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Abstract. The behavior of compacted mixtures of metal powders (Al, Ti) and recycled metalworking wastes (Fe + Fe,O; + C) during
vacuum sintering under controlled heating was investigated to assess the possibility of producing in situ metal-matrix composites
containing oxide strengthening particles. The starting materials were titanium and aluminum powders (particle size <160 um and
<100 pm, respectively) and a powder produced from recycled steel chips (<300 um). The resulting samples exhibited a heterogeneous
phase composition, which was examined by X-ray diffraction (Cuk radiation, XRD-6000 diffractometer) and optical microscopy
(Axiovert 200MAT). A pronounced difference was observed between the aluminum- and titanium-based systems: the former exhi-
bited a distinct thermal peak, whereas the latter showed smooth temperature behavior without thermal spikes. A thermokinetic model
describing the multi-stage reactions in both systems was developed. The model incorporates metallothermic reduction and interme-
tallic formation reactions. Formal kinetic parameters were estimated using a semi-empirical approach and refined by comparison with
experimental data. The governing equations, including the heat balance equation and the system of kinetic rate equations, were solved
numerically using a semi-implicit Euler method, while mass conservation and atomic balance were verified. The initial composition
of the samples was varied in the calculations — accounting for oxygen, carbon, and the Fe/Fe,O, ratio in the steel-chippowder — to repro-
duce the experimentally observed product compositions. The calculated and experimental results showed qualitative agreement.
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AHHoTayums. [Ipoanann3npoBaHo ITOBEACHHE IPECCOBOK M3 cMecel moponkoB MeTamioB (Al, Ti) u mepepaboTaHHBIX OTXOIOB METAJLIO-

obpabotku (Fe + Fe,0, + C) B ycnoBHAX BaKyyMHOTO CIIEKAHHs MPU PEryIUPYEMOM HATPEBE I UCCIIECNOBAHUsS BO3MOXHOCTH
MOJYYCHUs i1 Situ METaJUIOMAaTPUYHBIX KOMIIO3UIIMOHHBIX MaTepHalIOB C YIPOYHSIOIIMMHU OKCHJHBIMU YacThlaMH. B kauecTBe
HCXOIHBIX MaTepHaJIOB MCIIOJIB30BaHbI MOPOLIKH THTaHA U amfOMHUHUS ¢ ppakumsimMu d < 160 Mkm 1 <100 MKM COOTBETCTBEHHO,
a TaKkKe MOPOIIOK MepepaboTaHHOM CTpyKKU U3 cTanu pazmepoM MeHee 300 MxM. B pesynbrare mpoBeJEeHHOIO 3KCIIEpUMEHTa
oOHapy»eH HEOJHOPOAHBINH (a30BbI COCTaB 00pA3LOB, KOTOPBIH HCCIIEAOBANN C MOMOIIBIO PEHTICHOBCKOrO Au(pakromMerpa
XRD-6000 ¢ CuK -u3my4eHHEM M ONITUIECKOTO MUKpockona «Axiovert 200MAT». ITpogeMOHCTPHPOBAHO CYIECTBEHHOE PA3INIHE
B TIOBEJICHUU CHCTEM Ha OCHOBE aJTIOMHHUS U THTAHA: IEPBasi CHCTEMa XapaKTePU3yeTCsl IPKO BBIPAKCHHBIM TEPMHUUECKUM ITHKOM,
a BO BTOPOil — MPEBpaIleHus] UAYT B CHOKOMHOM pexxume. [IpeuiokeHa TepPMOKHHETHIECKas: MOJIENb MPOLecCa, yIUTHIBAIOIIAT
CTaIMAHOCTh TPEBPAIICHUI Il 00EUX CHCTEM. YUTEeHBI METAUIOTEPMUUCCKHUE PEaKlIUu U Peakind oOpa30BaHUsI HHTEPMETAN-
nmuaoB. Jana oneHka (GOpMabHO-KHUHETHIECKUM TapaMeTpaM PEaKIfid ¢ MOMOIIBIO MOIYIMITHPHIECKOTO moaxoaa. [lonydeHHbIe
napaMeTpsl KOPPEKTUPOBAIINCH IIPH CPAaBHEHHU C SKCIIEpUMEHTOM. Mozenb peann3oBaHa YUCIEHHO C MOMOIIBIO MOIYHESBHOTO
MeToza Ditnepa. [IpoBepsuInch 3aK0OH COXpaHEHHMST MacChl 1 HEM3MEHHOCTD YUCiIa aTOMOB. HadanpHBIi cocTaB 00pasIoB B pacyeTax
BapbHPOBAJICS (32 CUET ydeTa NMPUCYTCTBHS KHCIOPOJA, YIIEpoJa U COOTHOIICHHMS jKelle3a U OKCHIA JKelie3a B CTPY)KKE) TaKUM
00pa3oMm, yToOBI B pe3yJsibTaTe CHHTE3a MOIY4YNTh COCTAB MPOYKTOB, MAKCUMAJILHO NPUOIMKEHHBII K pe3ylabTaTaM dKCIIEPUMEHTA.
[Momy4yeHo KaueCcTBEHHOE COOTBETCTBHE TEOPUH M IKCIIEPHMEHTA.

KnroueBblie cnoBa: MeTaJ’IJ’IOManPI‘IHBIfI KOMIIO3UT, BAKYYMHOC CIICKaHHUEC, MCTAJUIOTCPMUYCCKUE pPEAKIHUU, HUHTCPMETAJIIUIBL,
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FWRW-2022-0003 (Teopetnueckas gacts) # FWRW-2021-0005 (3xcriepuMeHTaIbHAS 9acTh).
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Introduction

The in-situ formation of strengthening particles
in metal-matrix composites (MMCs) has become
a focal point in powder-processing technologies
owing to applications across the aerospace, automo-
tive, and energy sectors, and it continues to attract
sustained interest from diverse research groups [1-4].
The spectrum of MMCs obtainable by powder routes
is broad — in terms of both matrix chemistries and
sets of strengthening phases. Of particular interest
are systems built from chemically reactive powder
components, where reactions between constituents
synthesize the strengthening phases in-situ as micron-
scale inclusions. This is largely characteristic of com-
bustion-synthesis routes that rely on metallothermic
reactions [5-9]. Such reactions are typically strongly
exothermic, which helps sustain the synthesis process.
Creating the strengthening particles directly during

6

composite fabrication is advantageous for interfacial
bonding with the surrounding matrix. However, when
a mixture permits metallothermic reduction (one metal
reducing another), the presence of additional constitu-
ents can markedly redirect reaction pathways because
local interaction conditions vary across different
regions of the compact [10].

The problem becomes even less straightforward if
one component of the powder mixture is itself a comp-
lex material — namely, a metallic base containing oxide
inclusions — produced by recycling steel chips [11].

Here, the feasibility of producing metal-matrix
composites from Al-Fe,O,~Fe and Ti-Fe,0,~Fe pow-
der mixtures (optionally containing carbon) under
sintering in a vacuum chamber is assessed, together
with a theoretical description based on a thermokinetic
model that accounts for the kinetics of the principal
reactions.
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1. Experimental
1.1. Materials and methods

Phase evolution under vacuum sintering with
a controlled heating program (sintering temperature
1173-1473 K; 60-min hold) was examined for pow-
der systems based on Ti-Al-Fe,O,/(Fe + C) using
the following representative mixtures (from several
possible combinations): Al + (Fe + Fe,O, +C) and
Ti + (Fe + Fe,O, + C). Titanium powder TPP-8 (main
fraction d <160 um) and aluminum powder PA-4
(d <100 pm) were used to prepare the mixtures.
As an analogue of the Fe + Fe,O; + C composition,
a powder produced from recycled steel 45 chips with
a particle size not exceeding 300 um was employed;
its characteristics are described in detail in [11].
The component ratios in the mixtures were calculated
to be sufficient both for metallothermic reduction and
for intermetallic formation. The quantitative composi-
tions of the powder mixtures under study are given in
Table 1.

Selection of proportions for the aluminum-contain-
ing mixtures was guided by the binary Al-Fe phase
diagram. The first option corresponds to the a-AlFe,
field, while the second lies predominantly in
the Al,Fe/AlFe phase region. Both options imply exo-
thermic reactions.

The titanium-containing mixture comprised
75 wt. % Ti and 25 wt. % steel chips, which favors
the formation of a matrix basis in the resulting compo-
site as a solid solution of iron and oxygen in titanium.

Microstructural characterization was performed
by optical microscopy, scanning electron microscopy
(SEM), and X-ray diffraction (XRD). The follow-
ing instruments were used: Axiovert 200MAT optical
microscope (Carl Zeiss, Germany), Mira 3 LMU SEM
(Tescan, Czech Republic), and XRD-600 (Shimadzu,
Japan) and DRON-8 (Russia) diffractometers with
CuK, radiation. Phase identification employed
the PDF-4+ database and POWDER CELL 2.4 for full-
profile analysis.

According to [11], chips oxidized in water and then

milled form oxide-coated steel-chip fragments with
an Fe core, containing dissolved carbon (=1.5 wt. %).

Fig. 1. Microstructure of the recycled steel 45 chips
after oxidation and crushing

Light areas correspond to the steel core, dark areas to the iron oxide layer

Puc. 1. MukpocTpykTypa repepaboTaHHOI CTPYKKH U3 cTaimu 45
TI0CJIe TIPOIIEYP OKHUCICHUS U IPOOICHHS

CaeT1ast 001acTh — CTalIbHAS CEPALIEBHHA,
TEMHas — CJIOW M3 OKCHJIOB JKele3a

Although carbide phases were not detected by XRD,
the presence of carbon in the steel-chip particles
was confirmed by energy-dispersive X-ray spectros-
copy (EDS). Carbon content, measured with a LECO
ONH-836 gas-impurity analyzer (USA), showed
a broad distribution (0.8-1.6 wt. %), reflecting
the substantial heterogeneity of the processed steel-
chip—derived particles. Their surfaces bear iron-oxide
regions (Fe,0,/Fe,0,/FeO) [11], with the oxide frac-
tion reaching =~50-70 %. Because these oxide layers
are highly nonuniform (Fig. 1), the contact between
a chip-derived particle and Al or Ti powder depends
on the local surface domain encountered. Within
the same mixture, the second component can therefore
contact metallic iron (carbon steel) and iron oxides
simultaneously.

1.2. Experimental results

Under vacuum sintering at 7. = 1273 K, a hetero-
geneous phase assemblage was identified for both
Al + (Fe + Fe,0, + C) formulations [12]. The pressed
compacts of aluminum powder with milled, oxidized

Table 1. Composition of the investigated powder mixtures, wt. %

Ta6nuya 1. CoctaB uccieayeMbIX MOPOUIKOBBIX cMeceii, Mac. %

. o . Recycled steel chips
Mixture Composition Ti Al (Fe+Fe,0,+C)
- 25 75
1 Al + (Fe + Fe,0, + C)
- 60 40
2 Ti+ (Fe +Fe,0,+C) | 75 - 25
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steel chips lost structural integrity and disintegrated
into separate fragments. The selected sintering condi-
tions were sufficient to initiate a cascade of reactions,
yielding Fe—Al intermetallics together with oxide
strengthening particles. Residual (unreacted) iron was
also detected in the products (Fig. 2). Oxygen was
transferred almost entirely from the iron oxides to alu-
minum, forming Al,O,, and FeAl constituted the domi-
nant volumetric fraction of the product.

With increasing aluminum content in the com-
pact, the reaction products contained a substantial
fraction of residual, unreacted constituents, attribu-
table to a decrease in the overall exothermicity
of the reactions.

The second formulation, Ti+ (Fe+ Fe,O, +C),
is less exothermic. Since the solubility of iron in B-Ti
reaches 22 at. % at 7. = 1358 K and drops to 0.34 at. %
in a-Ti at 673 K, it was expected that part of the iron
would react with titanium to form intermetallics.
It was also anticipated that titanium would be sufficient
to interact with oxide inclusions present in the recycled
steel-chip powder. Experimentally, the steel-chip pow-
der in the Ti + (Fe + Fe,O, + C) mixture exhibited good
sinterability, with predominantly diffusional interaction
with iron and oxygen migration from iron oxides into
the titanium matrix. It is plausible that carbon contained
in the chips enhances sintering via diffusion into tita-
nium; however, its amount is too low to produce tita-
nium carbide at levels detectable by X-ray diffraction.
Interaction of free iron with titanium in the presence
of oxide inclusions does not impede interdiffusion.
The phase set and phase fractions depend on the sin-
tering temperature; nevertheless, in all cases the pro-

Fig. 2. Microstructure of a fragment of the sintered material
25 % Al+75 % (Fe + Fe,0, + C)

Puc. 2. MukpocTpykTypa (pparMeHTa Ce4eHHOTO MaTepHaa
25 % Al +75 % (Fe + Fe,0, + C)

ducts are dominated by a titanium-based solid solution
(Fig. 3). At lower temperatures, the products contain
a nonstoichiometric TiO,-based oxide (18 wt. %) and
residual Fe,O; (32 wt. %) originating from the steel-
chip particles. Iron from these particles reacts with
titanium to yield up to 20 wt. % of the equiatomic
intermetallic TiFe. At a higher sintering temperature
(1473 K), no unreacted constituents remain, and two
types of a-Ti—based solid solutions form with different
dissolved Fe and O contents; small inclusions of Ti,Fe,
TiFe,, or TiFe are also observed. Oxides are not detected
as a separate phase under these conditions (Fig. 3).

The results reported in [13; 14] provided the basis
for constructing thermokinetic models that capture
the staged nature of phase formation.

Fig. 3. Microstructure of sintered compacts from the mixture
75 % Ti+ 25 % (Fe + Fe,O, + C) at temperatures
T.= 1173 K (a) and 1473 K (b)

a: 1 —regions of residual iron with oxide inclusions;
2 — o-Ti of variable composition with TiFe inclusions;
b: 1 — o-Ti of variable composition with dissolved iron and oxygen,
with small TiFe, or TiFe inclusions;
2 — a-Ti regions depleted in iron with small of Ti,Fe inclusions

Puc. 3. MUKpPOCTPYKTypa CIICYEHHBIX [IPECCOBOK
u3 cmecu 75 % Ti + 25 % (Fe + Fe,0, + C)
npu Temneparypax 7, = 1173 K (a) u 1473 K (b)

a: 1 — o0nacTh 0OCTATKOB JKeJie3a ¢ OKCUAHBIMUA BKIIOUCHUSIMU;
2 — a-Ti nepemenHoro cocrasa ¢ BKmodeHusmMu TiFe;
b: 1 — 0-Ti mepeMEeHHOTO COCTaBa C PACTBOPEHHBIMH JKEJIE30M H KHCIIO-
ponom, Hebonpmmmu Bkmoderusamu TiFe, umn TiFe; 2 — obnactu a-Ti,
00eJHEHHBIE JKEJIE30M ¢ HEOOIBIITUMHU BKIIOYEHUSIMHU TizF e



Poni e e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2025;19(5):5-16
Knyazeva A.G., Korosteleva E.N., Safronova V.S. Sintering and thermokinetic modeling ...

2. Sintering model
with detailed kinetics

2.1. Heat balance

The thermokinetic model accounts for the sample
temperature change arising from the controlled exter-
nal heating program and from heat release by chemical
reactions. Owing to the small sample size, temperature
gradients within the compact are neglected (a lumped-
capacitance assumption); estimates justifying this
approximation are given in [15]. The heat-balance
equation has the form

dr

Vep— =
P

VW, +0eS(T) ~T*)-aS(T-T,), (1)

where T is the temperature; ¢ is time; V' and S are
the compact volume and surface area; ¢ and p are
the heat capacity and density of the pressed powder
mixture; W, is the total heat release due to chemical
reactions; ¢ is the Stefan—Boltzmann constant; € is
the surface emissivity of the compact; o is the heat-
transfer coefficient (in vacuum it may be taken as zero);
T, is the ambient temperature (if Newton cooling is
included).

The vacuum-chamber wall temperature 7, follows
a linear law:

T,=T,+at,forT<T,
and
T,=T,forT>T, 2)

where a is the heating rate and 7, is the sintering
temperature.

Within the interval T, -7, melting is assumed
to occur, with the liquid-phase fraction (n ) varying

from 0 to 1:

N, =0 for T<T,

2
T-T.,
T]L :(ﬁ] for Tmin <TSTmax’ (3)
n. =1 for T>T,. .

Here, T, is the lowest melting temperature among
the reagents and reaction products in the chosen sys-
tem, and 7 1is the highest one (see Table 2).

Within the melting interval, the (specific) heat
capacity is given by

i O
c= [Cs + %8_;}(1 —ﬂL) +C Mg, “4)

Table 2. Melting points of the starting substances
and selected reaction products

Tabnunya 2. Temnepatypsbl IUIaBJIeHUS HCXOAHBIX BellleCTB
U HEKOTOPBIX MPOIYKTOB

Phase Phase
(compound) T, K (compound) T, K
Al 903,3 Ti-Al" 1513-1733
Fe 1811 Ti-Fe* 1273-1723
Ti 1941 Al-Fe’ 825-1583
Fe,O, 1838 FeAl,O, 1713
AlO, 2345 Ti,FeO, —
TiO, 2116 TiC 3473
* Intermetallic phases in the corresponding binary
system.
** An unstable compound that decomposes before
melting (at 7= 1273 K).

where cg is the heat capacity of the mixture in the solid
state, c; is the heat capacity of the mixture in the liquid
state; Q. is the effective enthalpy of fusion (J/mol);
m is the mean molar mass of the mixture of reagents
and reaction products.

Heat release from chemical reactions is given by
W, = 2,00, (5)
i=1

where 7 is the number of reactions; @, are the reaction
rates; Q, are the reaction enthalpies (heat effects).

2.2. Model of phase composition
evolution during sintering

Because the detailed mechanisms of most solid-
state reactions are rarely known and the steps involved
often comprise a mix of physicochemical processes, it
is most appropriate to use a reduced-chemistry model
that explicitly tracks the formation of the experimen-
tally observed phases.

In the Al-containing system (where aluminum has
the lowest melting temperature), the dominant exother-
mic step is expected to be the aluminothermic reduc-
tion of iron oxide:

2A1+ Fe,0, = ALO, + 2Fe. )

The reduced iron then reacts with excess alumi-
num to form intermetallic phases. Owing to the large
reaction enthalpies, phase formation is expected
to occur predominantly in the liquid phase and to be
accompanied by the appearance of agglomerates [16].
At the same time, as noted in [17], direct reaction

9
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between aluminum and iron oxides during combus-
tion is preceded by the partial decomposition sequence
Fe,0, — Fe,0, — FeO. Thin plates of FeAl,O,, have
been observed in [17] as a result of the interaction
between FeO and the amorphous Al O, film that inva-
riably coats aluminum:

FeO + ALO, — FeALO,. (I1)

Iron aluminates such as FeAl,O and FeAl,O, com-
monly appear in the Al-Fe,O, system, which is unfa-
vorable for further reduction of iron oxides — especially
in the presence of Al,O, [18].

In the Al-Fe,O, system, an additional step may
occur

2Fe,0, — 4FeO + O, (11D)
followed by oxidation of aluminum:
4A1+ 30, =2AL,0,. Iv)

The Al-Fe phase diagram contains several inter-

The FeAl intermetallic is not shown on the diagram;
however, it is known to form by ordering of the a-Fe(Al)
solid solution. Fe Al is a metastable phase that
appears via a second-order phase transformation from
FeAl[19]. Carbon present in the processed chips could,
in principle, participate in the synthesis of aluminum
carbide (Al,C,), but the sintering schedule and mixture
composition do not provide sufficient carbon or tem-
perature to initiate the corresponding reaction.

In the second case (Ti—Fe,0,~Fe~C system), iron is
the lowest-melting component (see Table 2). According
to [20], the thermite reaction Ti—Fe,O, proceeds through
several steps — reduction of Fe,O, by Ti to form Fe
and TiO,, followed by the formation of the metastable
intermetallic Ti,Fe. Allowing for partial decomposition
of iron oxide, the presence of carbon, and the forma-
tion of intermetallic phases (Fig. 4, b), the reaction set
can be written as:

3Ti + 2Fe,0, = 3TiO, + 4Fe, (I

Ti + Fe = TiFe, 1)

; . ) iFe + Ti = Ti '
metallic phases (Fig. 4). The diagram was constructed TiFe +Ti=TiFe, (1)
using the Thermo-Calc Software (open version) with TiFe + Fe = TiFe,, (v"H
the TCBIN: TC Binary Solutions v1.1 database. Ti+C = TiC, v

Formation of intermetallic phases proceeds via
the reactions 2Fe,0; — 4Fe0 +0,, (Vr)
Ti + O, =TiO,, (VII")
Al + Fe =FeAl, V)
TiO, + Ti,Fe = Ti,FeO,. (Vi)
FeAl + Al = FeAl,, (VI)
FeAl + 2Fe = Fe Al (VII) The notation for species concentrations (C,) for
each system is given in Tables 3 and 4.
FeAl, + Al = FeAl,, (VII) . o .
For each reaction network, the kinetic equations can
FeA12 + FCA13 = FeZAIS . (IX) be written as
2000 2000
a b
1800 - 1800 |- .
1600 |- - 1600 - Al
\4\ S .
1400 |- ¥ 1400 =
= .
1200 N 2= p-al ~TiFe
=S = 1200
1000 =
1000
800 ——
I I I 1 1 1 1 1 1 800 £ L  TioFe*+ TiFe, 1 I L L
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Al wt. % Fe, wt. %

Fig. 4. Phase diagrams of the Al-Fe (a) and Ti—Fe (b) systems

Puc. 4. lnarpamwmsr coctostaust Al-Fe (a) u Ti—Fe (b)
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ac, < published parameters for overall reactions in SHS-type
— =2 i@, © i 21] is not feasible. O is th
d = mixtures [21] is not feasible. One reason is the strong

where v,; are the stoichiometric coefficients of compo-
nent k in reaction #; » is the number of reactions, @, are
the reaction rates. We assume that the reaction rates fol-
low an Arrhenius temperature dependence and depend
on concentrations according to the law of mass action:

O, =k ]C. (7)
k

Here, n,, are the exponents equal in absolute value
to the corresponding stoichiometric coefficients;

E.
k. =k, exp| ——= |,
i i0 p( RTJ

where k, are the pre-exponential factors; £, are the acti-
vation energies; R is the universal gas constant. The rate
expressions for all reactions are given in Table 5.

®)

Thus, for the first system we require 27 formal kinetic
parameters k,, £, O, and for the second — 24. Using

Table 3. Concentration designations
for the Al + (Fe + Fe,O,) system

Tabnmya 3. O003HaYeHHSI KOHIIEHTPALU
aas cucrembl Al + (Fe + Fe,0,)

dependence of parameters on the determination method,
mixture processing, heating rate, etc. Another is the lack
of data for most steps. Even for one of the most studied
thermite mixtures (Al-Fe,0,), published values are
inconsistent [22], including the reaction enthalpies. For
example, for reaction (VI) in the Al-containing system,
[23] gives: AH =—-851.4 kJ/mol, whereas [16] reports
AH = -752 kJ/mol.

The entropies and enthalpies of reactions were
obtained using Hess’s law:

0o _ 0 0
AH 44 = Z Vi AH yg5 — z Vi AH s, )
products reagents
ASjes = D ViASyes — D VASY (10)
298 = kiP9298 kiB¥9298 5
products reagents

where the first terms on the right-hand side are sums
of the parameters for the reaction products, and
the second terms are the parameters for the reactants
(reagents in the formula). However, tabulated values

Table 4. Concentration designations
for the Ti + (Fe,O, + Fe + C) system

Tabaunya 4. O003HaYeHNsT KOHLIEHTPALUA
nas cucrembl Ti + (Fe,0, + Fe + C)

Species Concentration Species Concentration Species Concentration Species Concentration
Al C, Fe, Al c, Ti C, TiFe, c,
Fe C, ALO, Cq Fe C, TiC Cq
FeAl C, Fe,O, G, Fe,O, G, FeO G,
FeAl, C, FeO Cpo TiO, C, 0, C
Fe,Al C, o, C, TiFe C; Ti,FeO, C,
FeAl, C, FeALO, C, Ti,Fe Cs

Table 5. Reaction rate expressions

Tabnnya 5. CkopocT peakuuii

Al-containing system Reaction rate Ti-containing system Reaction rate
1) Al + Fe = FeAl ®, =k,C,C, 1) 3Ti + 2Fe,0, = 3TiO, + 4Fe @, =k CC3
2) FeAl +Al = FeAl, ®,=k,C,C, 2) Ti + Fe = TiFe ®,=k,C,C,
3) FeAl + 2Fe = Fe,Al @, = kC5C, 3) TiFe + Ti = Ti,Fe @, =k,C,C,
4) FeAl, + Al = FeAl, ®,=k,C,C, |4)TiFe+ Fe=TiFe, @, = k,C,C;
5) FeAl, + FeAl, = Fe,Al, ®, =k,C,C, 5)Ti+C=TiC D, =k,C,C,
6) 2Al + Fe, 0, = ALO, + 2Fe @ = kL Cy 6) 2Fe,0, — 4Fe0 + O, @ =k
7) 2Fe, 0, — 4Fe0 + O, ®, = k,Cy 7)Ti+ 0, =TiO, @, =k,C,C,
8) FeO + Al,O, = FeAlL,O, D, = k,CyCy 8) TiO, + Ti,Fe = Ti,FeO, ®, = k,C,C,
9) 4A1 + 30, = 2A1,0, @, = k,C,'C},

il
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are not available in the literature for all compounds.
For this reason, approximate semi-empirical methods
were used to obtain preliminary estimates of the formal
kinetic parameters (Table 6). The parameter-estimation
procedure is described in detail in [15].

For each system, the problem (which comprised 10
and 9 ordinary differential equations of the form (6)
for the Al- and Ti-containing systems, respectively,
plus the heat-balance equation (1)) was solved numeri-
cally using a semi-implicit Euler method. In every run,
mass conservation and atomic balance were verified.
Calculations were performed at constant ASyy and AH ..
The reaction orders were adjusted during the numerical
solution. For the first system, we obtained:

ko, = 10",k , =107, k

> 703

=310, k,, = 102,

kys = 102, &, = 810, k) = 61015,
ko = 1015, Ky = 10% 71,

For the second system, the adjustments affected
two pre-exponential factors and the activation energy
of one reaction:

kys=3-10" ¢! ky = 6102 57,
E,=150,255 J/mol.

A single scaling factor applied to all reactions was
1077 for the Al-containing system and 7.5-107'* for
the Ti-containing system. The criterion for selecting
this factor was the characteristic reaction time under
the experimental conditions.

2.3. Numerical analysis results

Calculated temperature and composition profiles
for reactive sintering of the studied systems are shown
in Figs. 5-7. The typical temperature curves differ for
the Al- and Ti-containing mixtures (Fig. 5). In the for-
mer, a temperature spike appears upon reaction ini-
tiation at 7= 700-900 K. In the latter, there is no pro-
nounced spike, although a wavy temperature curve is
observed.

Such behavior is often ascribed to thermocouple
sensitivity; however, the calculations indicate that it
may also arise from the interplay of coupled physico-
chemical processes.

As noted above, the exact oxide composition in
the chips is unknown. Accordingly, the modeling
allows for different choices of initial data (Table 7).
We assume the presence of two iron oxides — FeO and
Fe,O,. Fe,O, can, to first approximation, be treated
as a combination of FeO and Fe,O; and is therefore
not included explicitly. In addition, the numerical
experiment accounts for adsorbed oxygen and alu-
mina on particle surfaces. Only under this assump-
tion does the model reproduce the amount of Al,O,
observed experimentally in the products. The numeri-
cal study further enables exploration over a wide range
of initial compositions, which is difficult to achieve
experimentally.

No such complications arose for the Ti system,
although the initial composition of the powder mixture
can likewise be varied numerically.

Composition-evolution results for different ini-
tial data are presented in Figs. 6 and 7. We find that

Table 6. Formal Kinetic parameters obtained using a semi-empirical approach

Ta6m4ua 6. (I)OpMaJIBHO-KI/lHeTI/I'-leCKI(Ie mapamMeTpsbl, Haﬁnem-n,le C MOMOIIBIO MOJIYOSMIIMPHIECCKOTO IMMOAX0Aa

Al + (Fe + Fe,0,) Ti + (Fe,O0, + Fe + C)

| Ak | ke | E | amh SO ash | ke | E | b,
1 -26.10 1013 32,104.53 -30.7 1 -0.36 9-1013 | 15,710.04 | —1155.0
2 -25.15 103 31,218.18 -33.7 2 -3.47 10 18,730.20 —44.6
3 -36.10 3-101% | 36,638.25 -93.0 3 -40.92 106 78,275.70 —49.1
4 -26.38 103 32,365.77 -37.6 4 —-40.43 106 77,496.60 -45.4
5 —24.95 103 47,960.92 | —161.5 5 -161.62 | 3-10%2 | 17,970.00 | —209.0
6 -38.48 810 | 43,655.07 | -760.0 6 274.20 6-10%° | 15,255.54 584.0
7 274.30 6-10%° | 15,260.94 584.0 7 —-183.32 102 10,348.02 | -933.0
8 -5.40 10 22,621.50 | —122.0 8 10.60 2-10 | 32,147.00 | —-173.3
9 —626.86 10% 34,299.18 | -3164.0
Notes. Units: [AS;LS] = J/(mol-K); [k,,] = s [E] = J/mol; [AHS%] = kJ/mol.
Reaction numbers follow Table 5.

12
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2800 p tains 91 wt. % of a-Ti solid solution + Ti,Fe and a-Ti
solid solution + TiFe. In this case, Fe,O, is insufficient
2100 to form TiO,. In the other three variants, TiO, appears
as an intermediate that is consumed rapidly to form
i“ 1400 the complex oxide.
700 0.8
a
0.7
| | |
0.6
0 250 500 750 1000 .
0.5 i
1500 -
b O 04
0.3 TiyFeO,
1000 0.2 \
Mﬁ 0.1 FC\O
~ 0 | I I
0.8
500 07 3
’ \
0.6 Ti,Fe
| | | 05
0 500 1000 1500 2000 -
o 04
hs 0.3
Fig. 5. Typical temperature curves for the composition 0.2
with (a) and titanium (b) 0.1 TijFeO,
Mixtures compositions 2 from Table 7 0 o) )
Sintering temperature 7, = 1273 K
1 — heater temperature; 2 — sample temperature 0.8 ¢
Puc. 5. TunuvaHOe TOBEACHHUE TEMIIEPATYPHBIX KPHBBIX 0.7
IUTS COCTaBa C aJJFOMUHKEM (@) ¥ TUTaHOM (b) 0.6
CocraBsl cMeceil 2 u3 Tabi. 7 0.5
Temneparypa cnekanus 7, = 1273 K U 04+ Ti;FeO,
1 — teMnieparypa Harpesarelsi; 2 — Temieparypa oopasia \
0.3 I~ Fe,0,4
0.2 5( TiFe TiO, FeO
the product composition can vary substantially. For 0.1 | / p—
o . . : ,LEe
the Al-containing system (Fig. 6), the products always 0 —
contain Fe,Al and FeAl, intermetallics in different 0.8
proportions, as well as A1,O,. The reduction of iron is 07 E - d
the fastest reaction. FeAl is not observed in the pro- 06 L
ducts. The mixed oxide appears only when the initial 0' 5L
mixture contains Al,O,, FeO, and oxygen; in that case, G 0' 4L
Fe,Al, is also present. The experimental data are best 0'3 i ' 4
matched by Composition 2, which includes oxygen and 0'2 Feo, TFe ac  THRO:
oxide in the starting mixture. 0'1 Fe L
. . \
The phase composition of the Ti compact also T Feo,
evolves (Fig. 7). All reactions proceed actively over 0 500 1000 1500 2000
a time interval shorter than the total sintering time. ‘s

For all initial compositions, the products always con-
tain the intermetallic Ti)Fe and unreacted Ti. TiFe
appears as an intermediate during sintering. In three
variants, the product contains Ti,FeO,. In the second
variant, the starting mixture contains a small amount
of iron oxide, hence its role is minor; however, Fe,O,
most closely reflects the experimental conditions.
Under the experimental conditions, the product con-

Fig. 6. Phase composition evolution
of the aluminium compact during sintering
The nitial composition corresponds to Table 7
Al-based mixtures: @ — composition /,b—2,¢—3,d—4

Puc. 6. I3menenne ($pa3oBoro cocraBa npeccoBKU
C QIOMHHHEM B YCIIOBHUSIX CIICKAHMUS
HauanbHblit cocTaB cooTBeTCcTBYET TabIM. 7

CocraBel cAl: @a—cocraB I,b—2,¢c—3,d—4
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Table 7. Initial data for calculations

Tabnuya 7. HauanabHble 1aHHBIE 1J15 PACYETOB

Composition No. Initial composition of the Al-containing Initial composition of the Ti-containing
(numerical mixture, wt. % mixture, %
experiment) Al | Fe,0, | Fe FeO O, |ALO,| Ti |FeO,| Fe FeO C
1 025 | 045 | 030 - - - 0.75 | 0.100 | 0.150 - -
2 0.25 0.20 0.30 0.15 0.05 0.05 0.75 | 0.010 | 0.239 - 0.001
3 025 | 0.15 | 030 | 020 | 0.50 | 0.05 | 0.75 | 0.239 | 0.010 - 0.001
4 0.60 0.20 0.20 - - - 0.75 | 0.100 | 0.050 | 0.10 -
a Conclusion
e This study demonstrates good agreement between
\ the proposed thermokinetic model and experimental
S data for multicomponent powder mixtures — recycled
TiFeO, steel-chip powder with aluminum or titanium — under
vacuum sintering. Consistent with the experiments,
, P , the calculations predict substantial heat release upon
heating Al + (Fe + Fe,0, + C) mixtures, whereas
: b Ti+ (Fe + Fe,0, +C) sinters in a steady regime.
Ti,Fe In the former case, aluminum carbide was not included
in the model because of the low sintering temperature;
S in the latter, titanium carbide formed only in trace
amounts. No carbides were detected experimentally
in either system.
TiyFeO,
o\ .
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