.89 63.78 5.30
1540 20 24.76 72.94 222
1540 60 23.12 74.78 2.02
KNT3
1560 60 22.86 75.16 1.94
1580 60 21.60 76.66 1.70

to cermet formation as the metal component content
decreases.

The permanent liquid phase in KNT alloys is tita-
nium carbonitride, which has a double crystal structure
consisting of TiC and TiN. Its thermodynamic com-
patibility with each metal component of the binder
phase varies. Cermets are primarily composed on car-
bon + metal compounds. Nitrogen interacts with metals
only at high temperatures and may or may not form
weak nitrides. For example, titanium nitride (TiN) is
used as an intermediate buffer layer in the electronics
industry. It serves as an effective barrier for preven-
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ting the diffusion flows between conductive contact
components.

The synthesis of the KNT alloy involves three stages
of sintering, namely heating, holding at the melting
temperature, and cooling in the furnace.

During the heating stage, several reactions take place
between the refractory components and the refrac-
tory and binder components. These processes occur
partially before the liquid phase appears and include
gassing, diffusion reactions, and shrinkage of the pow-
der compacts. As the powder mixture is heated, CO
is released starting at approximately 900 °C and
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reaches its maximum release rate at around 1100 °C.
Nitrogen is released at ~1200 °C and reaches its maxi-
mum release rate at 1300 °C. The nitrogen release rate
decreases at temperatures above 1300 °C is associated
with the beginning of CRS growth in cermets.

During the the low-temperature sintering phase,
the rubber-based plasticizer (4-5 % gasoline solu-
tion) [21;22] is removed before the liquid metal
(melt) emerges. Upon decomposition, the plasticizer
yields the Mo,C molybdenum compound, which may
account for another characteristic of the shell micro-
structure. Figure 2 illustrates the two-layer shell struc-
ture of the KNT3 cermet, comprising an inner shell
consisting of a solid solution rich in heavy elements,
that surrounds the Ti(C, N) grain; and an outer shell is
Ti-based material.

The last stage of the two-level shell microstructure
formation, particularly its onset, remains ambiguous
and conflicting. One proposal suggests that the final
shell structure is created during the final stage of sin-
tering, whereby TiC and MoC carbide are deposited
on the Ti(C, N) particles. These carbides form a solid
solution dissolved in the liquid binder. Another
proposal assumes that the inner shell is formed
by a solid-phase interaction at the initial sintering
stage (up to 900 °C), while the outer shell is formed
by dissolution/deposition.

The second sintering stage begins with the inter-
action between the Ni and Mo binders and refractory

Fig. 2. Two-level microstructure of the KNT3
cermet rim: inner shell (light areas)
and outer shell (dark gray areas)
JSM 6390 LA microscope, x5000 (a) and x20,000 (b),
reflected electron images

Puc. 2. Bun 1ByXypOBHEBOW MUKPOCTPYKTYPbI 000I0UKH
(o6ona) kepmera KHT3: BHyTpeHHEH (CBETIBIC YIACTKH)
1 Hapy>KHOH (TEMHO-CEephIC)

Mukpockon JSM 6390 LA, yenunuerne 5000 (a) u 20 000 (),
PEKUM CHBEMKHU — OTPAKCHHBIC SJICKTPOHBI

phases and the emergence of the liquid phase. The dis-
solution/deposition process becomes a significant
contributor to the formation of the sintered cermet
microstructure.

According to available sources, during the sintering
process, Ti(C, N) reacts with the melt such that the li-
quid molybdenum facilitates the dissolution of tita-
nium and carbon from the PLP, while the nitrogen-
rich, poorly soluble carbonitride remains preserved
as a solid phase. The enrichment of the refractory
phase with titanium nitride is more or less pro-
nounced depending on the liquid/solid phase ratio.
The nitrogen-rich areas of the Ti(C, N) grains remain
insoluble in the liquid metal bond and act as crystalli-
zation nuclei of the (Ti, Mo)C carbide solutions depos-
ited from the melt by dissolution/sedimentation, lead-
ing to the formation of the so-called K-phase [4].

The formation of the K-phase takes place during
the liquid-phase sintering of hard alloys in the presence
of a carbide-forming element in the melt. As the liquid
phase emerges, the TiC component of the PLP begins
to dissolve, forming (Ti, Mo)C. The deposition of this
compound is possible only when the limit solubility
product value Mo, | Ti, C, is reached.

The core size of the Ti(C, N) particles increases
with the sintering time primarily due to particle
coalescence at their interfaces, which is more intense
under liquid-phase sintering than under solid-phase
sintering, before the shell structure formation.
The rate of shell deposition on the Ti(C, N) grains
depends on the sintering temperature and (Ti, Mo)C
concentration in the melt. The shell thickness reaches
0.5-3.0 pum as the sintering temperature increases
from 1450 to 1540 °C.

Pakholkov V. et al. [3] observed that as the volume
fraction of the Ni-Mo binder decreases, the degree
of coalescence of the Ti(C, N) grains increases. The spe-
cific volume content (V) of the Ti shell (rim) consist-
ing of Ti; Mo CN_ exhibits an inverse relationship
between the V), of the shell (as shown in the table) and
binder volume, but the reason for this is unclear.

The furnace cooling rate is controlled and does not
exceed 10 °C/min to ensure a smooth temperature gra-
dient across the TFHA thickness, thus tavoiding ther-
mal cracking caused by different coefficients of linear
thermal expansion of the TFHA components. The shell
formation by dissolution-deposition from the melt
(Ti, ,Mo, )C_ in the KNT3 alloy is limited by the vol-
ume content of the binder. At the final stage of the CRS
formation, significant shell growth can be attributed
to a solid-phase molybdenum mass transfer across
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the TiCN_ - (Ti, Mo, )C_ interface [3]. Figure 3
illustrates the CRS difference for KNT7 and KNT3 cer-
mets for identical sintering conditions (7, = 1560 °C;
7= 60 min).

Conclusions

We have determined that the synthesis of KNT solid
alloy can be divided into three stages: heating, holding
at the temperature required for melt formation, and
cooling in the furnace. Our conclusion can be summa-
rized as follows.

1. We have observed that the decrease in volume
fraction of the Ni-Mo metallic binder leads to an
increase in the volume fraction of the Ti, ﬁMonyNz.

Fig. 3. Microstructure of KNT7 (a)
and KNT3 (b) cermets
JSM 6390 LA microscope, x3000, ¢, = 1560 °C,
7= 60 min, reflected electron images

Puc. 3. Bus MEKpOCTPYKTYPbI KEPMETOB
mapok KHT7 (a) u KHT3 (b)
Muxkpockon JSM 6390 LA, ysenuuenue 3000, 7= 1560 °C,
T =60 MHH, PeKHUM — OTPA)KEHHBIE IEKTPOHBI
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2. The absence of nitrogen-enriched areas in
the Ti(C, N) grains leads to an increase in the diffu-
sion rate of molybdenum across the refractory phase
interfaces during the cooling stage.

3. We have discovered a two-level structure
of the cermet shell with inner and outer layers.
The inner shell (appearing as light areas in the SEM
image) is molybdenum-rich, while the outer shell is
Ti-rich (appearing as dark gray areas).

4. We propose a chemical explanation for the forma-
tion of the inner cermet shell as a result of the decom-
position of the rubber-based plasticizer (4-5 % gaso-
line solution) during the heating stage.
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Abstract. The paper shows the effect of solution temperature on the deposition rate of applying composite nickel-phosphorus

coatings modified with boron nitride and polytetrafluoroethylene to powder samples made of improved P40, P40Kh and
P40KhN steels obtained by hot stamping of porous sintered blanks. It has been experimentally established that within the range
of 70-90 °C, the average deposition rate of modified BN and (C,F,)n coatings is 15-19 um/h, while the chemical composition
of the improved steels and the surface configuration of the samples have no effect on the coating build-up rate. The mechanism
of the formation of the structure and properties of nickel-phosphorus coatings (NiPC) without additives and those of NiPC
modified with boron nitride and polytetrafluoroethylene during deposition, sintering and running-in is revealed. It has been
established that immediately after deposition, Ni—P coating has an amorphous structure with inclusions of nickel particles, and
its microhardness does not exceed 380-390 MPa with no modifiers added. In the dry friction mode at the running-in stage,
Ni,P, and Ni,P phases are formed in the modified Ni-P coatings, allowing to improve their tribological properties, and in the
steady-state mode, the phase disordering of the modified NiPC proceeds. It has been experimentally revealed that the coefficient
of friction and wear decrease by 1.3 times when only (C,F,)n is introduced into Ni—P coating, these indices decrease by 1.6 times
when only BN is added, and they decrease almost twice when BN and (C,F,)n are introduced together. It has been established
that upon the combined (complex) modification of NiPC with BN and (C,F,)n after the heat treatment, there is almost no nickel
oxide phase, nickel boride of NiB type is formed in the coating during running-in, and its content does not decrease when
entering the stationary friction mode, thus increasing tribotechnical properties of the coating. During running-in, the coefficient
of friction of Ni~P + BN + (C,F,)n coating decreases from 0.28 to 0.19, and the wear rate of such a coating in the stationary
friction mode is 1.5 mg/h. The efficiency of applying the antifriction nickel-phosphorus coatings modified with BN + (C,F,)n
to the products made of the improved structural steels obtained by various methods has been theoretically and experimentally
substantiated.

Keywords: nickel-phosphorus coating (NiPC), powder steel, modifier, tribotechnical properties, boron nitride, polytetrafluoroethylene
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W3BECTUA BY30B

BnuaHue MoanoukaTopoB Ha CTPYKTypoobpasoBaHue
N CBOMUCTBA HUKENb-POCPOPHbIX MOKPHITUM,
HaHeCEeHHbIX Ha MOPOLLKOBbIE CTaNun

U. H. lllep6akos! %, b. I. Tacanos”

! loHcKoii rocy1apcTBeHHBIN TeXHHYECKHil YHHBEPCHTET
344000, T. PoctoB-na-/lony, rr. [arapuna, 1
21O:xH0-Poccuiickuii rocyiapcTBeHHbINH momTexHnueckuii yausepeuter um. M.U. Ilnarosa
346428, PocroBckas 061., T. HoBouepxkacck, yi. [IpocBemenus, 132

&) bdd-don@mail.ru

AHHOTaL‘Mﬂ. Ilokazano BiusiHUE TEMIICPATypbl pacTBOpa Ha CKOPOCTb OCAXKACHHS KOMIIO3HUIIMOHHBIX HI/IKCJ’IL-(bOC(l)OpHI)IX

MOKPBITUH, MOAU(UIIMPOBAHHBIX HUTPHIOM O0pa M MONUTETPAPTOPITUICHOM, Ha TIOPOLIKOBBIE 00Pa3Lbl U3 YIIydIIaeMbIX
craneit MapokI140,1T140X uI140XH, monyueHHBIX FOpsIU€i ITaMIIOBKONX HOPUCTHIX CIEYEHHBIX 3aT0TOBOK. DKCIIEPUMEHTAILHO
YCTaHOBIICHO, uTO B uHTepBasie Temmeparyp 70-90 °C cpefHsis CKOPOCTh OCaXJICHHS MOIUPHUINPOBaHHBIX BN-
u (C,F,)n-noxpeituii coctapnsger 15-19 MkmM/4, a XMMHYECKHH COCTAB yJyqIIAEMbIX CTAllEdl W TEOMETPHS TIOBEPXHOCTH
00pa3IoB MPaKTUYECKH HE BIUSIOT Ha CKOPOCTh MX HapammBaHus. [IpeanokeH MexaHu3M (hOPMUPOBAHMS CTPYKTYPHI
u cBoiicTB Ni—P-nokpsiThii 6e3 100aBOK 1 MOIU(PHUIMPOBAHHBIX HUTPUJIOM OOpa M MOJUTETPaGTOPITUICHOM B Tpolieccax
OCAXIICHUS, CIIEKaHUsI M NPHUPAOOTKU. YCTAHOBJIEHO, YTO HEMOCPEACTBEHHO Mocie ocaxiaeHus: Ni-P-mokpbiTne mmMeer
aMOp(hHYIO CTPYKTYPY C BKJIIOUCHUSIMU YaCTHILl HUKETIS, @ €F0 MUKPOTBEPAOCTb 0€3 100aBKU MOANU(DHUKATOPOB HE IIPEBBIIIACT
380-390 MIla. Ha craaun nmpupaOOTKH B PEKHUME CYXOrO TPEHHUS B MOTU(PHUIUPOBAHHBIX Ni—P-mokpbITHIX 00pa3yrorcs
¢baspr Ni,P, u Ni,P, no3onsioniee noBbICUTE UX TPUOOJIOrMYECKUE XaPAKTEPUCTUKH, & NPU YCTAHOBUBIIEMCS PEKUME
B HUX ITPOTEKaeT (ha30BOE PazynopsJOuMBaHue. DKCIIEPUMEHTAIBHO BBISIBICHO, YTO IPH BBeAEHHN B Ni—P-TIOKpBITHE TOIBEKO
(C,F,)n xoapduument TpeHus n u3Hoc cHwxkaiorcs B 1,3 pasa, ipu o6asnennu ogxoro BN — B 1,6 pasa, a mpu cOBMECTHOM
sBenieHud BN u (C,F,)n — noutu B 2 pa3a. YCTaHOBJIEHO, YTO NPH COBMECTHOM (KOMILIEKCHOM) Moau(uuupoBanuu Ni-P-
nokpeituid BN u (C,F, )n nocie Tepmoo6paboTKy HUKENb NPAKTHYECKH HE OKUCIISIETCS, B IPOLIECCE NPUPAOOTKH B TIOKPBITHH
obpasyetcst 6opun Hukens tuna NiB, coneprkaHne KOTOpOro IpHu BEIXOZE Ha CTAIIMOHAPHBIH PEKUM TPEHHS HE YMEHBIIAETCS,
4TO CTAOMIM3UPYET TPUOOTEXHUUECKHIE XapaKTePUCTUKU NOKPbITUs. B nponecce npupaboTku ko3 QuIuenT TpeHus cocrasa
nokpbitus Ni-P + BN + (C,F,)n camxaercs ¢ 0,28 10 0,19, a ckopocTh M3HALIMBAHUS B PEKUME CTALUOHAPHOTO TPEHHMS
cocrapisteT 1,5 mr/u. TeopeTHuecku U SKCIEPUMEHTAIbHO 000CHOBaHA 3()P(EKTUBHOCTb HAHECEHUs] aHTU(DPUKIMOHHBIX
HUKeIb-PochopHbIX MOKpbITHH, Moauduuuposannbix BN + (C,F,)n, Ha u3jenus M3 KOHCTPYKUHMOHHBIX YJIy4YLIA€MbIX
CTaJle, MOTyUEHHBIX PA3IMYHBIMU METOAAMU.

Knrouesbie cnosa: nukenb-hochoproe nokpeitue (HPIT), mopomikoBast cTaib, MOTHU(UKATOP, TPHOOTEXHUUECKUE CBOMCTBA,

HUTpH] 60pa, MOTUTETPADTOPITHIICH

Ans yntuposanus: lep6axos N.H., T'acanor b.I. Biusaue MmoaudukaropoB Ha CTPYKTYpOOOpa30BaHUE U CBOWCTBA HHUKEIb-

(hochOpPHBIX MOKPHITHIA, HAHSCCHHBIX Ha TIOPOIIKOBEIC CTANN. M36ecmus 8y306. [lopowikosas memannypeus u (QyHKYUOHAIb-
Hole noxpuimusi. 2023;17(2):53—61. https://doi.org/10.17073/1997-308X-2023-2-53-61

Introduction

Various methods of modifying and coating struc-
tural, tool and special materials to improve their func-
tional properties are known [1-3]. Numerous papers are
devoted to studying the effect of the chemical compo-
sition, methods and technological parameters of coat-
ing of steel products [4—8]. Particular attention is given
to the development of new materials and technologies for
coating the products of complex configuration, modified
with various micro- and nano-additives [9—-11]. From a
technological point of view, composite nickel-phospho-
rus coatings (NiPC), which are obtained by chemical
deposition [6; 7; 11-14] and characterized by high wear
resistance, a relatively low coefficient of friction, the abi-
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lity to resist significant cyclic contact loads, as well as
the possibility of introducing solid Iubricants and other
modifiers [8—12; 15—17] into the matrix, are attractive.

However, the works devoted to the development
of technology for the production of composite NiPC
do not sufficiently research the kinetics of structure
formation, which is formed both during deposition
and sintering and during friction, and will make it pos-
sible to predict their properties, develop new materials
and explain the physicochemical processes occurring
at all stages of the technological process of coating and
operation [13—18].

The analysis of the operating conditions of steel
products coated with composite NiPC, as well as scien-
tific and technical developments in the field of structural
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adaptability of materials and coatings upon friction,
developed during the creation of self-lubricating materi-
als and coatings, revealed that the structural states of sub-
stances, which predetermine the phenomenon of self-
organization in dissipative tribological systems, must be
considered when developing the ones [10-13; 19-21].

The purpose of this paper was to study the mecha-
nism of structure formation and tribological properties
of composite nickel-phosphorus coatings modified with
boron nitride and polytetrafluoroethylene (C,F,)n applied
to the improved powder steels.

Research methods and technology
for obtaining samples

Samples 25 mm in diameter and 5 mm in thickness
were obtained by sintering and hot stamping of porous
blanks of improved P40, P40Kh and P40KhN steels
using the technology specified in work [22]. For the pur-
pose of coating, the surface of the steel samples was
prepared in accordance with the requirements described
in [10-13]. The working solution for the deposition
of NiPC composites Ni—P + BN, Ni-P + (C,F )n and
Ni-P+BN + (C,F,)n was prepared in the sequence
described by the authors [11-13].

The thickness of the composite coatings was deter-
mined by means of Konstanta K6 thickness gauge
(Russia) with ID1 transducer with a maximum error
of £0.017+ 1 um. The adhesive strength of NiPC was
evaluated by random testing of reference samples in
accordance with GOST 9.302-88 “Control Methods:
Bending and Tension”, using TME-10 tensile machine
(Russia). The loading rate was 2 mm/min.

The X-ray studies of the samples were performed
by means of DRON-1.5 diffractometer. The phase com-
position of the samples was identified using X-ray data
published in the reference literature [23] and the methods
described in paper [24]. In order to analyze the amorphous
component in the coatings, the samples were taken at a rate
of 2 °C/min and with a more optimal scale along the inten-
sity axis. The required reference diffraction patterns were
obtained by “smearing” of diffraction lines in the patterns
of the corresponding crystalline phases, assuming their
ultradispersity [24]. During the qualitative phase analy-
sis, in all cases we attempted to describe the composition
of the sample by a minimum number of phases.

The X-ray microanalysis was conducted by the me-
thods of electron probe research in the Resource Sharing
Center of South Russian State Polytechnic University
(NPI) named after M.I. Platov, using VEGAII LMU scan-
ning electron microscope (Tescan, Czechia) equipped
with INCA ENERGY 450/XT energy-dispersive micro-
analysis system (OXFORD Instruments Analytical,
Great Britain), providing the opportunity of elemental
analysis in the range from Na to U.

The pattern of distribution of modifiers in the coating
matrix, as well as the particle sizes and phase morphol-
ogy were studied by means of Epiquant metallographic
microscope (Karl Zeiss Jena, Germany).

Microhardness was measured at a load of 0.0981 N
(10 Gs) applied for 15 s, using PMT-3 device (Russia)
under GOST 9450-76. For the purpose of a more reliable
determination of this characteristic, the number of mea-
surements was 3050 at a coating thickness of 20 pm.

To determine the tribotechnical properties of NiPC,
an end friction machine (FGUP OKTB Orion, Russia)
was used, allowing to develop the specific loading
on the surface of the studied material up to 300 MPa
at a sliding speed of 0.048 m/s. The friction area tem-
perature was measured with a thermocouple inserted
into the sample at a distance of 0.5 mm from the fric-
tion surface track. The overlap coefficient of the rubbing
surfaces of the sample and the counterbody was 0.2.
The washers made of steel 45 with a hardness of 48—52
HRC and a roughness of R =0.25 um were used as a
counterbody.

Research findings and discussion

The operational reliability of the parts of friction
units, to which the composite coatings are applied,
largely depends on the uniformity of their thickness and
adhesion to the substrate. As shown by the experimental
results presented in Figure 1, the process of NiPC forma-
tion is initiated when the samples (solution) are heated
above 3540 °C, the coating growth rate increases more
intensively with increasing temperature from 60 to 90 °C
and reaches 14—18 pm/h depending on the chemical com-
position (see Figure 1). The highest deposition rate (18—
19 pm/h) is observed when applying Ni-P + BN + (C,F,)
n coating at a temperature of 900 °C.

v, um/h

20

15

10

0
30 40 50 60 70 80 90

Fig. 1. The dependence of the coating deposition rate
on the solution temperature and chemical composition
1-Ni-P,2-Ni-P+ (C,F,)n, 3~ Ni-P+ BN, 4 - Ni-P+ BN + (C,F,)n

Puc. 1. 3aBucuMocTh CKOPOCTU OCAXKJACHUS TOKPBITUA
OT TeMIICPAaTypPhl paCTBOpAa U XUMHUYECKOI'0O COCTaBa
1-Ni-P, 2—Ni-P+ (C,F,)n, 3~ Ni-P + BN, 4 - Ni-P + BN + (C,F, )n
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The studies revealed that Ni—P coating exhibits an
amorphous structure immediately after deposition, and
its microhardness reaches the maximum of 380-390 HV
(Table 1) without modifying additives. When introdu-
cing (C,F)n, the microhardness of the coating slightly
decreases, since it is lower for this polymer than for
NiPC. If the coating is modified with boron nitride, its
microhardness increases up to 490-500 HV (see Table 1).
This can be explained by the nature of the disperse BN
phase, which is characterized by a higher hardness than
Ni—P coating. The microhardness of Ni-P + BN + (C,F )
n composition is slightly lower than that of NiPC modi-
fied with BN.

To improve the tribotechnical properties of NiPC and
the strength of adhesion to the steel substrate, the coated
samples were heated within the range of = 50+700 °C
with a spacing of 50 °C for 1h. At the first stage,
the effect of heating temperature on the microhardness
of the samples was studied. As can be seen in Fig. 2,
the HV behavior is the same for all types of coatings,
depending on the sintering temperature of the samples.

HV

1000

900

800

700

600

500 |

400

300

0 100 200

300 400 500 600 ¢t °C
Fig. 2. The dependence of microhardness of NiPC
on P40KhN steel on sintering temperature and composition

1-Ni-P, 2= Ni-P + (C,F,)n, 3 - Ni-P + BN, 4 = Ni-P + BN + (C,F, )n

Puc. 2. 3aBucumocts Mukpotsepaoctn HOIT
Ha ctasu [140XH ot TeMneparypsl cliekaHUs U COCTaBa
1-NiP, 2—Ni-P + (C,F,)n, 3~ Ni-P + BN, 4 — Ni~P + BN + (C,F, )n

Table 1. The microhardness of coatings in amorphous state

Ta6nuya 1. MUKpPOTBEPAOCTh IOKPBITHI
B aMOP(HOM COCTOSIHUHU

Table 2 provides the critical sintering temperatures and
holding time at which the coatings modified with various
additives exhibit the maximum microhardness.

In particular, the microhardness of the samples
made of P40KhN steel coated with Ni-P+ (C,F)n,
sintered at ¢=360°C for 1h, was 700 HV (Fig. 2,
curve 2), while the microhardness of the samples made
of P40KhN steel coated with Ni-P+ BN + (C,F)n
increased up to 980-990 HV (Fig. 2, curve 4). The maxi-
mum HV values were obtained for Ni-P and Ni-P-BN
coatings after the sintering of the samples at # =400 °C
(Fig. 2, curves / and 3).

The studies revealed that composite NiPC are brittle
and flake off easily after deposition, and the strength
of their adhesion to the substrate is very low. Upon sin-
tering, the samples coated with NiPC within the range
of ¢t=500+-700°C, nickel and steel interdiffusion
occurs at steel—coating interface and a transitional dif-
fusion layer, contributing to an increase in the strength
of adhesion of the coating to the substrate, forms (Fig. 3).
Upon that, the chrome content of NiPC does not exceed
the measurement error (see Fig. 3, b).

The qualitative assessment of the adhesion strength
of composite NiPC was performed by bending method
(10 samples for each coating). The studies showed no
flaking of the coating on the surface of P40KhN steel
at the point of fracture, however, noticeable cracks
appeared in Ni-P+ (C,F,)n coating on the surfaces
of P40 and P40Kh steels upon bending.

The results of studies performed by means of UMM-5
tensile machine (Fig.4) showed that the mass loss
of coatings of all non-sintered samples without sinte-
ring was as follows, g: Ni-P — 0.085; Ni-P + (C,F,)n —
0.092; Ni-P + BN — 0.045 and Ni-P + BN + (C,F ))n —
0.050. The flake off masses of the samples with
Ni—P + BN + (C,F)n coatings are virtually identical, but
they are 30-35 % less compared to those with Ni—P.

Upon an increase in the temperature of sintering
of the samples made of P40Kh steel from 50 to 350 °C
with the holding time of 1 h, the amount of flaking off
Ni—P coating decreases from 90 to 25 mg, and the one
of Ni—P + BN decreases from 42 to 9 mg (see Fig. 4,

Table 2. The modes of sintering of samples made of P40Kh
steel coated with different compositions

Tabnuya 2. Pexxumpl ciekanus oopa3uos u3 craiau [140X
€ HOKPBITHSIMH PA3JIMYHOTO COCTABA

Coating Micro- Standard .
.S hardness ST Coating o Heat treatment
composition deviation, % S t, °C . .
1610 s composition time, min
Ni-P 380-390 7 Ni-P 400 90
Ni-P + (C,F )n 370-375 9 Ni-P + (C,F )n 360 60
Ni-P + BN 490-500 8 Ni-P + BN 400 90
Ni-P+ BN+ (C,F)n | 450-460 9 Ni-P+ BN + (C,F)n | 360 90
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NiPC
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AVl rvler. NiPC
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Fig. 3. The distribution of nickel (@) and chrome (b) at the interlayer boundary “P40KhN steel — Ni—P coating”
after sintering at =700 °C for 2 h

Puc. 3. Pactipenenenue uukeist (a) u xpoma (b) na mexcnoiinoi rpanune «crans [140XH — Ni—P-nokpsitie»
nocine cnekanus mpu ¢ = 700 °C B Teuenue 2 4

curve [ and 2). The studies demonstrated that the samp-
les modified with boron nitride and polytetrafluoro-
ethylene (Fig. 4, curve 4) exhibited the minimum mass
loss of coatings, whereas the samples with (C,F,)n-mod-
ified coatings (Fig. 4, curve 3) had the largest losses.
The mass loss decrease after sintering at ¢ =400 °C for
1 h is approximately the same for the (C,F,)n-modified
coatings (Fig. 4, b, curves [ and 2).

As can be seen in Fig. 2 and 4, the microhardness and
mass loss behavior, depending on the sintering tempera-
ture, coincides, and that is associated with the kinetics
of coating microstructure formation.

According to the X-ray phase analysis, immediately
after the chemical deposition, the boron nitride-modified
NiPC exhibited an amorphous structure, which can be
called an X-ray amorphous structure.

m, mg
90
80
70
60
50
40
30
20
10

50 100 150 200 250 300 350 400 450 t,°C

Fig. 4. The dependence of flake off mass
on the sintering temperature and the composition
on the samples made of P40Kh steel
1-Ni-P,2-Ni-P+BN; 3~ Ni-P+ (C,F,)n, 4~ Ni-P+ BN + (C,F,)n

Puc. 4. 3aBUCMOCTD OTCIIOMBIICHCS] MACCHI TOKPBITHS
OT TeMIIepaTypbl CIICKAHKs M COCTaBa Ha 00pa3iax
u3 cramm [140X
1-Ni-P, 2—Ni-P+ BN; 3~ Ni-P + (C,F,)n, 4 — Ni-P + BN + (C,F, )n

It should be noted that the number of centers for
the nucleation of NiPC inclusions virtually does not
depend on the surface geometry of the powder samples,
while the surface roughness and the presence of micro-
and macropores impact the morphology (Fig. 5, a
and b). In those areas of the surface of the sintered
samples where the micropores are located, the con-
tent of nickel and phosphorus is noticeably lower than
on the end surface of the samples made of hot-stamped
P40Kh steel.

After sintering Ni—P + BN-coated samples made
of P40Kh steel obtained by hot stamping of porous blanks
within the temperature range of 350-370 °C for 1 h,
B-Ni, Ni,P, BN phases and a small amount of NiO, being
well-identified in diffractograms (Fig. 6, a), were found.
At the running-in stage during testing, the Ni,P and BN
phases are dispersed and their characteristic reflections
are smeared, therefore they can only be approximately
identified in X-ray patterns (Fig. 6, a, curve 2 and 3).
Furthermore, Ni,,P,, Ni,P and NiB highly dispersed
phases arise during friction, and their content in the sur-
face layers of the coating increases upon entering
the stationary friction mode. The nickel oxides appeared
to dissociate and disperse at the running-in stage and
in the stationary friction mode, therefore, they could not
be identified in the diffraction patterns.

The coefficient of friction (in the dry friction mode)
slightly decreases from 0.29 at 20 °C to 0.22 at 300 °C
upon temperature increase in the contact area of “steel 45—
P40Kh with NiPC” pair, while the temperature increases
(Table 3). However, the wear rate increases significantly
from 0.21 to 3.8 um/h at the indicated heating tempera-
tures of the coatings (Table 3). Upon modifying NiPC
with boron nitride, the coefficient of friction (f) and wear
rate (/) are slightly lower than those of the samples con-
taining no additives (see Table 3). This can be explained
by the fact that during the running-in of the coating sur-
face, the dispersed NiB inclusions appear, and their con-

57



’OI'IM u ®r W3BECTUA BY30B. [TOPOLIKOBAA METANNYPTUA U GYHKLLMOHANBHBIE MOKPLITUA. 2023;17(2):53-61
S usecTia sys08 LLlepbakoe W.H., [acaHos b.I. BnuaHne moandunKaTopos Ha CTPyKTypoobpasoBaHmne U CBOMWCTBA HUKENb-GOCHOPHDIX ...

Fig. 5. The microstructure of NiPC on the surface of sintered steel before (@) and after (b) heat treatment
and the behavior of distribution of nickel (¢) and phosphorus (d) (light inclusions) in the coating

Puc. 5. Mukpoctpykrypa HOII Ha moBepxHOCTH CcrieueHHOI cTanu 10 (a) u nocie (b) TepmoodpaboTkH
1 XapakTep paclpeeneHns B HOKpEITHH HuKeIs (¢) u pocdopa (d) (cBeTIIbIe BKIFOYCHHS)

Y o —BNi
) T e MW

4 —NiO
¢ —BN

N Y AW N~

1 1 1 1 1 1 1 1 1 1 1
260, deg 60 55 50 45 40 35 30 20, deg 60 50 40 30 20 10
a b

Fig. 6. The surface diffraction patterns of NiPC modified with BN
a — after sintering (1) and at the running-in stage (2 and 3);
b — in the steady-state friction mode (3—7 — the reflections being typical for the specified phases)

Puc. 6. Tudpaxrorpammsl mosepxuoctu HOTI, mogudumposantHoro BN
a —nocne criekanust (1) v Ha cTaguu npupadorku (2 u 3);
b — B ycTaHOBHUBILEMCS pexkuMe TpeHUs (3—7 — pediekchl, XapakTepHble Ul YKa3aHHBIX (a3)

Table 3. The effect of the chemical composition of the modifiers on the coefficient of friction
and wear rate at different temperatures

Tabnnya 3. Bausinue XMMHY€CKOI0 COCTAaBa MOAM(PUKATOPOB HA KOIP(PUIMEHT TPeHU
U CKOPOCTH U3HAIMBAHUS MOKPBHITHII PHU Pa3HBIX TEMIepaTypax

: o / 1, pm/h
Coating composition
t=20°C | 250°C 300 °C 20°C 250 °C 300 °C
Ni-P 0.29 0.24 0.22 0.21 2.5 3.8
Ni-P + BN 0.25 0.22 0.20 0.18 2.1 3.1
Ni-P+C,F,)n 0.23 0.20 0.19 0.32 2.4 3.2
Ni-P + BN + (C,F,)n 0.20 0.18 0.17 0.14 1.5 22
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tent does not change when entering the stationary friction
mode (Fig. 7, a).

Upon modifying NiPC with (C,F)n polytetrafluo-
roethylene in the process of sintering under the afore-
mentioned mode, the crystals of B-Ni and Ni,P phase
are formed more actively, while nickel oxide is absent
(Fig. 7, a). During running-in, nickel particles actively
interact with phosphorus; phosphorus-containing Ni,,P,
and Ni,P highly dispersed phases were found on the sur-
face of the coating along with (C,F,)n inclusions
(Fig. 7, b). In this case, no phases formed during sinter-
ing were found in Ni-P + (C,F )n, coating at the stage
of the steady-state friction mode. Therefore, the diffrac-
tion patterns shown in Fig. 7, a, curve 3 and Fig. 7, b.
curve / and 2 have a form being typical for materials with
an amorphous-crystalline structure. Consequently, during
friction, a structural-phase disorder arises on the surface
of composite NiPC modified with NB and (C,F)n,.

[ ] ® — BNi
= —Nij,P

Upon modifying NiPC with (C,F )n polytetrafluoro-
ethylene, the coefficient of friction is slightly decreased
and the wear rate in the steady state is virtually the same
as that of coatings with NB additive (Table 3). The comp-
lex modification of Ni—P coatings with BN and (C,F,)n
showed the efficiency of their introduction. If, upon that,
the phase composition of NiPC remains the same as
that of a coating modified only with (C,F )n (Fig. 8, a), its
tribological properties are significantly higher than after
the introduction of these additives separately (Table 3).
Particularly, upon adding (C,F )n, the wear rate of NiPC
at the stage of the stationary friction mode decreases
by 1.3 times; upon adding BN, it decreases by 1.6 times,
and it decreases virtually by 2 times upon the combined
introduction of BN and (C,F )n (Table 3).

It should be noted that the performance of P40, PAOKh
and P40KhN powder steels obtained by hot stamping
of porous blanks coated with the Ni-P + BN + (C,F,)n

AN

J\/‘/\\,\ Ni,P
/\/\A’\/\ Nij,Ps 9
(C2F4)n/\ 5

1 1 1 1 1

~

w

30 20,deg 60 50 40 30 20 10
b

Fig. 7. The surface diffraction patterns of Ni—P + (C,F,)n composite coating
a — after sintering (1) and at the running-in stage (2 and 3);
b — in the steady-state friction mode (3—5 — the reflections being typical for the specified phases)

Puc. 7. JlupakTorpaMmbl NOBEPXHOCTH KOMIO3HIIHOHHOTO MOKphITHS coctaBa Ni-P + (C,F )n
a —nocne criekanust (1) u Ha craauu npupaborku (2 u 3);
b — B yCTaHOBHUBILIEMCS peXKUME TPEHUsI (3—5 — pedIeKchl, XapaKTepHble Ul yKa3aHHBIX (a3)

° ® —BNi
= —Ni;,P
+ —BN

|

N

z
o
[

260, deg 60 55 50 45 40 35
a

30 20,deg 60 50 40 30 20 10
b

Fig. 8. The surface diffraction patterns of Ni-P + BN + (C,F, )n coatings
a — after sintering (7) and at the running-in stage (2 and 3);
b — in the steady-state friction mode (3—6 — the reflections being typical for the specified phases)

Puc. 8. luppaxrorpamMmbl nopepxHoctu nokpeithit Ni-P + BN + (C,F,)n
a —nocne criekanust (1) 1 Ha cTaauu npupadorku (2 u 3);
b — B yCTaHOBHBILIEMCS peXKUME TPEHUsI (3—6 — pedIIeKchl, XapakTepHble UIS yKa3aHHBIX (a3)
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composition remained active for some time upon the
appearance of traces of the base metal, while the samples
with Ni—P-coating, which does not contain these addi-
tives, did not exhibit such a phenomenon.

Conclusion

It has been experimentally established that the pro-
cess of formation of modified nickel-phosphorus coatings
is initiated when the solution is heated above 35-40 °C.
Upon temperature increase from 60 to 90 °C, the rate
of coating build-up on the powder samples made of P40,
P40Kh and P40KhN steel increases more intensively
and reaches 14-19 pm/h, depending on the chemical
composition of the coating. The microhardness of coat-
ings of different chemical composition is largely effected
by the mode of the subsequent heat treatment.

It was newly revealed that composite NiPC are rather
brittle and flake off easily after deposition; upon sinter-
ing the powder samples with such coatings in the range
of t=500-700 °C, nickel and steel interdiffusion occurs
at steel—coating interface and a transitional diffusion
layer, contributing to an increase in strength of adhesion
of the coating to the substrate, forms. During friction,
Ni ,P,, Ni,P and NiB highly dispersed phases, improving
the tribological properties, arise. The contents of these
phases in the surface layers of the coating increase when
entering the stationary friction mode.

It has been theoretically and experimentally substanti-
ated that the complex modification of nickel-phosphorus
coatings with BN and (C,F)n allows to reduce the coef-
ficient of friction and the wear rate at the stage of the sta-
tionary mode. When only (C,F)n polytetrafluoroethylene
is added to NiPC, the coefficient of friction and the wear
rate decrease by 1.3 times; upon adding BN, they decrease
by 1.6 times, and upon the combined BN and (C,F )n
modification they decrease virtually by 2 times.
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Nanostructured Materials and Functional Coatings
HaHocTpykTypupoBaHHbie MaTepuanbl U YHKLUOHaNbHbIE MOKPbITUS

UDC 620.18 Research article
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Investigation of the tribological characteristics

of Ta-Zr-Si-B-C-N coatings
A. D. Sytchenko %, R. A. Vakhrushev, Ph. V. Kiryukhantsev-Korneev

National University of Science and Technology “MISIS”
4 bld.1 Leninskiy Prosp., Moscow 119049, Russia

&) alina-sytchenko@yandex.ru

Abstract. Ta-Zr-Si-B-C-N coatings were deposited by magnetron sputtering using a TaSi,~Ta;B,~(Ta, Zr)B, composite target.
Ar, as well as Ar + N, and Ar + C,H, gas mixtures, were used as the working gas. The structure and composition of the coatings
were studied by scanning electron microscopy, glow-discharge optical emission spectroscopy, and X-ray diffraction. A Calowear
tester was used to measure the thickness and abrasion resistance of the coatings. Erosion resistance tests were carried out
using a UZDN-2T (Russia) ultrasonic disperser. Tribological tests in the sliding friction mode were carried out on an HT
Tribometer (CSM Instruments, Switzerland) automated friction machine. The wear zone after tribological testing was examined
using a Veeco Wyko 1100 (Veeco, USA) optical profiler. The results showed that the Ta—Zr—Si—B coating was characterised by
a columnar structure with an A-TaSi, crystallite size of 11 nm. The introduction of nitrogen and carbon into the composition
of the coatings led to the suppression of columnar growth and a ~2—4-fold decrease in the size of 4-TaSi, crystallites. Carbon-
containing coatings demonstrated the best abrasive resistance. The sliding friction tests showed that the Ta—Zr—Si—B coating
is characterised by a stable coefficient of friction of 0.3 at a temperature of 25 °C up to the maximum working temperature of
250 °C. The introduction of nitrogen led to an increase in the coefficient of friction up to 0.8-1.0 at a t = 50+110 °C. The coating
with the minimum carbon concentration showed a stable coefficient of friction of ~0.3 up to a maximum temperature of 250 °C.
The best result was demonstrated by the sample containing the maximum amount of carbon, with its coefficient of friction
remaining at the 0.25 level up to a temperature of 350 °C.

Keywords: magnetron sputtering, coatings, TaSi,, ZrB,, abrasion and erosion resistance, high-temperature tribology
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ONTHYECKOH SMHCCHOHHOH CIIEKTPOCKOIHMH TIEIOIIETO pas3psiia U peHTreHodazoBoro aHamuza. TONIIMHY M CTOHKOCTb
MOKPBITHIT K aOpa3sMBHOMY BO3JCHCTBHIO OLICHHBAIH 10 CXeMe «Iapuk—uingy». VICTbITaHus Ha 3pO3MOHHYI) CTOMKOCTh
MIPOBOIMIIM C UCTIONIb30BaHUEM YIbTpa3BykoBoro auctepraropa Y3JIH-2T (Poccus). TpruOoaorudeckie NCIbITAHNs B PEKIME
TPEHNSA—CKOJNBKECHHUS OCYIIECTBISUIN Ha aBToMarH3upoBaHHOW MammHe TpeHuss HT Tribometer («CSM Instrumentsy,
[IBeiinapus). 30Hy U3HOCA IOCIE TPUOOIOrMYECKUX UCIBITAHUM UCCIEA0BAIM C IOMOLIBIO ONTUYECKOr0 NpoduiioMeTpa
Wyko 1100 («Veecox», CIIIA). Pe3yabTarsl nokasanu, 4to nokpsitue Ta—Zr—Si—B xapakrepusyercs cTon04aToi cTpyKTypoi
¢ pasmepoM KpucTamtos s-TaSi, nopsaka 11 nm. Beenenue azora u yrepoaa B COCTaB MOKPITUI IIPUBEIO K TIOAABJIEHHIO
CTOJIOYATOr0 POCTa M CHIKEHMIO pasMepa KpucTammuTo h-TaSi, B 2-4 pasa. Jlyunryro aGpasuBHYIO M DPO3HOHHYIO
CTOMKOCTH TIOKa3aJIH YIIIEPOACOACPIKALINE MOKPHITHS. cIbITaH!S Ha TPEHHE—CKOIIbKeHUE TIOKa3allH, YTO TTOKpbITHE Ta—Zr—
Si-B xapakrepusyercsi CTaOHIBHBIM KOO dHIrieHToM TpeHus Ha ypoBHe 0,3, HaunHas ¢ 25 °C u 10 MaKCUMaITbHO padbodeit
temneparypsl 250 °C. Beegenue a3ora npuBeio K pocTy koaddunuenra tpenus 1o 3Hauenuii 0,8—1,0 npu ¢ = 50+110 °C.
IMokpbITHE ¢ MUHUMAIBHON KOHLEHTpALMeEH yrepoaa nokas3aino crabmibHbli ko3dduuueHt tpenus ~0,3 1o MaKcUMaIbHON
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Introduction

Tantalum disilicide is one of the promising mate-
rials in the family of high-temperature ceramics due
to its high melting point (2300+100 °C) [1], electrical
resistivity (50-70 pQ-cm) [2], hardness (16 GPa) [3],
strength at temperatures above 1000 °C, and good
oxidation resistance [4]. TaSi, coatings are charac-
terised by high thermal stability up to 500 °C and
oxidation resistance at 800 °C due to the forma-
tion of a Ta,0,-SiO, oxide layer [5]. Due to their
low resistivity (70 pQ-cm) at = 800+900 °C,
TaSi, coatings are often used in the semiconductor
industry [6; 7].

To improve its mechanical and tribological proper-
ties and its oxidation resistance, tantalum silicide is
doped with various elements such as C, N, B, Hf, and
Zr [8-16]. The carbon-doped TaSi, coating demon-
strates good resistance to high-temperature erosion at a
thermal flux of 2.4 MW/m? [9] and oxidation resistance
at t=900 °C for more than 233 h [10]. The authors
explain high oxidation resistance as due to the forma-
tion of a dense Ta,0.-Si0, oxide layer. The introduc-
tion of nitrogen also improves the mechanical proper-
ties and oxidation resistance of TaSi, coatings.

The study [11] found an extreme dependence
of hardness and fracture toughness on the nitro-
gen content: their maximum values H =36 GPa and
K,.=3.95 MPa-m", respectively, were reached at

a concentration of 35 at. % N. The Ta-Si-N coa-
ting is characterised by good oxidation resistance and
thermal stability at =700 °C [12]. In previous stud-
ies, the authors studied the structure and properties
of Ta—Si—N coatings [13]. The results showed that coat-
ings with an optimal nitrogen concentration had
the maximum values of hardness (24 GPa) and elastic
recovery (77 %), and also demonstrated high oxida-
tion resistance at £ = 1200 °C. It is known that intro-
ducing nitrogen in Ta—Si—C coatings increases their tri-
bological characteristics at temperatures up to 800 °C
due to the formation of the ternary oxide TaSiO,
in the contact area [14].

Research on the effect of the introduction of addi-
tives of transition metal borides to the composi-
tion of TaSi,-based coatings has been limited to a few
studies. Doping Ta—Si—C coatings with zirconium
boride [15] increases their adhesive and cohesive
strength. The specimens demonstrate good oxida-
tion resistance at = 1500 °C, which may be related
to the formation of a protective ZrO,~SiO, oxide layer
that prevents oxygen penetration. We have previously
investigated the structure and oxidation resistance
of Ta—Zr—Si—-B—C—N coatings [16] obtained by magne-
tron sputtering in various gaseous media.

The main objective of this work is to study the tri-
botechnical characteristics of Ta—Zr—Si—-B—C-N coa-
tings exposed to abrasion and erosion impacts and
in the sliding friction mode.
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Materials and methods

The coatings were deposited by magnetron sputter-
inginadirect current mode. A sputtered composite target
TaSi,~-Ta,B,~(Ta, Zr)B, (composition, at. %: 70.8 Ta,
18.6 Si,7.4 Zr,2.9 B) of diameter 120 mm and thickness
6 mm was obtained by hot pressing of crushed products
of self-propagating high-temperature synthesis (SHS).
Equipment based on the UVN-2M (YBH-2M) pumping
system (JSC Kvarts, Russia) with a schematic diagram
given in the work [17] was used to deposit the coatings.
VOK-100-1 (BOK-100-1) (JSC Polikor, Russia) alu-
minium oxide plates and disks were used as model sub-
strates for the coatings. Before coating, the substrates
were cleaned for 5 min in isopropyl alcohol using
a UZDN-2T (Y3OH-2T) unit (NPP UkrRosPribor,
Ukraine) with an operating frequency of 22 kHz and
in a vacuum using a gap-type ion source (Ar" ions,
2 keV) for 20 min. Ar (99.9995 %) and its mixtures
with N, (99.999 %) and C,H, (99.95 %) were used as
the working gas. The flow rate was controlled using
a gas injection system (OOO Eltochpribor, Russia).
The values are given in the table.

The coatings were deposited under the following
conditions: the distance between the substrate and
the target was 80 mm, the residual pressure was 10~ Pa,
and the working pressure in the vacuum chamber was
0.1+0.2 Pa. The magnetron power was kept constant
at 1 kW using a Pinnacle+ power supply (Advanced
Energy, USA), with a deposition time of 40 min.

The distribution profiles of the elements and the thick-
ness-averaged composition of the coatings were deter-
mined using the glow-discharge optical emission spec-
troscopy (GDOES) method on a Profiler 2 device (Horiba
Jobin Yvon, France) [18]. The structure of the coatings
was examined by scanning electron microscopy (SEM)
using an S-3400 microscope (Hitachi, Japan). X-ray
diffraction (XRD) was performed on a D2 Phaser dif-
fractometer (Bruker, Germany) using CuK -radiation.
The X-ray photoelectron spectroscopy (XPS) stud-
ies were carried out on a PHI 5000 VersaProbe-II
(ULVAC-PHI, USA) instrument. The excitation source

was monochromatised AlK -radiation (v = 1486.6 €V)
with a power of 50 W and a diameter of 200 um.

The thickness and abrasion resistance of the coat-
ings were measured by a Calowear tester (JSC NII
Tavtoprom, Russia) according to the ball-specimen set
up as described in the methodology [19]. The material
was exposed to an abrasive DiaPro suspension with
a 1pum polycrystalline diamond dispersion fed
into the gap between a rotating ShKh-15 (ILIX-15) steel
ball of diameter 27 mm and the surface of a station-
ary sample. The ball rotation speed was 13 rpm, and
the load was 1.5 N. The volume of the coating material
removed was determined using 2D microscopic images.

Abrasion tests were also used to determine the coat-
ing thickness using the formula

S:bz—aZ’
8R

where b is the wear scar diameter, um; a is the sub-
strate diameter, um; R is the ball radius, pm.

The quantity of the coating material removed was
calculated using the formula

T

= (b -a),
64R

where b and a are the outer and inner diameters

of the crater, respectively, mm.

Erosion tests were carried out using a UZDN-2T
(Y3IH-2T) (NPP UkrRosPribor, Ukraine) ultrasonic
disperser. A sample was placed in a container posi-
tioned in the working area, after 20 ml of water and 5 g
of Si,N, abrasive material were added. The distance
from the waveguide to the substrate surface was 1 mm,
and the frequency was set at 22 kHz. The experiment
lasted 15—60 min. The change in the mass of the coa-
ting samples due to erosive impact was estimated using
a GR202 (AND, Japan) analytical balance with an accu-
racy of 0.01 mg.

The coatings were tested for sliding friction on an
HT Tribometer (CSM Instruments, Switzerland) auto-

Gas flow rate and chemical composition of the coatings

Pacxon raza u xumMmn4yeckuii coCcTaB MOKPBHITHI

Sample | Gas flow rate, cm’/min Composition, at. %
No. Ar N, CH, Ta Zr Si B N C
1 25 - - 40.0 | 7.5 | 28.0 | 245 0 0
2 20 5 - 273 | 7.7 | 223 | 223 | 204 0
3 15 10 - 193 | 54 17.1 | 157 | 425 0
4 20 - 5 28.1 | 10.1 | 25.7 | 23.6 0 12.5
5 15 - 10 22.1 8.0 | 21.1 | 184 0 30.4
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mated friction machine using a 6-mm-diameter Al,O,
ball as a counter body. The load was 1 N. The change
in the coefficient of friction was recorded during heat-
ing from a temperature of 25 °C to 500 °C. The con-
tact zones after tribological tests in the abrasive wear
and sliding friction modes were examined using
a Wyko 1100 (Veeco, USA) optical profiler.

Result and discussion

Composition and microstructure
of coatings

The table above shows the elemental composi-
tion of the coatings. It can be seen that the concentra-
tions of nitrogen and carbon in the coatings increased
with an increase in the N, and C,H, gas flow rates,
respectively.

Fig. I, a shows the X-ray diffraction patterns
of the coatings taken in the 26 = 20+50° range.

Besides the Al,O, substrate peaks (card JCPDS
88-0107), the X-ray diffraction pattern of coating /
showed peaks corresponding to the hexagonal A-TaSi,
phase (JCPDS 89-2941). Note that the differences
in the intensity of the peaks from the Al,O; substrate
may be associated with a change in the composition and
amorphisation of the coatings as a result of the intro-
duction of nitrogen or carbon. The size of the h-TaSi,
crystallites, determined by the Scherrer equation, was

11 nm. The introduction of N, and C,H, into the gase-
ous medium resulted in the formation of coatings with
a highly dispersed or amorphous structure. For nitrogen-
and carbon-containing coatings, the peak maxima posi-
tions in the 20 = 25+45° range were close to the positions
of the most intense peaks of the TaN (JCPDS 89-5198)
and TaC (JCPDS 89-3831) FCC phases.

The crystallite size of the A-TaSi, phase for reac-
tive coatings 2—5 was estimated from minimally over-
lapping lines. For coatings 2 and 3 deposited at an N,
flow rate of 5 and 10 cm®/min, the sizes were 6.0 and
4.5 nm, while for carbon-containing coatings 4 and 3,
they were similar at 3.5 and 3.0 nm, respectively.
The decrease in the size of h-TaSi, crystallites and
the amorphisation of coatings upon transition to reac-
tion media are associated with the formation of new
TaN and TaC phases, which, apparently, interrupt
the growth of 4-TaSi, crystallites.

According to the SEM images, base coating / had
acolumnar structure (see Fig. 1, ). Itis importantto note
that this phenomenon adversely affects the mechanical
properties and oxidation resistance of coatings [20; 21].
All reactive coatings showed an identical structure.
The introduction of N, and C,H, into the gas medium
led to the suppression of columnar growth and the for-
mation of highly dispersed crystallites.

The Calowear tester measurements showed coa-
tings / and 2 as having a similar thickness of 7.2 and

® - AlLO,
m —TaSi,
A —TaN/TaC
[ = e =m °
A A
5
£
<
£ | s
<]
3
R
I 4
. lml :
2
1
1 1 1 1 1
20 25 30 35 40 45 50
20, deg

a

b

Fig. 1. X-ray diffraction patterns of the coatings -5 (a) and cross-section SEM images of the coatings I, 2 and 4 (b)

Puc. 1. Pertrenorpammbl nokpbituii 1-5 (a) 1 COM-u300paxeHus momnepedHoro uznoma nokpeituid 1, 2 u 4 (b)
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Thickness, um
2N WA N DO
T

Sample number

Fig. 2. Comparison of the thicknesses of coatings -5 obtained
by the Calowear tester ([l) and from the cross-section
SEM images of the coatings ()

Puc. 2. CpaBHeHHe 3HAYCHUI TOIIUHBI TOKPBITUH 15,
MOJTYYEHHBIX MeToAaMu «mapuk—iutudy» ()
u o COM-u300pakenusm norepednbix uziomos ()

7.0 um, respectively (Fig.2). An increase in nitro-
gen concentration led to its growth by 25 %. In [11],
a similar result was obtained related to an increase
in the thickness of coatings with an increase in the N,
gas flow rate. Increasing the C,H, flow rate to 5 and
10 cm?/min led to a decrease in thickness by 18 and
10 %, respectively. The Calowear tester measurements
were compared with the thickness values determined
from the fracture cross-section SEM images of the coat-
ings (Fig. 2). The results obtained were similar. This
method can therefore be used for the rapid assessment
of coating thicknesses.

Erosion resistance

The trial tests allowed determining the optimal
mode in which the wear of the coatings (abrasive mate-
rial — Si;N,, its mass — 5 g, liquid volume — 20 ml) was
observed. The graph in Fig. 3 shows the dependence
of the change in mass on the time of exposure to abra-
sive particles.

Coating / obtained in the Ar medium was observed
to have the minimum mass loss Am = —0.2 mg through-
out the experiment. For coating 2, the value of Am
increased to 0.2 mg over a 0—30 min interval, which is
probably due to the adhesion of wear products and abra-
sive particles on the sample surface. The subsequent
decrease in mass by 3.8 mg over a 30—-60 min interval is
due to coating wear (Fig. 3, b). Coating 3 had the value
Am =-0.3 mg over a 60 min interval, which corre-
sponds to the data obtained for the non-reactive coat-
ing. Unstable behaviour was observed for the carbon-
containing sample 4: the Am value increased by 1.0 mg
over a 0—15 min interval, after which at 15-30 min
of exposure it dropped to the initial values. Over
a 30—60 min interval, Am = 0.8 mg. Coating 5 with
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the maximum carbon concentration had Am = 1.5 mg
over a 0—15 min interval, after which the sample mass
gradually decreased and by the 60" minute of the test
approached the initial value (Am = —0.1 mg).

Visual inspection of the samples revealed no signs
of wear on the coating surface / (Fig. 3, b). The coa-
tings obtained in nitrogen had a clear circular wear
boundary with noticeable areas of the substrate, whereas
the samples obtained in ethylene had less pronounced
wear marks and no areas corresponding to the substrate.

The samples obtained in Ar and Ar+ C,H, media
therefore showed the best erosion resistance. The high
erosion resistance of carbon-containing coatings can
be explained by the increased hardness of the TaC carbide
phase compared to the TaN and TaSi, phases [22; 23].

Abrasion resistance

The results of the abrasive tests showed
that scratches from the impact of abrasive particles
were observed on the surfaces of all samples. Fig. 4
shows the depths (H) and thickness (%) of wear craters
under abrasive action for coatings /-5.

b

Fig. 3. Dependence of the change in mass on the time
of exposure to abrasive particles (a) and photographs

of samples after 60 min of exposure (b)
1-5 — numbers of coating samples

Puc. 3. Tpadhuk 3aBUCHMOCTH H3MECHEHHS MaCChI
OT BPEMCHH BO3/ICHCTBHUS aOpa3suBHBIX YaCTHII (&)
u potorpadun odpasuos mocne 60 MuH BozaencTBus (b)
1-5 — HOMepa 00pa3IOB MOKPHITHI
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Fig. 5 shows the dependence of the volume of material
removed (¥) on the abrasive exposure time (1- and 3-min)
for the studied samples. Coatings /, 3—5 showed similar
values of H=4+5um and V= 5+6-10"* mm?, respec-
tively, differing within the error margin. The nitrogen-
containing coating 2 has maximum values of /=35 pm
and V'=11-10*mm?3. With an increase in the expo-
sure time to 3 min, coatings /—3 had crater depths
in the range of 6—7 pm, and the volume of the removed
material was 24-10~* mm?®. Note that the crater depths
did not exceed the thickness of the samples /-3. After
a 3-minute exposure, coating 4 had an H value of 7 um
at a thickness of 6 um, which is indicative of wear. In
this case, the sample was characterised by a lower value
of V=1810*mm? compared to coatings /-3, which
may be due to the influence of the solid Al,O, substrate.
Coating 5 with the lowest carbon concentration showed
the minimum results (H = 5.5 pm and V' = 15-10~% mm?).

Summing up the data obtained, it can be concluded
that the coating deposited at the maximum concentra-
tion of ethylene has better abrasive resistance, which
may be due to the positive role of carbon in the fric-
tion process [24].

8
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§ 3
= 2
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1 2 3 4 5

Sample number

Fig. 4. Depth (@) and thickness (0) of wear craters
under abrasive action over 1- and 3-min intervals for coatings -5

Puc. 4. Tnybuna xparepoB u3Hoca (a) u TonmuHa (0)
pu abpa3uBHOM BO3ACHCTBHM B TeueHue | u 3 MUH
IUTS TIOKpBITH# -5

3

4

Extent of sample wear, 10 - mm

Time, min

Fig. 5. Extent of sample wear during abrasive exposure
over 1- and 3-min intervals for coatings 1-5

Puc. 5. O6bem n3Hoca obpasia npu abpasuBHOM BO3ACHCTBUN
B TeyeHue | u 3 MUH A7 MOKpBITHIA I-5

Tribological tests
in the sliding friction mode

Fig. 6 shows the results of tribological testing
of coatings in the sliding friction mode during heating
from a temperature of 25 °C to 500 °C.

Coating 1 showed a stable coefficient of fric-
tion of p ~0.3 up to =225 °C. Above this tempera-
ture, the value of p increased to >0.8, which is indica-
tive of coating wear. Sample 2 had an unstable coef-
ficient of friction over the entire temperature range.
Over the 25-110 °C range, there was a rapid increase
ofthe p value from 0.2 to 0.82, which may be associated
with the formation of friction wear products. A further
decrease in p to 0.3 is due to the removal of wear pro-
ducts from the tribocontact zone. After a stable interval
from 150 to 210 °C, the value of p gradually increased
until it exceeded the 0.8 value at # = 400 °C.

Coating 3 with the maximum nitrogen content
showed a sharp increase in p to ~1 at t=25+50 °C.
The effect of an increase in the coefficient of fric-
tion to values close to 1 may be associated with the exit
to the substrate and the friction of the counter body
material (Al,O,) over the Al,O; substrate, accompa-
nied by adhesive interaction. A similar process was
described in detail in [25] in the example of the emer-
gence of a steel-to-steel tribocontact. Sample 4 with
the minimum carbon content showed a stable value
of n ~0.3 up to a temperature of 250 °C. In the range
t=250+350°C, an increase in p to 0.9-1.0 was
observed. Coating 5 with the maximum carbon concen-
tration demonstrated the best result, with its coefficient
of friction having a stable value of 0.25 up to a tem-
perature of 350 °C. According to the literature data,
the Ta—Si—C—N coating is characterised by a high coef-
ficient of friction of 0.6 at z =300+400 °C [26]. Note

6/
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Fig. 6. Dependence of the coefficient of friction on temperature
The inset shows the Cls spectrum for coating 5 obtained by X-ray photoelectron spectroscopy

Puc. 6. 3aBucuMocTb KO3QHUIIMCHTA TPEHUS OT TEMIIEPaTyphl
Ha BcraBke npeacrasien cnekrp Cls aist HOKPBITUS 5, MOTy4EHHBIH METOJIOM PEHTICHOBCKON (POTOAIEKTPOHHON CIIEKTPOCKOTIUH

that the value of p = 0.25 for sample 3 is half the value
obtained earlier for the Ta—Si—C—N coating.

Thus, the coating obtained at a 10 cm3/min flow rate
of C,H, has the minimum coefficient of friction u = 0.25
and the maximum operating temperature of 350 °C.
To determine the reason for the decrease in the coefficient
of friction with increasing carbon concentration, coating 5
was studied by X-ray photoelectron spectroscopy (see
Fig. 6). In the Cls spectrum, peaks were observed at a
binding energy of 282.9 and 284.4 eV, indicating the pres-
ence of Ta—C and C—C bonds, respectively [27;28].
The reduced coefficient of friction may be associated
with the positive role of free carbon, which in some cases
can be released during supersaturation of the crystalline
carbide phase and acts as a solid lubricant during fric-
tion [29]. The influence of the MeC carbide phase with a
lower coefficient of friction compared to the MeN nitride
phase also cannot be ruled out [30].

Conclusion

In this work, Ta—Zr—Si—-B—C-N system coatings
were obtained by magnetron sputtering method using a
TaSi,-Ta,B,~(Ta, Zr)B, target. Ar, as well as Ar + N,
and Ar + C,H, mixtures, were used as the working
gas. The nonreactive Ta—Zr—Si—B coating was charac-
terised by a columnar structure with a crystallite size
of the 4-TaSi, hexagonal phase of about 11 nm. When
N, and C,H, were introduced into the working medium,
a change in the columnar structure to an equiaxed
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one with an A-TaSi, grain size of about 3—6 nm was
observed. The thickness of the coatings was between
6.0 and 8.1 pm.

Abrasive tests showed that, when exposed for
1-3 min, the sample obtained at the maximum con-
centration of ethylene has the best abrasive resistance.
This effect is associated with the positive role of car-
bon, which functions as a solid lubricant during friction.

Erosion tests showed that the base sample has
the minimum mass change of —0.2 mg. The introduc-
tion of nitrogen did not affect the erosion resistance, and
the weight loss values for samples 2 and 3 were —0.2
and —0.3 mg, respectively. The introduction of C,H,
into the working medium promoted the growth of Am
to 1.1-1.5 mg. No wear was observed on the surface
of carbon-containing samples, which indicates their
better erosion resistance.

The sliding friction tests showed that coating / has a
stable coefficient of friction = 0.3 up to the maximum
working temperature of 225 °C. The introduction of nitro-
gen led to an increase in the p values of the coatings up
to 0.8—1.0 and a decrease of the maximum operating tem-
perature to 50—110 °C. The coating with the minimum
carbon concentration was characterised by a coefficient
of friction of ~0.3 up to 250 °C, which is close to the val-
ues for the non-reactive coating. Sample 5 containing
the maximum content of carbon showed the best result,
with its coefficient of friction remaining at the 0.25 level
up to a temperature of 350 °C.
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Abstract. The aerospace industry is currently undergoing a major trend of transitioning to composites. This study exanines the
utilization of the magnetic field of rotating dipoles to produce high-strength iron powder-containing composites. The physical
and mechanical properties of the modified epoxy composites were investigated through the use of SEM to analyze their
microstructure and elemental composition, and a component distribution map was developed for the samples. Results indicate
that the application of the magnetic field of rotating dipoles enhances the compression strength by 16.6 % relative to samples
that were not exposed to it. Additionally, the magnetic field eliminates gas porosity and cavities formed during stirring. Tests
conducted on composites with a higher content of Al particle showed that the magnetic field of rotating dipoles contributes to
the release of excess aluminum as a surface layer. The use of the magnetic field of rotating dipoles is a promising technology for
producing enhanced composites with superior physical and mechanical properties, which could potentially be used as structural
material in aerospace industry or as adsorbing materials in microelectronics.
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UccneposaHue BAMAHUA MarHUTHbIX BO3JeMUCTBUMN
Ha MPOYHOCTHbIE XapaKTEPUCTUKU MOANPULMPOBaHHbBIX
3MNOKCUAHDbIX KOMMO3ULMUOHHbIX MaTepUanoB
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AHHOTayma. 3aMeHa TPaAWIMOHHBIX MaTEpUaJOB KOMIIO3MLIHOHHBIMH TMPEACTABISIET COOOH Ba)KHBIH BEKTOP Pa3BUTHS
aBHALMOHHOW U a’pPOKOCMUYECKOH oTpaciell NpoMbIIUICHHOCTH. B paboTe paccMOTpEHBI BOIPOCH NPUMEHEHMS
MarHUTHOTO MOJIsI BPAIAOIIUXCS JAUNONEH C IIEJIbI0 MOJyYeHHs: KOMIIO3UIIMOHHBIX MaTepruaoB Ha OCHOBE IMOPOIIKOBOTO
JKeJIe3a ¢ BBICOKHMMU IIPOUYHOCTHBIMU U CTPYKTYpPHBIMU XapakTepucTukamu. MccienoBansl (pU3MKO-MEXaHUUECKUE CBOICTBA
MOANGHUIUPOBAHHBIX SMOKCHIHBIX KOMIO3UIIMOHHBIX MarepHanoB. C IOMOIIBIO CPEICTB ANIEKTPOHHOW MHKPOCKOIHH
UCCJIEA0BaHbl MUKPOCTPYKTYpPa, BIEMEHTHBIM COCTaB U IOJIydYeHa KapTa pPaclpeieieHHs KOMIIOHEHTOB B IOJIydaeMbIX
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CocHuH M.A., LLlopcmkuli N.A. UccnefioBaHne BAUAHWA MarHUTHbIX BO3AEMACTBUI Ha NMPOYHOCTHBIE XapPaKTEPUCTUKY ...

o0pa3uax. DKCIEepUMEHTAIbHBIM IyTEM BBISBICHO, YTO TPU HAJIOKCHWH MArHUTHOTO TMOJISi BPAILIAFOIIUXCS JUTONCH
MIPOYHOCTH IIPU CKaTHX KOMIIO3UTOB yBeslnunBaercs Ha 16,6 % oTHocHuTebHO 00pa31ioB, MOIyYeHHbIX 03 IPUMEHEHHS 3TON
TEXHOJIOTMHU. DTO BBI3BAHO TEM, UTO JIAHHBII METO]] MO3BOJISIET YAAISATh BO3HUKAIOIIYIO B ITPOIECCE MEXAaHOCHHTE3a ra30BYIO
MOPUCTOCTh M PAKOBHHBI BO BHYTpPEHHEW CTpykType Mmarepuana. Cepusi 3KCIEPUMEHTOB C J100aBJIIEHHEM YBEIMYEHHOTO
MacCOBOTO COOTHOILICHHs Al-uacTuIl mokaszalia, YT0 MarHUTHOE TOJIe BPAIIAIOIIMXCS JUTIONEH CIIOCOOCTBYET BBITECHEHHUIO
W3JIMIIKOB AJIOMUHMS B BHJIE TIOBEPXHOCTHOTO ci10sl. TakuM oOpa3oM, MOXKHO 3aKIIIOYUTbh, YTO NMPUMEHEHHE MarHUTHOTO
T10J1s BPAIIAIOLIMXCS TUTIONICH SBJISETCS IEPCIICKTUBHBIM HAIPABICHUEM B 00JIACTH CO3/1aHUS KOMITO3UIIMOHHBIX MAaTePHaIOB
C YIyYIICHHBIMH (DU3HKO-MEXaHWYECKUMH XapaKTepHCTHKaMH. [loidydaeMble SIOKCHAHBIE KOMIIO3HTBI MOTYT OBITh
WCTIOJIb30BAaHbI B KAYE€CTBE KOHCTPYKIIMOHHBIX MaTE€pUaJIOB B aBHAIIMOHHON M KOCMHUYECKOH OTpAaCIIsX, a TAKKE B Ka4eCTBE
MarepuaioB aicopOepoB B paJHOTEXHUYECKOM anmaparype 1 MUKpPOJIEKTPOHUKE.

KnioueBbie cioBa: STIOKCHIHEIN KOMITO3UIMOHHEIN MaTepHall, MArHUTHOE IoJie Bparnaromuxcs gumnoneii (MIIB/]), mpogHocTs Ha

c)KaTue, HaIlOJIHUTEIIb, TOPOILIKOBOE JKeJIe30, MUKPOCTPYKTYpa

BbnarogapHocTy: Pabota BeinonHeHa npu pruHAHCOBOH nopaepkke Kybanckoro HaydHOro (hOHIa B paMKax KOHKypca HAyYHO-HH-
HOBALMOHHBIX IPOEKTOB, OPUEHTUPOBAHHBIX Ha koMMepuuanu3anuio Ne HUIT-20.1/23.
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TEPUCTUKH MOIU(DUIIMPOBAHHBIX AITOKCUIHBIX KOMITO3HIMOHHBIX MaTepHaNoB. M3gecmus 8y306. [lopowkosas memaniypeus
u ghyHrkyuonanvHvie nokpuimusi. 2023;17(2):71-77. https://doi.org/10.17073/1997-308X-2023-2-71-77

Introduction

The demand for composite materials filled with
powders has been increasing steadily every year, as
evidenced global statistics on the polymer market. For
example, in 2020, the volum of the global polymer
composite market was approximately 13 mln tons [1].

In Russia, the Technet roadmap has been imple-
mented to facilitate the development of advanced
manufacturing technologies and composites [2].
The roadmap has identified controlled microstructure
composites as one of the key future technologies to be
explored.

Thermoplastic polymers and epoxy resins are fre-
quently used as matrices in the production of filler
powder-based composites [3]. The composites incor-
porating thermoplastic polymers are known for
their broad mechanical properties and wide-ranging
applications [4; 5]. However, it is essential to note
that the physical and mechanical characteristics of these
composites are not always consistent and may vary.

The incorporation of reinforcing fillers in such
composites has been found to enhance the adhesive
bond [6; 7] and strength [8]. The dispersion structure
of these composites significantly contributes to their
strength, primarily through the formation of struc-
tured layers [9], filler cluster-aggregation [10], and
crystallization [11].

Starokadomsky D. et al. [12] demonstrated
the potential for enhancing the strength and durability
of epoxy composites by incorporating silicon carbide
and titanium nitride fillers. The introduction of these
fillers resulted in a significant increase in microhard-
ness (150-200 %) and compressive strength (by 9 %).
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Recently, electrophysical methods have been
employed to enhance the physical and mechanical
characteristics of composites. These methods involve
exposing composites to a strong static magnetic
field [13; 14], magnetic pulses [15], and the magnetic
field of rotating dipoles (MFRD) [16]. MFRD is an effi-
cient technique for regulating the packing structure
of powders in composites without requiring significant
energy input.

The aim of this study is to investigate the impact
of the magnetic field of rotating dipoles on the strength
and other structural characteristics of composites con-
taining iron and aluminum powder.

Research methods

Materials

In our study, we examined two types of particles,
namely iron microparticles PZHV1.160.26 (GOST
9849-86) and aluminum powder PAP-2 (GOST 5494-95).
The matrix used was composed of a mixture of ED-20
dian resin (GOST 10587-84) and polyethylene poly-
amine (PEPA) in a 5:1 ratio.

Composite manufacturing

Figure 1 illustrates the patented process used
to create the modified epoxy composite samples in our
study. The experiment involved two types of fillers:
powdered iron, and a mixture of powdered iron and
Al-particles in a 7:3 weight ratio. The ED-20 resin-
based composite was mixed with the powder filler,
which contained 70 wt. %. PZHV1.160.26 iron micro-
particles and 30 wt. %. PAP-2 aluminum powder,
in a polymer cylinder with a 20 mm ID. The hardener,


https://powder.misis.ru/index.php/jour/search/?subject=эпоксидный композиционный материал
https://powder.misis.ru/index.php/jour/search/?subject=магнитное поле вращающихся диполей (МПВД)
https://powder.misis.ru/index.php/jour/search/?subject=прочность на сжатие
https://powder.misis.ru/index.php/jour/search/?subject=прочность на сжатие
https://powder.misis.ru/index.php/jour/search/?subject=наполнитель
https://powder.misis.ru/index.php/jour/search/?subject=порошковое железо
https://powder.misis.ru/index.php/jour/search/?subject=микроструктура
https://doi.org/10.17073/1997-308X-2023-2-71-77
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PEPA, was then added to the mixture in a quantity equal
to 1/5 of the weight of the resin. The resulting com-
positions were heat treated at a temperature of 90 °C
for 1-2 min to eliminate gas porosity, and then poured
into molds. Finally, the samples were removed from
the molds for analysis.

We fabricated four composite samples with iden-
tical dimensions of 20 mm in diameter and 20 mm
in length. Among these samples, two were composed
of Fe—Al (FAM) and Fe (FM) microparticles and were
exposed to the magnetic field generated by rotating
dipoles (Figure 2). The induction level of the magnetic
field was set to 0.5-0.7 Tesla [17; 18]. The remaining
two samples served as refrence samples and were not
exposed to the magnetic field.

Strength measurements

We used an IP-100M automatic hydraulic press
to apply static loads to the composite samples for both
compression and bending tests.

The loading rate was set to 1 mm/min. We then
plotted an experimental load-compressive strain curve
to estimated the compressive failure stress and relative
strain of the samples. To obtain precise measurements,
we recorded the compression process at a high frame
rate.

The compressive failure stress (o, MPa) was deter-
mined as

o=F/A,

Composite

Fe-Al Fe Fe-Al Fe

' ' ' '

Epoxy resin + hardener

' '

Magnetic field
of rotating dipoles

FAM FM FA F

Fig. 1. Composite exposure to the magnetic field
of rotating dipoles
FAM - Fe—Al (MFRD); FM - Fe (MFRD);
FA — Fe-Al (no MFRD); F — Fe (no MFRD)

Puc. 1. Briok-cxema nony4eHus MOAH()UIIHPOBAHHBIX
SMOKCHAHBIX KOMIO3HI[MOHHBIX MAaTEePHAIIOB
FAM - Fe-Al (MIIBJl); FM — Fe (MIIB]L);

FA — Fe—Al (6e3 MIIBJ]); F — Fe (6e3 MIIB/I)

where F is the max compressive strength, N; 4 is
the cross-section area of the sample, mm?.

The relative compressive strain at failure was esti-
mated as

SZA—h-IOO %,

hy

where Ah is the relative strain, mm; h, is the initial
sample height, mm.

During the test, we closely monitored the samples
being tested. After the tests, each sample was photo-
graphed for damage analysis.

To examine the microstructure, elemental com-
position, and component distribution in the compo-
site samples, we employed an EVO HD 15 scanning
electron microscope (Carl Zeiss, UK/Germany) in low
vacuum (EP, 70 Pa), 20-25 kV.

Results and discussion

Strength properties

We generated experimental load-strain curves for
the compocite samples (Figure 3). As the powder-
filled composite samples were compressed, the majo-
rity of the load was applied to the matrix, which was
followed by a sharply decrease in load after matrix
destruction. The load-strain curves for the cylindrical
samples (Fig. 3) indicate that the volume deforma-
tion of composites causes softening, which is more sig-
nificant for the samples made without MFRD.

The experimental compressive failure stress values
are summarized in the table. The composite sample with
the Fe—Al filler exposed to MFRD exhibited the highest
compressive failure stress value of 57.5 MPa, indica-
ting its superior strength compared to the othe compo-
site samples.

Particles

Magnet

Fig. 2. Modified epoxy resin composite
manufacturing process

Puc. 2. Cxema BO3AEHCTBHS MATHUTHOTO TIOJISI
BpAIAIOIIIXCS AUTIONCH Ha MaTepHal
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25

20 |

Load, kN

10 -

0 0.02 0.04 006 008 010 012 0.14 0.16

Strain, mm

Fig. 3. Strain curves for the composites
FAM - Fe-Al (MFRD); FM — Fe (MFRD);
FA — Fe—Al (no MFRD); F — Fe (no MFRD)

Puc. 3. Kpusbie 1ehopMHUPOBaHUS KOMITO3HITHOHHBIX
MaT€puajioB, NMOJIYYEHHBIX 11O Pa3HbIM TEXHOJIOTUAM
FAM - Fe-Al (MIIBJI); FM — Fe (MITBJL);

FA — Fe—Al (6e3 MIIBJI); F — Fe (6e3 MITBJT)

A comparison was made between the mechanical
properties of composites that were exposed and not
exposed to MFRD. The results showed that the samples
exposed to MFRD were able to withstand a greater load
due to a denser and structured distribution of particles
in the epoxy matrix [19].

The composite strength of the the Fe—Al filler
exposed to MFRD was found to be 30 % higher
(57.5 MPa) compared to that of the sample containing
only epoxy resin (44 MPa). Additionally, the hard-
ness of the samples was increased by 16.6 % due
to the effect of MFRD.

Several researchers have noted the reinforcing effect
of incorporating a dispersed system into a polymer
matrix [20]. For example, the addition of micro sili-
con has ben shown to improve strength by 10-15 % [21].
The inclusion of silicon nanoparticles has been found
to increase the compressive strength of epoxy composi-
tes by 30 % [22].

Visual inspection of the samples after compres-
sion revealed brittle fracture in both cases (Figure 4).

FAM

FA F

Fig. 4. Samples after the compression test
FAM - Fe-Al (MFRD); FM — Fe (MFRD);
FA — Fe—Al (no MFRD); F — Fe (no MFRD)

Puc. 4. Dororpadun 06pa3ioB Mocie UCIIBITAHUS Ha CKATHE
FAM — Fe-Al (MIIBJI); FM — Fe (MITBJI);
FA — Fe—Al (6e3 MIIBJI); F — Fe (6e3 MITB/I)

However, the samples exposed to MFRD showed
cracks along the sloped planes, whereas the samples
not exposed to MFRD had cracks along the straight
planes. This difference is likely due to the packing
of particles in the polymer matrix, which is supported
by the difference in the composite densities (see table).

Microscopic examination
and component distribution maps
in the composite samples

Figure 5 displays cross-sections of the composites
exposed and not exposed to MFRD. The notable diffe-
rence is the presence of air cavities in the sample made
without MFRD.

Compressive mechanical properties of the composites

Mexannuyeckue CBOMCTBA IPH C)KATHHU KOMIIO3UIIMOHHBIX MaTE€PHAJIOB PA3JIMYHOI0 THIIA

Composite p, glem? F ... kKN | o, MPa €, %

FAM (Fe—-Al + MFRD) 2.79 18.06 57.5 0.650
FM (Fe + MFRD) 2.86 16.39 52.2 0.635
FA (Fe—Al no MFRD) 2.72 15.48 49.3 0.650
F (Fe no MFRD) 2.64 15.26 48.6 0.675
Epoxy resin 1.20 13.80 44.0 0.800
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a

Fig. 5. Surface structure of the FAM (a)
and FA (b) composites

Puc. 5. CtpykTypa MOBEpXHOCTH KOMIO3HL[MOHHBIX MAaTCPHAIIOB
FAM (a) u FA (b)

To assess the homogeneity of the particle distribu-
tion in the composite, component distribution maps
for the FA and FAM samples was produced (Figure 6).
The results demonstrate that the magnetic field of rota-
ting dipoles produces a more uniform distribution
without particle agglomeration.

Conclusion

We tested the compressive strength of cylindrical
samples made of epoxy composites containing Fe—Al
and Fe particles. [t was discovered that the Al-containing
sample exposed to MFRD exhibited the highest
strength being 14 % greater than that of the sample not
exposed to MFRD. The elimination of gas porosity and
cavities during the stirring by magnetic degassing is
the reason for this phenomenon.

Such composites can be used as structural material
in aerospace, or as adsorbing materials in microelectronics.

References / Cnucok nutepatypbl

Doriomedov M.S. Russian and world market of polymer
composites (review). Trudy VIAM. 2020;6-7(89):29-37.
(In Russ.).
https://doi.org/10.18577/2307-6046-2020-0-67-29-37

HopuomenoB M.C. Poccuiickuii ¥ MHPOBOH PBIHOK
MOJMMEPHBIX KOMIIO3UTOB (0030p). Tpyow: BHAM.
2020;6-7(89):29-37.
https://doi.org/10.18577/2307-6046-2020-0-67-29-37
National technology initiative (NTI). URL: http://fea.
ru/compound/national-technology-initiative ~ (accessed:
01.04.2022 r.). (In Russ.).

Hanmonanenast texnomormyeckass mauimarna (HTU).
URL: http://fea.ru/compound/national-technology-initiative
(nara obpamenus: 01.04.2022 r.).

Alentyev A.Yu., Yablokova M.Yu. Binders for polymer
composite materials. Moscow: Lomonosov MGU, 2010.
69 p. (In Russ.).

Anenthe A.1O., SlomokoBa M.IO. Cesi3yroriue yis 1o-
JIMMEPHBIX KOMITO3UIIMOHHBIX Marepuano. M.: MI'Y
uM. M.B. Jlomonocosa, 2010. 69 c.

Timofeenko AA., Timoshenko V.V. Influence of mixtures
of thermoplastic polymer waste on the physical and me-
chanical characteristics of polymer-mineral compositions.
In: Materials of the V Republican scientific and technical
conference of young scientists “New functional materials,
modern technologies and research methods” (Gomel’,
12-14.11.2018). Gomel’: Institut mekhaniki metallopo-
limernykh sistem imeni V.A. Belogo, NAn Belarusi. 2018.
P. 30-31. (In Russ.).

Tumodeenko A.A., Tumomenko B.B. BiusHue cmeceit
TEPMOIUIACTHYHBIX TTONMUMEPHBIX OTXOJOB Ha (PH3UKO-
MeXaHN4eCKHe XapaKTePUCTHKU MOIHMeP-MUHEPAIbHBIX
xomnozuuuit. B ¢0.: Mamepuanvt V' Pecnybnuxanckot
HAYYHO-MEXHUYECKOU KOHMepeHyul MON00bIX YUeHbIX

Fig. 6. Fe, Al, and C distribution maps for the FAM (@) and FA (b) samples composites

Puc. 6. Kaprel pactipenenenus Fe, Al u C B komnosnimonusix Marepuanax FAM (a) u FA (6)

75


https://doi.org/10.18577/2307-6046-2020-0-67-29-37
https://doi.org/10.18577/2307-6046-2020-0-67-29-37
http://fea.ru/compound/national-technology-initiative
http://fea.ru/compound/national-technology-initiative
http://fea.ru/compound/national-technology-initiative

DM v on

W3BECTUA BY30B

U3BECTUA BY30B. TOPOLIKOBAA META/IIYPTUA U ®YHKLMUOHANBHLIE MOKPbITUA. 2023;17(2):71-77
CocHuH M.A., LLlopcmkuli N.A. UccnefioBaHne BAUAHWA MarHUTHbIX BO3AEMACTBUI Ha NMPOYHOCTHBIE XapPaKTEPUCTUKY ...

10.

11.

76

«Hosvle @ynkyuonanvnvie mamepuanvl, cospemeHHbvle
mexHono2uu u Memoowl ucciedosanusy (r. Tomens, 12—14
Hos10ps 2018 ). ['omenb: MHCTUTYT MEXaHUKU METaJlIO-
nonuMepHbIX cucteMm uM. B.A. benoro, HAH benapycu,
2018. C. 30-31.

Kondratyev D.N.. Zhuravskiy V.G. The use of nanostruc-
tured materials to increase the reliability of REA. Nanoin-
dustriya. 2008;4:14—18. (In Russ.).

Kongparses /I.H., XKypasckuii B.I. Wcnonb3oBanue Ha-
HOCTPYKTYPHBIX MaTE€pHaIOB JJIs TIOBBIIIECHUS HAJEXK-
Hoctu POA. Hanoundycmpus. 2008;4:14—18.

Panin S.V., Kornienko L.A., Alexenko V.O., Nguyen Duc
Anh, Ivanova L.R. Influence of nanofibers/nanotubes
on physical-mechanical and tribotechnical properties
of polymer composites based on thermoplastic UHM-
WPE and PEEK matrixes. [lzvestiya vysshih uchebnyh
zavedenij. Seriya: Khimiya i khimicheskaya tekhnologiya.
2017;60(9):45-51. (In Russ.).
https://doi.org/10.6060/tcct.2017609.7y

[Manun C.B., Kopuuenxko JILA., Anekcenko B.O., Hryen
Jbix Anb, Banosa JI.P. Baustaue yriepoaHbsix HAHOBOJIO-
KOH/HaHOTPYOOK Ha (opMHpOBaHUE (HUIUKO-MEXaHHIEC-
KAX U TPUOOTEXHUYECKUX XapPaKTEPUCTHK MOJTUMEPHBIX
KOMITO3UTOB Ha OCHOBE TEPMOTUIACTHIHBIX MaTpul CBM-
19 u TI20K. MUszeecmus evicuiux yueOHbIX 3a6e0eHUll.
Cepus: Xumus u xumuveckas mexwonocus. 2017;60(9):
45-51. https://doi.org/10.6060/tcct.2017609.7y

Ozolin A.V., Sokolov E.G., Golius D.A. Obtaining
of tungsten nanopowders by high energy ball milling. JOP
Conference Series: Materials Science and Engineering.
2020;862(2):022057.
https://doi.org/10.1088/1757-899X/862/2/022057

Nelyub V.A. Quantitative assessment of the adhesive in-
teraction of carbon fiber and epoxy binder. Izvestiya vuzov.
Aviacionnaya tekhnika. 2016;2:97-100. (In Russ.).

Hemo6 B.A. KomuuecTBeHHas OIICHKa aJre3HOHHOTO
B3aMMOJICUCTBHSI YIJIEPOIHOTO BOJOKHA W 3MOKCHIHOTO
CBA3yIOLIETO. M36ecmusi 6y308. Asuayuonuas mexHuxd.
2016;(2):97-100.

Lipatov Yu.S. Physico-chemistry of filled polymers. Kyiv:
Naukova Dumka, 1991. 256 p. (In Russ.).

JlunatoB 1O.C. ®u3nko-XuMUsI HAIOJHEHHBIX IOJHMe-
pos. Kues: Hayk. [lymka, 1991. 256 c.

Starokadomsky D.L. Some features of swelling of photo-
polymer composites with different content of highly
dispersed silica. Plasticheskie massy. 2008;(2):33-36.
(In Russ.).

Crapokanomckuit /1.JI. Hekoropsle ocoOeHHOCTH HaOyxa-
HUs (bOTOl'IOJ'Il/IMeprIX KOMITIO3UTOB C pa3JIMYHBIM COACP-
JKaHHEM BBICOKOJMCIIEPCHOTO KpeMHe3éMa. [liacmuuec-
xue maccol. 2008;2:33-36.

Emelina O.Yu. Composite polymer materials modified
with dispersed fillers used in construction and repair
of machinery. Vestnik Kazanskogo tehnologicheskogo uni-
versiteta. 2014;17(3):128-130. (In Russ.).

Emenuna O.1O. KoMmno3uiimonHele monuMepHbie MaTepua-
JIbI, MO (DUITMPOBAHHBIE TUCTICPCHBIMHU HATIOTHUTEIISIMH,
MIPUMEHSIEMbIEC B CTPOUTENILCTBE U IIPH PEMOHTE TEXHUKH.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Becmnux Kasancko2o mexnono2uuecko2o ynusepcumemnda.
2014;17(3):128-130.

Starokadomsky D., Golovan S., Sigareva N., Tkachen-
ko O., Moshkovska N., Kokhtych L., Garashchenko I.
Possibilities of enhancement of the strength and durabi-
lity of epoxy composites by silicon carbide and titanium
nitride filling. Science Rise. 2019;4:55-59. (In Russ.).
https://doi.org/10.15587/2313-8416.2019.164289

Crapokanomckuii J1.JI., TonoBans C.B., Curapésa H.B.,
Txagenko A.A., Momxosckas H.M., Koxtua JI.M., 'apa-
menko M.J. Bo3MOXHOCTH ycuileHHs IIPOYHOCTH U CTOM-
KOCTH 3IOKCH-KOMITO3UTOB IyTEM HAIMOIHCHHUs KapOuaoM
KpeMHHS U HUTPUAOM TUTaHa. Science Rise. 2019;4:55-59.
https://doi.org/10.15587/2313-8416.2019.164289
Milyutin V.A., Gervasyeva [.V. Thermally activated trans-
formations in alloys with different type of magnetic orde-
ring under high magnetic field. Journal of Magnetism and
Magnetic Materials. 2019;492:165654.
https://doi.org/10.1016/j.jmmm.2019.165654

Zuo X., Zhang L., Wang E. Influence of external static
magnetic fields on properties of metallic functional mate-
rials. Crystals. 2017;7(12):374.
https://doi.org/10.3390/cryst7120374

Zhao J., Yu J.H., Han K., Zhong H.G., Li R.X., Zhai Q.J.
Effect of coil configuration design on Al solidified struc-
ture refinement. Metals. 2020;10(1):153.
https://doi.org/10.3390/met10010153

Shorstkii I.A., Yakovlev N. Method of absorbing ma-
terial formation based on magnetically controlled par-
ticles of Fe,O,. Inorganic Materials: Applied Research.
2020;11(5):1236-1243.
https://doi.org/10.1134/S2075113320050317

IMopcrkuii M.A., SIkoneB H. Meron ¢popMupoBaHus Ma-
TepUaaa-noNIOTHTEINS NEKTPOMArHUTHOTO U3y4YeHHS Ha
OCHOBE MarHuToynpasiseMblx yactul Fe,O,. Ilepcnex-
muenvle mamepuansi. 2020;3:70-79.

Shorstkii I.A., Sosnin M.D. Method of cladding of pow-
dered magnetic material: Patent 2760847 (RF). 2021.
(In Russ.).

Iopctruit N.A., Cocann M.JI. Crioco0 rmiakupoBaHHs
ITOPOLIKOBOrO MarHuTHoro marepuasna: ITarent 2760847
(PD). 2021.

Shorstkii I. Dynamic arrays based on magnetically con-
trolled particles: Synthesis and application. Materials Re-
search. 2019;22(4):¢20180317.
http://doi.org/10.1590/1980-5373-mr-2018-0317

Deng S., Ye L., Friedrich K. Fracture behaviours of epoxy
nanocomposites with nano-silica at low and elevated
temperatures. Journal of Materials Science. 2007;42(8):
2766-2774. https://doi.org/10.1007/s10853-006-1420-x
Gorbacheva S.N., Gorbunova 1.Y., Kerber M.L., Anto-
nov S.V. The properties of composite polymeric mate-
rials based on epoxy resins, modified with boron nitride.
Uspekhi v khimii i khimicheskoj tekhnologii. 2017;31(11)
(192):35-36. (In Russ.).

Top6auesa C.H., TopOynosa I1.10., Kep6ep M.JI., AuTO-
HoB C.B. CBolicTBa KOMMO3UITMOHHBIX TOJMMEPHBIX Ma-
TEpPHAIOB HA OCHOBE AMOKCHIHOI CMOJbI, MOAU(HUIIAPO-
BaHHBIX HUTPUAOM Oopa. Yenexu ¢ xumuu u xumuueckou
mexnonoeuu. 2017;31(11(192)):35-36.


https://doi.org/10.6060/tcct.2017609.7у
https://doi.org/10.6060/tcct.2017609.7у
https://doi.org/10.1088/1757-899X/862/2/022057
https://doi.org/10.15587/2313-8416.2019.164289
https://doi.org/10.15587/2313-8416.2019.164289
https://doi.org/10.1016/j.jmmm.2019.165654
https://doi.org/10.3390/cryst7120374
https://doi.org/10.3390/met10010153
https://doi.org/10.1134/S2075113320050317
http://doi.org/10.1590/1980-5373-mr-2018-0317
https://doi.org/10.1007/s10853-006-1420-x

Doniq e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2023;17(2):71-77
Sosnin M.D., Shorstkii I.A. The influence of magnetic fields on the strength of modified epoxy resin ...

21. Chow T.S. Size-dependent adhesion of nanoparticles
on rough substrates. Journal of Physics: Condensed Mat-
ter. 2003;15(2):L83.
http://doi.org/10.1088/0953-8984/15/2/111

22. Vaganova T.A. Synthesis and characterization of epoxy-
anhydride polymers modified by polyfluoroaromatic oli-
goimides. Journal of Polymer Research. 2014;21(11):588.
http://doi.org/10.1007/s10965-014-0588-z

Information about the Authors

Maxim D. Sosnin - Graduate Student of the Department of Techno-
logical Equipment and Life-Support Systems, Kuban State Techno-
logical University (KubSTU)

ORCID: 0000-0001-6275-6274
& E-mail: maksim-sosnin7 @mail.ru

Ivan A. Shorstkii - Cand. Sci. (Eng.), Associate Professor of the De-
partment of Technological Equipment and Life-Support Systems,
KubSTU

ORCID: 0000-0001-5804-7950
& E-mail: i-shorstky@mail.ru

Contribution of the Authors

M. D. Sosnin - formation of the main concept, goal and objectives of
the study; writing the text, conducting the calculations, testing the
samples, formulation of the conclusions.

I A. Shorstkii - provision of the resources, preparation and man-
agement of the experiments, conducting the experiments, forma-
tion of the main concept, goal and objectives of the study; writing
the text, formulation of the conclusions.

@

@

CBegeHuns 06 aBTopax

Maxkcum /Jmumpuesuy COCHUH - acIUpPaHT Kadepbl TEXHOJIOTH-

4ecKoro 060opy/0BaHHs U CUCTEM KU3HeobecneueHus1, KybaHckuit

rocy/lapCTBeHHbIN TexHoJorndeckui yHuepcuret (Ky6I'TY)
ORCID: 0000-0001-6275-6274

3 E-mail: maksim-sosnin7 @mail.ru

Hean Anekcandpoeuu Illopcmkuill - K.T.H., JOLEHT Kadeapbl
TEXHOJIOTHYECKOr0 060PYAOBaHUSA U CUCTEM KHU3HeobecleyeH s,
Ky6I'TY

ORCID: 0000-0001-5804-7950
& E-mail: i-shorstky@mail.ru

Bknaa aBTopos

M. JI. CocHuH - bopMHUpOBaHVEe OCHOBHOU KOHIIEMIIUY, TOCTAHOBKA
LeJy U 33/la4y MCCle/JoBaHUs, MOJrOTOBKA TEKCTa, NpOBeJleHre
pacyeToB, UCNIbITAaHUH 06pa310B, GOPMYIHPOBKA BbIBO/IOB.

H. A. lllopcmkuil - oGecniedyeHre pecypcaMi, NOATOTOBKA JKCIe-
pUMeHTa, NPoBe/leHHe SKCIepUMeHTOB, popMHUpOBaHHE OCHOBHOM
KOHIIENIMH, TIOCTAHOBKA LIeJIM U 3aa4YU UCCIeJOBaHUA, IOATOTOB-
Ka TeKcTa, OPMY/IMPOBKA BbIBOZIOB.

Received 05.05.2022
Revised 27.10.2022
Accepted 31.10.2022

CraTbs noctynuia 05.05.2022 r.
Jlopa6orana 27.10.2022 1.
[TpunsTa K ny6saukanuu 31.10.2022 1.

77


http://doi.org/10.1088/0953-8984/15/2/111
http://doi.org/10.1007/s10965-014-0588-z
https://orcid.org/0000-0001-6275-6274
mailto:maksim-sosnin7%40mail.ru?subject=
https://orcid.org/0000-0001-5804-7950
mailto:i-shorstky%40mail.ru?subject=
https://orcid.org/0000-0001-6275-6274
mailto:maksim-sosnin7%40mail.ru?subject=
https://orcid.org/0000-0001-5804-7950
mailto:i-shorstky%40mail.ru?subject=

3apeructpupoBaH PeanepanbHon cny>x6ou no Haasopy
B cdpepe cBf3U, MHPOPMaLMOHHBIX TEXHOJIOrUMN

M MaccoBbIX KOMMYHUKaLIMM.

Ceupetenbctio o peructpauun MU Ne ®C77-79230

XypHan pacnpocTtpaHsaeTcsa areHTcTBoM «Ypan-lNpecc»
MoanucHou nHpekc: 80752 (neuaTHas Bepcus)
05108 (anekTpoHHas Bepcusn)




