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Abstract: Cast master alloys of the Mo—Cr, W—Cr, and Cr—Al systems with high chromium content were produced using the methods of
centrifugal SHS metallurgy. A thermodynamic analysis was performed to evaluate the combustion temperature and the equilibrium composition
of the reaction products depending on the ratios of the initial components in the mixture. Based on this analysis, optimal compositions were
identified for further experimental studies. The effectiveness of functional additives, namely calcium fluoride CaF, (fluorspar) and sodium
hexafluoroaluminate Nas[AlFg] (cryolite), was experimentally confirmed. These additives were shown to lower the melting point of the slag phase
(reducing its viscosity), which facilitated phase separation during the production of cast master alloys from refractory metals using centrifugal
SHS metallurgy. The experiments demonstrated the need to introduce excess amounts of MoO3; and WO; during the production of Mo—Cr and
W-—Cr master alloys, respectively, due to incomplete reduction of molybdenum and tungsten from their oxides. Microstructural analysis of the
obtained master alloys revealed a dendritic structure, which is typical for cast materials. EDS microanalysis showed that the chemical compositions
of all synthesized alloys closely matched their calculated and target compositions. Composition analysis at different locations within the ingots
revealed no significant variations in composition. X-ray phase analysis confirmed the presence of solid solution phases formed from the target
elements. The results of inductively coupled plasma mass spectrometry (ICP-MS) confirmed that the chemical compositions of the synthesized
Cr—W, Cr—Mo, and Cr—Al alloys fully comply with the permissible concentrations of both target elements and impurities.
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LIEHM ST UICXOAHBIX KOMIIOHEHTOB cMecH. Ha ocHOBe aHasu3a onpeaesieHbl ONTUMaJbHbIe COCTaBbI 1151 TPOBEACH S 9KCIIEPUMEHTATbHBIX
ucciIel0BaHui. DKCIiepUMEHTalbHO YCTaHOBIEHa 3 ()EeKTUBHOCTL MPUMeHEHN S (PyHKIMOHAIbHbIX 1006aBoK CaF, (N1aBMKOBBIH HInar)
u rekcadropoanomuHaTa Hatpust Nas[AlFg] (KpHOIUT) ¢ Le1bl0 CHUKEHUS TEMIIEPATY bl MJIaBJICHUS IaKOBOH (a3bl (YMEHBIIEHUS
ee BS3KOCTH) U obJsierueHus npoiecca dha3zopasaeseHus Mpyu TPOU3BOACTBE JUTHIX JIUTATYP U3 TYTOMJIABKUX METAJJIOB METOIOM IIeH-
TpobexHoit CBC-meTannypruu. AHaau3 3KCepUMEHTOB MOKa3al He0OXOAMMOCTb BBOJA U30BITOYHOTO cofaepxaHust MoOs; u WO; nipu
npousBoacTBe auratyp Mo—Cr u W—Cr cOOTBETCTBEHHO BBUY HEIOJHOIO BOCCTaHOBJIEHUS Mo U W U3 X OKCUI0B. AHAJIU3 MUKPO-
CTPYKTYPBI IOJYYEHHBIX JIUTATyP CBUAETEIbCTBYET O HAJTUYMU JEHAPUTHON CTPYKTYPBI, YTO TUITMYHO JAJIs1 TUTOI'O COCTOSIHUSI CILJIaBOB.
ITo pesynbraram MukpoaHaiu3oB (EDS), Bce moayueHHbIe TUTATYPhI OJIM3KKM K CBOMM PACUETHBIM U LIEJIeBBIM 3HAYEHUSIM XUMUUECKUX
cocTtaBoB. MUKpoaHalu3 cocTaBa Pa3HBIX YUYACTKOB CJIUTKOB HE BBISIBIJI 3aMETHBIX PA3IMUUIi TTO cOCTaBy criaBa. [IpoBeneHHbIC PEHT-
reHo(ha30Bble aHAJIU3bl CHHTE3UPYEMBIX JTUTATYP MOKa3adyd HaJIu4ue MUKOB TBEPABIX PACTBOPOB, c(hOPMUPOBAHHBIX HA OCHOBE COOT-
BETCTBYIOLIMX 1IEJIEBbIX 2JIEMEHTOB. AHAJIN3 JaHHBIX XUMUYECKOTO COCTaBa, MOJYUYEHHOTO C MOMOIIIbIO METOAA MAaCC-CMEeKTPOCKOMNH C
MHAYKTUBHO-CBSI3aHHOM TJIa3MOM, IS CUHTE3UpOBaHHBIX crjiaBoB cucteM Cr—W, Cr—Mo u Cr—Al BbISIBUJI UX TTOJTHOE COOTBETCTBUE
3HAYEHUSIM 110 JTOMYCTUMBIM KOHLEHTPALIMSIM KaK 1eJIeBbIX 2JIEMEHTOB, TaK U TPUMECHBIX KOMIIOHEHTOB.

KiroueBbie ciioBa: Turatypa, XpoM, MoJaubaeH, BoJb(paM, aJlOMUHUN, CAMOPACTIPOCTPAHSIOIIMIICS BRICOKOTEMITEPATYPHBIN CUHTE3,
neHtpobexkHass CBC-metannyprus.

Jna nuruposanus: Kyb6anosa A.H., UkopHukos .M., Canun B.H., MapTbeiHoB [I.A. [TonydyeHue JUTHIX JUTATYP C BLICOKUM COEpKa-

HueM Cr meTonamu LeHTpobexHoit CBC-merannypruu. Mzsecmus 8y306. Lleemnas memannypeus. 2025;31(1):27—40.
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Introduction

Alloying technologies for modern industrial al-
loys have become widely used across various indust-
ries. The optimal selection of alloying component
compositions and alloying methods enables the
resolution of complex challenges in the design and
manufacturing of diverse products, achieving the
desired combination of performance characteristics
[1; 2]. The introduction of master alloys with a speci-
fied composition allows for precise control of al-
loying element concentrations and ensures the ef-
ficient introduction of easily oxidizable or volatile
components into the melt at high temperatures, as
these components are supplied in a stable cast (pre-
alloyed) form.

Currently, the primary industrial method for pro-
ducing most master alloys involves the direct melting
of metals using electrometallurgical techniques. This
method is associated with high energy and material
costs, largely due to the need for high-purity starting
materials. Moreover, when using components with sig-
nificantly different melting points, losses of volatile
elements increase, which negatively affects both the
quality of the master alloy and the final production cost
of industrial alloys.

Cast chromium-based master alloys of various
compositions (Cr—Al, Cr—Cu, Cr—Fe, Cr—Ti,
Cr—V—AI, etc.) have already become well-estab-
lished in the metallurgical industry as alloying ad-
ditives in the production of high-alloy steels, heat-
resistant nickel alloys, aluminum alloys, and others
[3; 4]. Since chromium has a melting point of appro-
ximately 1900 °C, it cannot be melted in a vacuum due
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to sublimation (direct transition from solid to gas) [3].
Therefore, the production of high-chromium master
alloys requires melting the starting metals in an inert
gas atmosphere at pressures exceeding 760 mmHg,
which significantly complicates the technological
process.

As a result, the production of chromium-contain-
ing master alloys, where components have significant-
ly different melting points, presents several challenges
when using conventional metallurgical methods [5].
The large difference in melting points between alumi-
num and chromium makes the production of Cr—Al
master alloys particularly costly due to the significant
evaporation of aluminum during melting, or it neces-
sitates the use of multi-stage powder metallurgy tech-
niques requiring extremely pure starting materials [5].
The high melting points of tungsten, molybdenum,
and chromium make it impossible to produce these al-
loys using traditional melting of charge materials. Due
to this characteristic, the conventional production of
Mo—Cr and W—Cr alloys relies on two main techno-
logical approaches:

— expensive vacuum arc and electron beam remelt-
ing processes, which result in significant material losses
due to evaporation at high temperatures;

— powder metallurgy methods, which involve multi-
stage pressing of high-purity metal powders, usually fol-
lowed by sintering in inert or reactive gas atmospheres
(nitrogen, argon, or hydrogen).

Therefore, there is a clear need to improve the ener-
gy efficiency of master alloy production for systems with
significantly different melting points, while reducing
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production costs without compromising material pro-
perties and quality.

One of the relatively recent methods for producing
cast and powder materials based on metals and their
compounds is Self-Propagating High-Temperature
Synthesis (SHS) [6; 7], which has already been ap-
plied in the production of master alloys used to de-
velop new high-strength structural alloys, including
those intended for service in Arctic conditions [8—
10]. One important technological branch of SHS pro-
cesses is centrifugal SHS metallurgy [11—13], which
combines SHS with metallothermy [14]. The key
feature of SHS metallurgy lies in conducting highly
exothermic reduction reactions while applying addi-
tional physical forces (centrifugal forces), which enab-
les the production of high-quality cast combustion
products. This approach also serves as an additional
tool for controlling the formation of composition and
structure in the resulting cast SHS materials [11; 15;
16—18].

The objective of this study was to develop the chem-
ical and technological foundations for the synthesis of
high-chromium alloys (Cr—Mo, Cr—W, Cr—Al) by
means of centrifugal SHS metallurgy.

Research materials and methods

The process used to produce the alloys under inves-
tigation is based on an exothermic reaction between the
oxides of the target metals (Cr, W, and Mo) and alumi-
num (acting as a metallic reducing agent), which pro-
ceeds in a self-propagating combustion (SHS) mode.
This reaction is accompanied by the melting (casting)

of the final products, followed by their phase separation
under the influence of centrifugal forces generated in the
centrifugal SHS setup.

The overall chemical equations describing the syn-
thesis of the studied alloys can be represented as follows:

Cr,03 + MoO; + aAl + FA —

— Cr—Mo (Al) + AL, 04, (1)
Cr,05 + WO; + 0Al + FA —
— Cr—W (Al) + Al,03, )

[Cr203 /CrO3] + oAl + FA —
— Cr—Al + ALO,, 3)

where FA denotes a functional additive based on fluorite
CaF, (fluorspar) and cryolite Na;[AlF] (sodium hexa-
fluoroaluminate).

Table 1 presents the grades and selected characteris-
tics of the raw materials reagents used in the study. The
functional additives were introduced into the reaction
mixture as a combination of these two compounds (cryo-
lite and fluorspar) to facilitate phase separation of the
reaction products.

The target compositions of the Mo—Cr, W—Cr,
and Cr—Al master alloys were selected based on ac-
tual chemical compositions used at leading metallurgi-
cal enterprises in Russia (Table 2). The permissible con-
centration ranges for the elements in this group of alloys
were provided by a potential end user of the research re-
sults — Electrostal Metallurgical Plant JSC (Electrostal,
Moscow Region).

Table 1. Selected characteristics of raw materials and functional additives

Ta6nuna 1. HekoTopble XapaKTepUCTUKU UCXOMHBIX BemecTB u D]

Material Grade Standard (GOST/TU) Particle size, um Purity, %
Main components for synthesis
Cr,04 Ch TU 6-09-4272-84 <20 99.00
WO, ChDA TU 48-4205-122-2019 <20 99.90
MoO; ChDA TU 6-09-4471-77 <50 99.00
Al PA-4 GOST 6058-73 <140 98.00
Functional additives (FA)

CaO Pure GOST 8677-76 <150 96.0
Na;[AlF] KP GOST 10561-80 <150 97.0
CaF, FF-97 GOST 29219-91 <100 97.2
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Table 2. Permissible element concentrations
in the chemical compositions of the studied alloys

Ta6auua 2. JlonycTuMble KOHLIEHTpALIUU 3JIEMEHTOB
MO0 XUMUYECKOMY COCTaBY JJISI UCCIIEAYEMBIX CIIAaBOB

Element, Alloy system
wt. % Cr—W(Al) | Cr—Mo (Al) Cr-Al
Cr Balance Balance Balance
Mo 1.0 50—65 —
w 40—-60 — —
Al — — 10-25
Impurities, not more than
5.0 5.0 —
C 0.05 0.05 0.04
Si 0.3 0.3 0.5
S 0.01 0.01 0.01
P 0.01 0.01 0.01
Fe 1.0 1.0 0.7
Cu 0.05 0.05 0.2
Co 0.1 0.1 —
(6} 0.04 0.05 0.04
N 0.04 0.04 0.04
Mg — — 0.5
Ti — — 0.1
Ni — — 0.2
Mn — — 0.4
Zn — — 0.2

Before being introduced into the technological pro-
cess, all oxide powder components were dried to remove
adsorbed moisture in a SNOL-type drying oven (t =
=90 °C, 1= 1h). After dosing the components to achieve
the target alloy composition, the reagents were mixed in
an MP4/5.0 planetary ball mill with a drum volume of
up to 5 L for 15—20 min, with a ball-to-powder mass
ratio of 1:10.

To prepare the reaction mold, a pre-dried (for at
least 1 h at 90 °C) refractory mold made of electrolytic
corundum (Al,03) produced by NTC Bakor (Shcher-
binka, Moscow Region) was used. The mold was placed
on a vibration table, where the mixture was loaded
and compacted. Depending on the mold volume, the
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Fig. 1. External view of the centrifugal setup for producing
cast materials using centrifugal SHS casting

1 — rotor of the centrifugal setup, 2 — reaction chamber,
3 — electric drive, 4 — laser initiation system

Puc. 1. BuemHwnit Bua ieHTpoOeKHOM YCTAHOBKY
JUUTSE TIOJTYYEHU ST IMTHIX MaTepUaioB
MeToa0M LieHTpoOexxHoro CBC-nuthbs

1 — poTOp IEHTPOOEKHOU YCTAHOBKH,
2 — peaklIMOHHBIM 6JI0K, 3 — 3JIeKTPONPUBOI,
4 — cucrema rojiauu J1a3epHOTO MHULIMMPOBAHNS

batch weight during different stages of the experiments
ranged from 0.5 to 2.6 kg.

The prepared mold containing the mixture was in-
stalled on the rotor of the centrifugal SHS setup, an ex-
ternal view of which is shown in Fig. 1. The design of
the SHS setup is proprietary [6; 7; 13] and includes the
following systems: laser initiation; automatic rotor speed
control to maintain the specified overload level (g); wa-
ter cooling of the reaction (melting) chamber; and video
monitoring with real-time recording of the combustion
process.

The synthesis of the target alloy was carried out in
an open-type reaction mold at atmospheric pressure
and a steady rotor speed corresponding to an overload
of 55+ 5g. The combustion temperature exceeded
3000 K, which was higher than the melting point of
the final products. After the combustion process was
completed, phase separation and crystallization of the
reaction products took place under the action of cen-
trifugal forces and due to the mutual immiscibility of
the phases. Cooling of the reaction mass was carried
out by forced cooling through a water-cooled jacket
of the reaction chamber. The combustion products
formed an ingot consisting of two distinct layers with
a clearly defined interface: the upper (slag) layer com-
posed of corundum, and the lower layer containing the
target alloy.
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Analysis of the alloys. The quantitative analysis of
major elements and impurities was performed using an
iCAP 6300 inductively coupled plasma atomic emis-
sion spectrometer (Thermo Fisher Scientific, USA),
equipped with a double-focusing Nier—Johnson geo-
metry mass analyzer. Carbon and sulfur contents were
measured using an SC844 analyzer (LECO, USA),
while oxygen, nitrogen, and hydrogen contents were de-
termined using an ONH836 analyzer (LECO, USA).

The phase composition was analyzed by X-ray dif-
fraction (XRD) using a DRON 3M diffractometer
(ARL X’TRA, Switzerland). Microstructural studies
were carried out using a Zeiss Ultra Plus Field Emis-
sion Scanning Electron Microscope (Ultra 55 platform,
Zeiss, Germany).

Thermodynamic analysis. To estimate the maximum
achievable adiabatic synthesis temperature for different
initial component ratios, a preliminary thermodynam-
ic analysis was performed using the Thermo software
package. Functional additives were excluded from the
thermodynamic calculations due to their low concentra-
tions. The calculations provided the equilibrium com-
position of both condensed and gaseous products, along
with the adiabatic reaction temperature.

Results and discussion

The thermodynamic calculation results obtained us-
ing the Thermo software package are shown in Fig. 2—4.

Analysis of the obtained data, including adiabatic
temperature and component concentrations under con-
ditions of thermodynamic equilibrium, showed that in
the Mo—Cr system, the combustion temperature of the
exothermic mixture can reach up to 3500 °C. It should
be noted that in the molybdenum concentration range
of 50—65 wt. %, the temperature ranges from 2800 to
3200 °C, which exceeds the melting points of the com-
ponents. These conditions are sufficient for obtaining
cast materials during the combustion of the investigated
mixtures, with the concentration of gaseous products re-
maining relatively low (less than 0.1 wt. %).

Analysis of the data for the W—Cr system revealed
a similar qualitative trend. In the tungsten concentra-
tion range of 40—60 wt. %, the combustion temperature
exceeds 3000 °C, which ensures complete dissolution of
W in molten Cr. At the same time, the content of gaseous
products is negligible (less than 0.05 wt. %).

Based on these results, it can be concluded that for
the production of cast materials in the studied Mo—Cr
and W—Cr systems, at molybdenum oxide (eMoOs)
and tungsten oxide («WO;) concentrations exceeding
o = 0.3, there are no thermodynamic barriers to synthe-

Gas, mol T,K
4000
0.5+
-3500
0.4 4 -3000
-2500
031 L2000
0.2 -1500
-1000
0.1 L 500
hd L T T T T T T T } 0
0 0.2 0.4 0.6 0.8 1.0
a(MoO; + Al)
Fig. 2. Results of thermodynamic analysis
for the Cr—Mo system at varying composition ratios
(1 — 0)(Cr,03 + Al) + 0(MoO5 + Al)
Puc. 2. Pe3yibTarThl TEpMOAMHAMMYECKOIO aHAIM3a
cucteMbl Cr—Mo 1pu BapbUPOBAHUM COOTHOILIEHU ST
coctasoB (1 — 0)(Cr,03 + Al) + a(MoO5 + Al)
Gas, mol T,K
6 as, mo 3500
0.5 -3000
0.44 - 2500
- 2000
0.3+
-1500
0.2 1000
0.1 | - 500
0- -0
0 02 04 06 08
(WO, +Al)

Fig. 3. Results of thermodynamic analysis
for the Cr—Mo system at varying composition ratios
(I — a)(Cry,05 + Al) + a(WO; + Al)

Puc. 3. Pe3ynbratsl TepMOIMHAMMUYECKOTO aHAIN3a
cucrembl Cr—W mpu BapbMpPOBaHU Y COOTHOLICHU ST
coctaBoB (1 — 0)(Cr,O5 + Al) + o(WO5 + Al)

sis. In other words, the calculated combustion tempe-
ratures are sufficient to produce cast materials with the
target compositions.

The thermodynamic analysis of the Al—Cr system
was carried out considering the use of either chromium
(VI) oxide (Fig. 4, a) or chromium (I1I) oxide (Fig. 4, b)
as the initial component. The results showed that with-
in the target concentration range of 10—25 wt. % Al in
the master alloy, the adiabatic combustion temperature
reaches approximately 2300 °C for the Cr,O;—Al system
and around 3000 °C for the CrO;—Al system. Based on
these results, and considering the melting point of chro-
mium, it was decided to use a combined chromium oxide
mixture [Cr,O3 + CrO;] in a 50/50 ratio during synthesis.

31



lzvestiya. Non-Ferrous Metallurgy 2025 « Vol. 31 « No. 1 P.27-40

Kubanova A.N., Ikornikov D.M., Sanin V.N., Martynov D.A. Production of cast master alloys with high chromium content using centrifugal...

T,K Gas, Cr, Al,O,, mol
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! AlLO,

2500 - 0.6
2000- L0.5
1500 - i o4
1000 T
. : L0.1
500 o : -
0 T T T T : T 0
01 02 03 04 05 06
(CrO, + Al) + 0 Al
T, K Gas, Cr, Al,O,, mol
2500 ; 106
S e T R '
{ ! 0.5
2000 - Cr . :
ALO; ! - 0.4
1500 |
0.3
1000 4 Cr,0, -0.2
500 - 5 - 0.1
o o G8s o ° s |0
O T T T T

0.1 02 03 04 05 06
(Cr,0, + Al) + 0 Al

Fig. 4. Results of thermodynamic analysis for the AlI-Cr
system performed in the “Thermo” software package,
considering the use of CrOj; (a) and Cr,O5 (b)

Puc. 4. Pe3ynbraTsl TepMOIMHAMUYECKOTO aHAIN3a
cucteMbl Al—Cr B mporpaMMHOM nakete <« hermo»
¢ yuetoMm npuMeHeHust CrO; (a) u Cr,05 (b)

This approach was justified by the resulting increase in
adiabatic temperature to approximately 2500—2700 °C,
as well as the formation of pure chromium (complete
reduction of chromium oxide) in the reaction products.

When developing the charge compositions and se-
lecting process parameters to obtain alloys with the tar-
get compositions, it is essential to have general data on
the interaction characteristics of the studied materials as
a function of temperature under equilibrium conditions.
Such data can be extracted from the analysis of phase
diagrams. The phase diagrams used in this study are
provided in sources [19—24].

Analysis of the Mo—Cr system [19; 20; 22] showed
that both components exhibit unlimited mutual solubi-
lity, which will naturally contribute to a more uniform
distribution of components within the ingot during syn-
thesis.
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A similar interaction pattern was found for the
W—Cr system [23], where both components also have
unlimited mutual solubility. It should be noted that
within the specified component ratio range, the melting
point is approximately 2100 °C.

Analysis of the Al—Cr system [24] showed that
the general interaction characteristics of the main
components favor the formation of various phases
(AICr, AICr,, 0AlgCrs, BAIgCrs, etc.) during cooling
and crystallization. It is important to emphasize that
within the specified composition range, the melting
point is ~1650+1700 °C.

Effect of FAs on phase separation efficiency

The effect of functional additives on the formation
of the sample’s macrostructure and the efficiency of
phase separation was evaluated using the Cr—Mo alloy
system as an example. Two compounds were introduced
into the mixture as functional additives: fluorite CaF,
(fluorspar) and sodium hexafluoroaluminate Na;[AlF]
(cryolite). The primary role of these additives is to lower
the melting point of the slag phase and, consequently, to
reduce its viscosity. This creates favorable conditions for
more complete phase separation between the metallic
(target) phase and the oxide (slag) phase, ensuring the
formation of a clearer phase boundary.

Fig. 5 shows the external appearance of a Cr—Mo
alloy sample produced without the use of functional
additives in the initial composition. It can be seen that
the phase separation process was incomplete, as no
distinct phase boundary is observed across the entire
cross-section of the ingot. This results in reduced re-
covery of the target product and significantly compli-
cates phase separation after crystallization and cooling.
The loss of the target alloy can reach up to 25 wt. %,
which is unacceptable. According to the literature [25;
26], the introduction of calcium oxide (CaO) into an
aluminum oxide melt leads to a reduction in melting
temperature. Analysis of the CaO—Al,0; phase diag-
ram indicates that even a minor CaO addition (less
than 10 %) reduces the melting temperature by ap-
proximately 150 °C.

Both the combined FA and a specified amount of
calcium fluoride (CaF,) mixture were used in the ex-
periments. This made it possible to lower the melting
temperature of the slag phase by 100—120 °C and to
solve two additional problems. At temperatures above its
melting point (CaF, melts at 1360 °C), this compound
decomposes into Ca and F. Each of these elements plays
a distinct role when entering the high-temperature melt
of combustion products. Fluorine, being highly reactive,
interacts with harmful impurities, helping to remove



13BeCTng By30B. LIBETHAOS METAAAYPrUg o 2025 o T.31 o N21e C,27-40

Ky6aHosa A.H., MikopHukos A.M., CaHuH B.H., MapTsiHOB A.A. TOAYYEHNE AUTBIX AUFATYP C BbICOKUM COpepIKaHnemM Cr MeToAaMU...

Fig. 5. Cr—Mo alloy sample produced without
functional additives

a — external view of the sample (cross-sectional fracture)

after combustion of the mixture); b — ceramic mold

Puc. 5. lMonyuyennsrit o6pasert cucrembl Cr—Mo
0e3 UCIoTb30BaHU s GYHKIIMOHATHHON 100aBKU

a — BHEIIHUI Bu oOpasia (MornepeyHblii CKoJ) rociie

CXKUTaHUsl cMecH; b — Kepamudeckast popma

Fig. 6. External view of the macrostructure of ingots (mass 1—1.45 kg) synthesized

for the Cr—Mo (Al) (a), Cr—W (Al) (b), and Cr—Al (c) alloys

Puc. 6. BHemrHu it BUI MaKpPOCTPYKTYPBI CIUTKOB (Maccoii 1—1,45 KT) CHHTE3UPOBAHHBIX CIIJIAaBOB

Cr—Mo (Al) (@), Cr—W (Al) (b) u Cr—Al (c)

them. In particular, fluorine reacts with sulfur accord-
ing to the reaction S + 3F, — SF¢ forming a colorless,
odorless gas. The beneficial effect of elemental calcium
is twofold. In the initial stage, calcium acts as a getter
in the melt and actively participates in the deoxidation
reaction (Ca + O — CaO) of the melt by reacting with
residual (dissolved) oxygen in the alloy, thereby reduc-
ing its concentration. In the second stage, calcium oxide
(Ca0), acting as part of the slag phase, floats to the sur-
face and interacts with molten aluminum oxide, reduc-
ing the melting point of the slag phase. This increases
the time the melt remains in the liquid state, thus im-
proving the efficiency of phase separation between the
metallic and oxide layers.

The phase diagram of the NasAlF;—Al,O5 system
is relatively simple, with a low eutectic temperature of
961 °C, which further promotes more complete phase
separation of the reaction products.

Therefore, the introduction of FAs positively in-
fluences phase separation, ensuring a sharply defined

boundary, which simplifies the separation of phases after
minimal mechanical impact (e.g., tapping).

The optimized concentrations of the mixture com-
ponents and FA (total content in the initial mixture) are
not disclosed, as they constitute proprietary know-how.

All subsequent synthesis experiments for the studied
alloys were performed with FA added. The external ap-
pearance of the ingot macrostructures obtained for each
of the studied alloy systems is shown in Fig. 6.

Cr—Mo (Al) system

The synthesis reaction for this alloy was calculated to
achieve the target composition of Cr40Mo56Al14 (wt. %).
It is worth noting that the calculated concentrations
of the main components for the studied alloys fit well
within the permissible ranges specified in Table 2.

As established during the preliminary stage of the
study, the ingots produced in the Cr—Mo (Al) alloy ini-
tially showed a slight (1—2 %) deficiency in molybde-
num content, indicating incomplete reduction. Consi-
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Fig. 7. Microstructure (a, b) and EDS composition analysis (b, ¢) of the Cr—Mo (Al) alloy sample

(from a polished cross-section)

Puc. 7. Muxkpoctpyktypa (a, b) u MmuxkpoaHanus (EDS) coctasa (b, ¢) monyyeHHoro odpasiia crjana

Ha ocHoBe cucteMbl Cr—Mo (Al) (co uiuda)

dering this, a minor adjustment was made in the following
experiments, slightly increasing the proportion of mo-
lybdenum oxide in the initial mixture compared to the
calculated composition.

Fig. 7 presents micrographs of the synthesized cast
Cr—Mo (Al) alloy produced under optimized conditions
(55g, batch weight 1.7 kg, with functional additives).
Structural analysis of the obtained material showed a
dendritic structure (Fig. 7, a), which is characteristic of
cast alloys. According to EDS microanalysis performed
on a polished cross-section (Fig. 7, b), the alloy com-
position closely matches the calculated target composi-
tion (Fig. 7, ¢) in terms of the concentrations of the key
elements (see Table 2). This confirms that the selected
ratios of the initial components in the mixture were ap-
propriate. Microanalysis of the composition at different
locations (top, bottom, and center) of the Cr—Mo (Al)
alloy ingot revealed no significant variation in elemental
composition across the ingot.

X-ray phase analysis of the synthesized alloy de-
tected only peaks corresponding to the target alloy
(a solid solution of Cr in Mo), as shown in Fig. 8. The
main XRD parameters for the obtained Cr—Mo (Al)
master alloy were: anode — Cu, start angle — 20°, end
angle — 100°, step size = 0.02°, scan speed — 0.5 °/s,
maximum count — 2063.

The obtained data indicate that no interaction pro-
ducts were formed between the ceramic mold material
and the high-temperature melt of the synthesis products,
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Fig. 8. X-ray diffraction analysis of the Cr—Mo (Al) alloy ingot
Moy, — Mo-based solid solution

Puc. 8. PeHtrenoda3oBblii aHaIM3 MOJYYEHHOTO CIMTKA
cuctembl Cr—Mo (Al)

Moy, — TBepAbIit pacTBOp Ha ocHOBE Mo

despite the elevated melt temperature. The resulting al-
loy composition falls within the permissible concentra-
tion range specified for the studied alloys (see Table 2).

Cr—W (Al) system

Due to the higher melting point of tungsten, it was
decided to slightly reduce the concentration of this re-
fractory component compared to the base composition
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Fig. 9. Microstructure (a, b) and EDS composition analysis (¢, d) of the Cr—W (Al) alloy sample

(from a polished cross-section)

Puc. 9. Mukpoctpykrypa (a, b) u Mukpoananus (EDS) cocraBa (¢, d) mosrydeHHOT0 06pasiia crijiaBa

Ha ocHoBe cucteMbl Cr—W (Al) (co mmuda)

calculated for the first system (Cr—Mo (Al)). As a result,
the Cr43W53Al14 (wt. %) composition was selected as the
base composition for the experiments.

Micrographs of the structure and structural compo-
nents of the synthesized cast Cr—W (Al) alloy samples
are shown in Fig. 9, a—c. Structural analysis confirmed
that the obtained alloy also exhibits a well-defined den-
dritic structure. At higher magnification (Fig. 9, b),
contrast variations reveal dendritic redistribution of the
target alloying elements. The central part of the dendrite
arms is enriched in W, while the peripheral region is en-
riched in Cr. This allowed for detailed point chemical
analysis using the INCA Energy 350 XT microanaly-
sis system, installed on the ultra-high-resolution field
emission scanning electron microscope. However, this
redistribution occurs at the microscale and does not af-
fect the overall quality of the produced alloy.

Microanalysis of the composition at different loca-
tions (top, bottom, and center) of the Cr—W (Al) alloy
sample showed no significant variations in composi-
tion. This is primarily explained by the specific features
of SHS metallurgy and the action of centrifugal forces,
which promote thorough mixing of the melt compo-
nents prior to crystallization. The most representative
composition data for the obtained alloy are presented in
Fig. 9, ¢, d. It can be seen that the alloy composition
meets the target element concentration requirements
(see Table 2), confirming the correct selection of the
initial component ratios in the starting mixture.

X-ray phase analysis of the synthesized Cr—W (Al)
alloy revealed the presence of peaks corresponding to

d Content, wt. %
Spectrum Al o W 5
2.91 46.73 | 50.36 | 100.00
2 3.85 | 46.13 | 50.02 | 100.00
800 Intensity, rel. units
700- i Wy
600+
500+
400+ .
3001 ®
2004
100+ “J
04
10 20 30 40 50 60 70 80 90 100

20, degree

Fig. 10. X-ray diffraction analysis of the Cr—W (Al) alloy ingot
W, — W-based solid solution

Puc. 10. PentreHoda3oBbIit aHAIN3 TTOJIYYEHHOTO CITUTKA
cucteMbl Cr—W (Al)

W,, — TBepablit pacTBOp Ha OcHOBe W

a solid solution formed based on the target elements
(a solid solution of Cr in W), as shown in Fig. 10. The
main XRD parameters for the Cr—W master alloy were:
anode — Cu, start angle — 20°, end angle — 100°, step
size — 0.02°, scan speed — 0.5 °/s, maximum count —
1780.

As shown, no unwanted secondary phases were de-
tected in the obtained alloy. Even at this stage of re-
search, it can already be confidently concluded that
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Fig. 11. Microstructure (@, b)) and EDS composition analysis (¢, d) of the Cr—Al alloy sample (from a polished cross-section)

Puc. 11. Mukpoctpyktypa (a, b) u Mukpoananus (EDS) coctaBa (¢, d) mosydyeHHOro obpasiia crjaaBa

Ha ocHoBe cuctembl Cr—Al (co miuga)

the use of alundum molds is justified for producing the
studied alloys via centrifugal SHS metallurgy.

Cr—Al system

Micrographs of the synthesized cast Cr—Al al-
loy sample at different magnifications are shown in
Fig. 11, a, b. At higher magnification (Fig. 11, b),
non-metallic inclusions (slag phase) can be seen in
the ingot, which is an expected result at this stage of
research (preliminary series of experiments). This is
because the reactive mixture mass for this system was
insufficient, not exceeding 550 g. During combustion,
due to intense heat transfer, the sample cools rapidly,
resulting in incomplete phase separation of the syn-
thesis products. This issue is typically resolved by in-
creasing the reactive mixture mass, which is planned
for future experiments.

EDS microanalysis performed on the fracture sur-
face (Fig. 11, ¢, d) confirms that the alloy composition
meets the target element concentration requirements
(see Table 2). The residual oxygen content indicates the
presence of non-metallic inclusions, resulting from the
short “lifetime” of the liquid phase (melt). This limited
time prevented the complete reduction of the chromium
oxide and did not allow the formed Al,O; to fully transi-
tion into the slag phase.

X-ray phase analysis of the synthesized Cr—Al al-
loy detected only peaks corresponding to the target
alloy formed from the main elements (Fig. 12). The
main XRD parameters for the Cr—Al master alloy
were: anode — Cu, start angle — 20°, end angle —
100°, step size — 0.02°, scan speed — 0.5 °/s, maxi-
mum count — 1570.
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Fig. 12. X-ray diffraction analysis of the Cr—Al alloy ingot

Puc. 12. PentreHoda3oBblii aHaIM3 ITOTYYEHHOTO CIMTKA
cucteMbl Cr—Al

Chemical analysis of the synthesized alloys

When developing chemical methods for alloy pro-
duction, such as SHS metallurgy, the composition of the
reaction mixture is one of the most critical parameters.
This composition determines key process conditions,
including temperature, reduction efficiency (complete-
ness of reduction of the initial components), and the
separation of the slag and metallic phases. In addition to
ensuring that the alloy meets the target chemical com-
position in terms of the main elements, it is also impor-
tant to monitor the presence and concentrations of im-
purities. Comprehensive composition control, including
all trace elements, is essential for achieving stable and
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reproducible physical and mechanical properties in ad-
vanced high-strength metallic materials.

Tables 3—5 present the full chemical analysis of
the synthesized alloys, performed using inductively
coupled plasma mass spectrometry (ICP-MS). This
method combines an inductively coupled plasma ion
source with a mass spectrometer for ion separation and
detection and is considered one of the most advanced
techniques in modern materials analysis.

In modern metallurgical production, considerable
attention is given to the mass fraction of various gases
present in metals. The key gases that influence alloy
properties are nitrogen, oxygen, and hydrogen. The
most commonly used method for determining gas con-
tent in metals is combustion analysis, which enables the
detection of gas impurities with an accuracy of up to
0.00001 %. Table 6 presents the results of the analysis of
the synthesized Cr—Mo and Cr—W alloys for carbon,
sulfur, and gas impurities.

Table 3. Chemical composition of the synthesized
Cr—Mo (Al) alloy

Ta6auua 3. Pe3yabraThl XMMUUYECKOTO aHalKn3a
CUHTE3UpPOBaHHOTO cruiaBa cucteMbl Cr—Mo (Al)

Mass Mass Mass
Element | fraction, | Element |fraction,| Element |fraction,
wt. % wt. % wt. %
Li <0.0005 Zn  <0.0005 Sm <0.0003
Be <0.0003 As <0.0005 Eu <0.0003
B <0.0002 A" <0.0003 Gd <0.0004
Al 4.27 Rb  <0.0005 Tb <0.0003
Na 0.0018 Sr <0.0002 Dy <0.0007
Mg <0.0003 Y <0.0002 Ho <0.0003
Si 0.4271 Ga  <0.0007 Er <0.0003
Ca <0.0003 Ge  <0.0008 Tm <0.0001
P 0.0010 Zr 0.0005 Yb <0.0002
K 0.0020 Nb <0.001 Lu <0.0005
Sc <0.0003 Mo 53.02 Hf <0.0001
Ti 0.0025 Sn <0.001 Pt-e <0.002
Cr 42.51 Sb <0.0003 Re <0.0002
Fe 0.2110 Ba <0.0001 W 0.0564
Mn <0.0002 La <0.0003 Pb <0.0003
Co <0.0005 Ce <0.0006 Th <0.0002
Ni 0.0043 Pr <0.0005 U <0.0005
Cu <0.001 Nd  <0.0007 Ta 0.0011

Table 4. Chemical composition of the synthesized
Cr—W (Al) alloy

Tabnauua 4. Pe3ynbraTbl XMMHYECKOTO aHATM3a
CUHTE3UpOBaHHOTO crutaBa cuctembl Cr—W (Al)

Mass Mass Mass
Element |fraction, | Element | fraction, | Element |fraction,
wt. % wt. % wt. %
Li <0.0005 Zn 0.0010 Sm  <0.0003
Be <0.0003 As <0.0005 Eu  <0.0003
B <0.0002 v <0.0003 Gd  <0.0004
Al 4.82 Rb <0.0005 Tb  <0.0003
Na 0.0019 Sr 0.0006 Dy  <0.0007
Mg <0.0003 Y <0.0002 Ho  <0.0003
Si 0.4509 Ga <0.0007 Er  <0.0003
Ca <0.0003 Ge <0.0008 Tm  <0.0001
P 0.0011 Zr 0.0020 Yb  <0.0002
K 0.0062 Nb <0.001 Lu  <0.0005
Sc <0.0003 Mo <0.0006 Hf  <0.0001
Ti 0.0218 Sn <0.001 Pt-e  <0.002
Cr 42.17 Sb <0.0003 Re  <0.0002
Fe 0.2131 Ba <0.0001 \ 52.61
Mn 0.0036 La <0.0003 Pb 0.0019
Co <0.0005 Ce <0.0006 Th  <0.0002
Ni 0.0061 Pr <0.0005 U <0.0005
Cu <0.001 Nd <0.0007 Ta  <0.0005
Table 5. Chemical composition
of the synthesized Cr—Al alloy
Tabauua 5. Pe3ynbraThl XMMUYECKOTO aHAIM3a
CUHTE3UpPOBaHHOTO cIiaBa cucteMbl Cr—Al
Mass Mass Mass
Element [fraction,| Element [fraction,| Element |fraction,
wt. % wt. % wt. %
C 0.015 Ni 0.02 Pb <0.0005
Si 0.15 w 0.06 Sn <0.001
S 0.002 Fe 0.17 As 0.0006
P 0.012 0.0076 Sb 0.001
Cr 85.2 0] 0.0017 Bi <0.0001
Al 12.43 0.0021 Zn 0.002
Mo 0.02 Cu <0.001 Cd <0.0001
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Table 6. Results of chemical analysis of the synthesized
Cr—Mo (Al) and Cr—W (Al) alloys for carbon, sulfur,
and gas impurities

Ta6auia 6. Pe3ynbraThl XMMHYECKOTO aHAIM3a
cuHTe3upoBaHHBIX criaBoB Cr—Mo (Al) u Cr—W (Al)

Ha HaJIM4ue yrjepoaa, cepbl U Ta30BbIX IpUMeceit

Mass fraction, wt. %
Alloy
c | s | o] N | H
Cr—Mo (Al) 0,011 0,0028 0,042 0,019 0,0014
Cr—W (Al) 0,0091 0,00078 0,12 0,0072 0,0012

Analysis of the obtained chemical composition data
allows us to conclude that the synthesized alloys meet all
key requirements for permissible concentrations of both
target elements and impurities. It is particularly worth
noting the low content of harmful impurities such as
sulfur and hydrogen.

Conclusion

This study included thermodynamic analyses of
combustion temperatures for the investigated exother-
mic systems Mo—Cr, W—Cr, Cr,0;—Al, and CrO;—
Al. These analyses confirmed that there are no thermo-
dynamic barriers to the synthesis of the target materials
using SHS metallurgy.

The main conclusions drawn from this work are as
follow:

1. A comprehensive series of experiments demon-
strated that in the production of master alloys based on
refractory elements (Mo—Cr and W—Cr), as well as
systems with a significant difference in melting points
(Cr—Al), the mass of the reaction mixture should be
increased to 1.5—2.0 kg in order to extend the time the
melt remains in the liquid state (the melt “lifetime”).

2. The centrifugal acceleration applied should be at
least 50 g.

3. To increase the synthesis temperature when pro-
ducing ingots in the Cr—Al system, a combined oxi-
dizer should be used, consisting of a mixture of chro-
mium (IIT) oxide and chromium (VI) oxide, with the
Cr,05 /CrOj ratio ranging from 70/30 to 40/60.

4. The experiments confirmed the necessity of intro-
ducing functional additives at 3 % of the oxidizer mass.
These additives should be a combination of cryolite and
fluorite, to lower the melting temperature of the slag
phase and thereby improve the phase separation between
the metallic and oxide phases.

5. Analysis of the Cr—Mo (Al) and Cr—W (Al) mas-
ter alloys demonstrated the need to introduce an excess
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amount of MoO; and WO3, respectively, due to the in-
complete reduction of Mo and W from their oxides.

6. Microstructural analysis of the obtained master
alloys revealed the presence of a dendritic structure,
which is typical for cast alloys.

7. X-ray phase analysis results highlighted the im-
portance of using a ceramic mold to ensure uniformity
of the material’s phase composition.

8. The chemical composition analysis of the synthe-
sized Mo—Cr (Al), W—Cr (Al), and Cr—Al alloys, per-
formed using ICP-MS, confirmed that the target com-
positions were achieved and fully met the permissible
concentration requirements for both target elements and
impurities. Particularly noteworthy is the low content of
harmful impurities such as sulfur and hydrogen.
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