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Pilot tests for processing oxidized copper ores
from the Erdenetiin Ovoo deposit
using heap leaching

S. Gantulga', Ts. Tsend-Ayush?, B. Altantuyaa', S.V. Mamyachenkov’

! Mongolian University of Science and Technology
34 Sukhebator Str., Ulaanbaatar 14191, Mongolia

2SOE “Erdenet Enterprise”
Friendship Square, Erdenet, Orkhon aimag 61027, Mongolia

3 Ural Federal University n.a. the First President of Russia B.N. Eltsin
19 Mira Str., Ekaterinburg 620002, Russia

4 Sergey V. Mamyachenkov (svmamyachenkov@yandex.ru)

Abstract: In the current context of declining reserves of high-grade copper sulfide ores, oxidized ores are becoming an important source
of mineral raw materials containing non-ferrous and precious metals. Traditional flotation processing of these ores results in low-grade
concentrates with poor metal extraction rates (40—60 %). Heap leaching is considered the most promising method for processing such ores. As
a result of prolonged intensive mining at the Erdenetiin Ovoo deposit (Erdenet, Mongolia), approximately 800 million tonnes of oxidized ore
dumps with an average copper content of 0.45—0.48 % have accumulated within the open-pit boundary. Global experience in processing such
secondary raw materials demonstrates the high economic efficiency of copper extraction through heap leaching, followed by solvent extraction
and electrowinning (SX-EW) of copper from the pregnant leach solution. For the State-owned Enterprise Erdenet, it is essential to conduct
leaching studies on oxidized ores and pilot testing of this technology on the ore from existing ore dumps. To achieve this, 35 boreholes were
drilled in the dumps (16 in dump No. 8a and 19 in dump No. 12), from which core samples were collected. The mineralogical composition of
the oxidized copper ore samples was analyzed, and the effect of heap leaching parameters (ore particle size, solution acidity, etc.) on copper
recovery into the pregnant leach solution was determined. To more accurately assess the recoverable copper from the two dumps, composite
samples were collected from each borehole, and large-scale heap leaching tests were conducted in 30 open-cycle columns. The test results
showed that copper extraction rate from dump No. 8a ranged from 35.8 % to 69.1 %, with an average of 56.0 %, while dump No. 12 exhibited
extraction rates ranging from 51.8 % to 77.4 %, with an average of 63.6 %.

Keywords: Erdenetiin Ovoo oxidized copper ore, mineralogical analysis, heap leaching, sulfuric acid consumption, particle size, copper
extraction.

For citation: Gantulga S., Tsend-Ayush Ts., Altantuyaa B., Mamyachenkov S.V. Pilot tests for processing oxidized copper ores from the
Erdenetiin Ovoo deposit using heap leaching. Izvestiya. Non-Ferrous Metallurgy. 2025;31(1):5—13.
https://doi.org/10.17073/0021-3438-2025-1-5-13
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IToxynpombliLIeHHbIE€ HCTIBITAHNUS
nepepadOTKH OKMCJEHHbIX MEeIHBIX Py
MECTOpPOXIAeHUS DpA3HITHIHH OB0O
METO0M KYYHOI'0 BbIIIEJIAYMBAHNS

C. Fanryaral, I1. I_[alm-Aloym2, b. Aarantysa', C.B. MamsyeHKoB>

! MoHroabckuii yHHBEPCHTET HAYKH H TEXHOJIOTHH
Mounronus, 14191, Ynan-batop, ya. Cyxabatopa, 34

2TITC «IIpexnpusitue DpasHaT»
Mouronus, 61027, OpxoHcKui aitMak, r. OpasHaT, [Tnomanb JpyKObl

3 Ypaasckuii penepanbubliii yausepcutet um. nepsoro Ipesunenta Poccun b.H. Eapuuna
Poccus, 620002, r. Ekatepun0Oypr, yi1. Mupa, 19

P4 Cepreii Bragumuposuy MamsaueHkos (svmamyachenkov@yandex.ru)

AuHoTauus: B cOBpeMEHHBIX YCIOBUSIX COKPAIICHHUS 3a11aCOB 0OTaThIX MEAHBIX CYJIbOUIHBIX PYJ KICTOUHUKOM MUHEPAJTBHOTO ChIPbHSI,
COMlepKAIIero BETHbIE U OJIarOpOIHbIE METAJLIbI, CTAHOBSITCSI OKMCICHHBIE PYabl. [1pu ux rmepepaboTKe TPaIUIIMOHHBIM (DIOTAIIMOH-
HBIM METOJIOM TIOJY4al0T HU3KOCOPTHBIE KOHIEHTPAThI pu HU3KoM (40—60 %) usBieyeHnu MetanaoB. HauGosee mepcrneKTUBHBIM Ha-
npaBjeHUEM MepepaboTKU MOAOOHbIX PY/I SIBJsIETCSI KYYHOE BbllleJauBaHue. B pe3yibrate MHOTOJIETHE MHTEHCU BHOM SKCIIIyaTallu i
MECTOPOXAeHUs DpIdHAITUIH OBOO (I. DpA3HIT, MOHTOJIMS) B KOHTYpe Kapbepa HakorjieHo 0KoJio 800 MJIH T OTBaJOB OKMCJIEHHOM
pyabl co cpeaHuM conepxanueM Meau 0,45—0,48 %. MupoBoOii ONBIT IepepabOTKU TAKOI'O0 TEXHOIEHHOTO ChIPhs TOKa3bIBAET BHICOKYIO
9KOHOMUYECKYI0 3¢ (HEKTUBHOCTH U3BJICUYCHUSI METM METOIOM KYYHOTO BhIIIEJIaYUBAHUS C TTOCICAYIONINM U3BJICYEHUEM MEIM U3 TTPO-
MYKTUBHOTO PACTBOPA ITO TEXHOJIOTHH «3KCTPaKIUSI—31eKTponau3». s [1T'C «[Ipennpusitue DpasHaT» aKTyaIbHO TPOBEICHUE UCCIIe-
MOBAHMUI1 BBIILETAYNBAHU ST OKMCIEHHBIX PY/I M YKPYTHEHHBIX UCTIBITAHU 1 TEXHOJIOT MU Ha Py/ie CYIIECTBYOUIUX OTBAIOB. [1JIsT perieH st
MOCTaBJICHHOIT 3ajauK B OTBaJax npoodypeHo 35 ckBaxuH (16 — B orBasie Ne 8a u 19 — B orBasie Ne 12), 13 KOTOPBIX MOJyUeHbl KEPHOBbBIE
npoObl. M3yueH MUHepaIornyecKuii CocTaB Ipo0 OKMUCIEHHOM MEIHOM PYy/Ibl, ONPEAeSIEHO BAUSHUE YCIOBUIA KYUYHOTO Bbl1lleJau MBaH U sI
(KpYMTHOCTH PyJIbl, KUCJIOTHOCTU PACTBOPA U Jp.) Ha MOKa3aTeu MepeBoa MeA B IPOAYKTUBHBIN pacTBop. [yisi 6osiee TOUHOTO OIpe-
NeJICHU ST KOJTMYEeCTBa MeIM, KOTOPOE MOXKHO MOJIYYUTh METOIOM BBIIIEJa4YMBAHUS U3 IBYX OTBAJIOB, U3 KaXJI0W CKBaXX MHBI OTOOpaHa
cocTtaBHas (KOMIO3uTHAast) Tpo6a u B 30 KOJOHHAX MPOBEACHBI YKPYITHEHHBIC UCTIBITAHNSI KYYHOTO BhIIIETaYMBAHUS B OTKPBITOM 1~
KJie. B pesynabrare aTux UCbITaHU 17151 oTBaja Ne 8a n3BiieueHue Meau coctaBuio ot 35,8 no 69,1 % (cpenHee 3naueHue — 56,0 %), a mis
orBasia No 12 — BapbupoBaoch B iuanasone 51,8—77,4 % (cpennee 3Hauenue — 63,6 %).

KioueBbie cjioBa: OKMCIEHHast MeaHast pyaa DpadHaTUitH OB0OO, MUHEPAJTOrMYeCKHUii aHaIu3, KyYHOEe BhIIeJaduBaHe, PACXO] CEPHOI
KHCJIOTHI, KPYITHOCTD, U3BJICUCHUE METH.

Jlna uutupoBanusa: [antynra C., Lsua-Awym L., Antantysa b., MamsiuenkoB C.B. [TonynpombliiieHHbIE UCTIBITAHUS TTepepaboTK
OKHCIEHHBIX MEIHBIX Py MECTOPOXIeHUsT DpAHITUIH OBOO METOAOM KYUYHOTO BbllleTauuBaHus. Mzeecmus y306. Lleemnas meman-
aypeus. 2025;31(1):5—13. https://doi.org/10.17073/0021-3438-2025-1-5-13

Introduction

Mined ore that did not meet processing grade re-
quirements was stockpiled in dumps No. 8a and 12
over many years. This long-term accumulation led

As of January 1, 2022, the geological services of the
state-owned mining and processing enterprise Erdenet
Mining Corporation (Mongolia) estimated the reserves

of oxidized copper ore in dumps No. 8a and 12 of the
Erdenetiin Ovoo deposit at 49.0 million tonnes, with
an average copper content of 0.48 %. In the near future,
Erdenet Mining Corporation plans to construct a catho-
de copper production plant to process oxidized ore
using the Heap Leach — Solvent Extraction/Electro-
winning (HL-SX/EW) technology.

6

to significant alterations in the ore properties due to
natural environmental factors such as precipitation,
wind, and temperature fluctuations. Representa-
tive samples were collected to determine copper
content, phase composition, the suite of minerals
present in the ore, and their solubility. These data
were then used to forecast the potential technical
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and economic indicators of heap leaching for this
material.

The hydrometallurgical heap leaching (HL-SX/EW)
technology is considered one of the most promising
methods for processing oxidized copper ore due to its
low-cost and environmentally friendly characteristics
[1—3]. Erdenet Mining Corporation aims to build a
cathode copper production facility based on this pro-
cess, using ore extracted from waste dumps [4; 5].

The ore in dumps No. 8a and 12 has a relatively high
copper content (0.48 %). Since this oxidized ore was
stockpiled over an extended period, it exhibits a high de-
gree of oxidation influenced by natural weathering and
climate conditions. Preliminary leaching tests on these
dumps have been conducted since 2014 by institutions
such as the Chinese BGRIMM Institute and the Techno-
logical Research Laboratory (TRL) of MAK LLC (Rus-
sia). Samples for these tests were collected from the dump
surface using an excavator bucket at depths of 2.0—2.8 m.
Consequently, the representativeness of these samples is
considered insufficient [6; 7]. Column leaching tests con-
ducted by BGRIMM established that copper extraction
rates of 40—50 % could be achieved. Meanwhile, TRL
tests, which employed additional leaching enhancement
techniques, indicated that leaching could extract between
35 % and 80 % of the total copper into the pregnant leach
solution. These results highlight a broad range of poten-
tial copper extraction rates [8; 9].

To obtain more accurate data, semi-industrial-scale
tests were performed using samples from 35 boreholes
drilled in dumps No. 8a and 12 at depths ranging from
18 to 75 m. These samples exhibited high representative-
ness, and composite samples were prepared based on the
weight ratio of each borehole. These composite samples
were then subjected to heap leaching in large-scale test
columns (30 columns).

Sample preparation

Core samples from dumps No. 8a and 12 were
screened through a 75 mm mesh sieve. The +75 mm
fraction was crushed using a jaw crusher with a 35 mm
discharge gap to achieve a particle size of —75 mm
(100 % passing) for heap leaching tests.

The sequence of sample preparation and chemical
analysis is shown in Fig. 1.

Pilot column leaching tests

Pilot column leaching tests were conducted in ac-
cordance with widely used methodologies [10—12].
Copper extraction depends on numerous factors, such

| Oxidized copper ore samples |

|

| Crushing (to —75 mm) |

|

| Mixing and splitting |

|

Particle size distribution and chemical analysis

|

| Column leaching test |

Fig. 1. Sequence of sample preparation and chemical analysis

Puc. 1. [ocnenoBareibHOCTb MPOOONOATOTOBKU
U XUMHWYECKOT0o aHaIn3a

as the particle size distribution of the ore, total copper
content, the distribution of primary sulfide and oxidized
copper, mineral composition, temperature and leaching
duration, initial solution concentration, and the flow
rate of the diluted sulfuric acid solution [13—15].

The column leaching tests were carried out under the
following conditions:

— ore particle size: 100 % passing —75 mm (with 80 %
of the fraction in the range of 17.8—33.1 mm, corre-
sponding to Pyg);

— leaching duration: 93—95 days;

— sulfuric acid concentration: 20 g/dm> during the
first 5 days, 15 g/dm3 from days 6 to 10, 10 g/dm3 from
days 11 to day 40, and 5 g/dm3 for the remaining period;

— leachate application rate: 6.1 dm>/(m?-h);

— acid leaching method: uniform distribution from
the top of the column;

— number of columns: 30.

The schematic diagram of the column leaching tests
is shown in Fig. 2.

When the copper leaching rate slowed down,
the process was halted by stopping the supply of
the leaching solution. This was followed by rinsing
with clean water for 24 h to drain the residual solu-
tion. After drainage, the moist ore samples were ex-
tracted from the columns, air-dried in an open area,
screened using the standard method, and composite
samples (collected while maintaining the ratio of the
original sample and ore particle size) were analyzed
for each fraction.

Mineralogical analysis

The results of the copper speciation analysis indicate
that in dump No. 8a, the content of primary copper is
31.1 %, secondary copper is 42.9 %, and oxidized copper
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I 520 g/L H,8O, <«—

Column height: 3 m

Diameter: 0.3 m >

Ore Py,
(17.8-33.1 mm)

—

|

Pregnant leach solution

Fig. 2. Schematic diagram of the leaching tests

Puc. 2. Cxema nipoBeieHU ST UCTIBITAHU I

- Primary Cu

o

[ ] oOxidized Cu

Leach solution
application rate: <
6-7 L/(m*h)

Leaching
solution

Chemical
analysis

!

Calculation

|:| Secondary Cu

Fig. 3. Diagram of copper phase analyzes (%) in dumps No. 8a () and No. 12 (b)

Puc 3. [luarpamma aHann3oB (%) meaHoii ¢dasel B orBajgax Ne 8a (a) u 12 (b)

is 26.0 %. In dump No. 12, the average content of pri-
mary copper is 28.3 %, secondary copper is 32.1 %, and
oxidized copper is 39.6 % (Fig. 3).

The results of the analysis of host rocks and ore min-
erals, conducted using X-ray diffraction (XRD) and a
automated mineral analyzer (TIMA), are presented in
Table 1.

The mineral composition of each dump differed sig-

nificantly in the content of major rock-forming minerals
such as quartz, plagioclase, potassium feldspar, musco-
vite, and pyrite, while the content of other minerals was
similar.

Copper minerals are present as aggregates tightly
intergrown with the gangue matrix. Spatially, covellite
tends to displace and replace chalcopyrite and pyrite
grains within the gangue matrix.
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Table 1. Mineral composition (%)
of dumps No. 8a and 12

Ta6nuia 1. MuHepanbHblii cocTaB (%) otBamoB Ne 8a u 12

Mineral Dump No.
No. Type .
composition 8a 12
1 Quartz 25.8 28.7
2 Plagioclase 37.4 29.7
3 Feldspar 9.2 6.8
4 Muscovite 15.7 18.1
Gangue

5 | minerals Clay 743 | 13.05

minerals ’ '
6 Carbonates 0.36 0.35
7 Other minerals 1.27 1.34
8 Pyrite 1.48 0.66
9 Copper-bearing | ¢y | 76

minerals

Ore
10 minerals Hematite 0.32 0.36
11 Sphalerite 0.13 0.14
12 Molybdenite 0.02 0.01
100 100

Results of pilot column leaching tests

The relationship between copper extraction rate and
leaching time is shown in Fig. 4.

It is evident that for the oxidized ore dumps No. 8a
and 12, the copper dissolution process proceeded rela-
tively quickly during the first 17 days, after which it be-
gan to stabilize.

Fig. 5 illustrates the total copper recovery, as well
as copper extraction rate averaged for each phase and
across different particle size classes.

A general trend observed is that oxidized copper
minerals exhibit good solubility across all particle size
classes, while primary and secondary sulfide copper
minerals show relatively lower dissolution rates. Copper
extraction rate into the solution is highest for samples
with a particle size of —6.3 mm. For particle sizes rang-
ing from —25 mm to +6.3 mm, the copper extraction
can be described as moderate, while for coarser par-
ticles, it is minimal. This behavior is attributed to the
fact that the leaching rate in a heterogencous system
strongly depends on the reactive surface area. Additio-
nally, due to the large number of copper mineral particles
in the finer fractions—liberated from the rock-forming
materials—favorable conditions are created for effective
interaction with sulfuric acid. This, in turn, enhances
the leaching process [16—20].

Copper extraction rate, %

No. 12

0 20 40 60 80
T, days

100

Fig. 4. Copper extraction rate during the leaching process

Puc. 4. 3BneueHue ME€IU B IIPOLECCE BblIICIaYMBaAaHU A

For the pilot column leaching test samples, copper
extraction values were calculated, chemical analyses
were conducted, and the particle size distribution of
the loaded samples (Pgg) from dumps No. 8a and 12
was determined. The results are presented in Tables
2 and 3.

For dump No. 8a, copper extraction rate ranged
from 35.8 % to 69.1 % with sulfuric acid consumption
between 2.0 and 22.6 kg/t (average value — 23.11 kg/t).
The ore particle size, represented by the Py, value (the
sieve size through which 80% of the material passes),
ranged from 17.8 to 33.1 mm. In dump No. 12, copper
extraction rate ranged from 51.81 % to 77.4 %, with
sulfuric acid consumption between 22.8 and 24.6 kg/t
(average consumption — 23.3 kg/t), and the Pg, value
ranged from 18.1 to 29.3 mm.

Copper extraction rate was calculated using two
methods based on the copper content in the leaching
residue and the pregnant leach solution [21]:

— comparing the copper content in the leaching
residue with the copper content in the pre-leaching
samples;

— comparing the amount of copper in the total solu-
tion collected during leaching with the amount of cop-
per in the pre-leaching sample.

Conclusions

1. Previously, the average copper content in the oxi-
dized ore dumps No. 8a and 12 of the Erdenetiin Ovoo
deposit was estimated using Micromine software at
0.47—0.49 %, with a degree of oxidation of 14.7—20.5 %.
According to the results of this study, the average copper
content was found to be 0.30—0.38 %, and the oxidation
degree ranged from 25.6 % to 41.2 %. This demonstrates
the influence of natural factors on changes in ore pro-

9
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Copper extraction rate, %

100 2
A 89.0 I Cu total
T 85.0 [ Cu primary
80 755 [ Cu secondary
i 717 ] 688 [ Cu oxidized
61.7 62.0
60 - 585 [
7 443 Y67 45.4
401 362
i hs.8 30.2 30.1 31.3
25.1
225
204 20.2 L6
1 .19 5.92| |6.16
43
0 = T T H |_| T ,_l T |_|
-1.7 -6.3+1.7 -12.5+6.3 -25+12.5 —50+25 ~75+50
Particle size, mm
Copper extraction rate, %
100
b 915 90.5 M Cu total
h ] 84.6 [ Cu primary
80 1 [ Cu secondary
] 695 718 [ Cu oxidized
64.0
60 57.2 551 59.0
513 (] g 497
40- 27 413
30.9 32.1] 340 280
1 He gy 282 2321234
20 -
9.17
4 575
0 T T |_| |_|
-1.7 -6.3+1.7 —12.5+6.3 -25+12.5 -50+25 —75+50

Particle size, mm

Fig. 5. Diagram of total copper recovery and copper extraction rate by particle size fraction for dump No. 8a (a) and dump No. 12 (6)

Puc. 5. luarpamMmma o6111ero n3BIeYeHU ST MEAU U U3BJICUSHU ST MEIU 110 KaXA0u hpakiinu

st orBasia Ne 8a (a) u orBania No 12 (b)

perties within the dumps. It was established that the
oxidation rate of dump ores in the Erdenet region ex-
ceeds 0.6 % per year.

2. Based on the pilot column leaching tests, copper
extraction rate ranged from 35.8 % to 69.0 % for dump
No. 8a, with an average of 56.0 %, and from 51.8 % to
77.4 % for dump No. 12, with an average of 63.6 %.
Since dump No. 12 has a higher oxidation degree, its
copper extraction rate was also higher compared to
dump No. 8a.

3. In borehole samples from dumps No. 8a and 12,
the quartz content was 25.86 % and 29.46 %, plagiocla-
se — 37.46 % and 34.72 %, potassium feldspar — 9.21 %
and 6.88 %, muscovite — 15.74 % and 18.05 %, and py-
rite — 1.48 % and 0.66 %, respectively. Summarizing
the mineral composition for each dump revealed signifi-
cant differences in the content of major rock-forming
minerals (quartz, plagioclase, potassium feldspar, and

10

muscovite), while the content of other minerals was simi-
lar. dump No. 8a showed higher pyrite content and the
presence of sulfide minerals with relatively larger partic-
le sizes. A distinctive feature of dump No. 12 samples
was the relatively low number of pyrite particles, reduced
grain sizes of sulfide minerals, and chalcopyrite observed
as rims surrounded by secondary copper minerals.

4. Particle size and copper phase distribution signi-
ficantly affect copper extraction rate during heap leach-
ing. For both dumps, approximately 60 % of the total
dissolved copper was extracted from the —1.7 mm size
fraction, which accounted for less than 30 % of the to-
tal ore weight. However, the recovery of coarse fractions
during screening and the copper extraction rate from
coarse-grained fractions remained low.

5. It was determined that when the mass fraction of
fine particles (—1.7 mm) exceeds 30 %, there is an in-
creased risk of reduced solution permeability. Fine-
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Table 2. Generalized test results (dump No. 8a)

Ta6auua 2. O600111IeHHBIE pe3yabTaThl UCTIbITAaHUH (0TBan Ne 8a)

Time Particle size Phase analysis, % Extraction, %
Ne. days’ Pgy, mm ot Cu,; | Cu Cu Fetota Cu Fe
prim ox sec
1 95 18 0.36 26.4 25.6 48.0 3.17 54.5 2.5
2 95 25 0.26 29.3 27.4 429 3.28 61.7 3.4
3 95 22 0.29 28.1 31.5 40.1 291 68.1 8.3
4 95 18 0.34 35.2 34.6 29.9 2.96 50.8 4.1
5 95 27 0.45 20.3 27.1 52.6 2.56 69.1 10.5
6 95 33 0.29 34.3 23.1 42.7 2.84 61.0 8.7
7 95 21 0.32 25.0 36.4 38.6 2.63 54.7 8.6
8 95 25 0.28 28.3 20.4 51.3 3.27 57.3 5.1
9 95 25 0.27 35.1 18.7 46.3 2.96 46.5 6.6
10 93 22 0.25 37.5 15.1 47.4 2.99 47.5 8.6
11 93 21 0.32 26.7 32.6 40.7 3.11 60.7 6.0
12 95 18 0.27 46.4 16.1 37.1 3.31 35.8 8.4
13 95 19 0.25 34.4 24.3 41.3 3.10 50.0 6.4
14 93 20 0.29 18.9 25.2 55.9 3.61 66.1 10.2
Average values 22 0.30 30.5 25.6 43.9 3.05 56.0 7.0
Table 3. Generalized test results (dump No. 12)
Ta6nuia 3. O6001IeHHBIE pe3yabTaThl UCITBITaHU (0TBa No 12)
No. Eme’ it s o Phase analysis, % Fe.. Extraction, %
78 Pgy, mm Currim Cuy Cuge, Cu Fe
1 95 19 0.29 223 58.9 18.8 2.35 72.0 6.0
2 95 22 0.37 27.4 29.1 43.5 2.76 54.0 13.0
3 95 25 0.33 24.8 40.2 35.0 2.84 63.7 10.4
4 95 27 0.44 28.7 33.7 37.6 2.47 62.9 10.3
5 95 25 0.55 26.2 46.2 27.6 2.83 65.4 11.8
6 95 29 0.60 23.7 42.1 33.9 3.29 67.3 7.6
7 95 21 0.37 27.9 33.0 38.9 2.74 55.4 8.1
8 95 23 0.27 30.8 40.2 28.9 2.99 60.9 6.0
9 95 19 0.42 25.3 45.2 29.6 2.92 77.4 7.8
10 95 24 0.34 28.4 39.5 32.5 2.59 67.0 9.4
11 95 18 0.45 20.4 50.0 29.6 3.10 60.6 5.8
12 95 21 0.40 22.7 46.3 31.0 2.93 60.9 9.9
13 95 24 0.31 36.5 32.3 31.6 2.21 59.2 9.8
14 95 29 0.42 23.9 35.4 40.7 2.00 67.6 14.8
15 95 21 0.28 32.0 34.5 33.8 2.64 51.8 10.0
16 95 23 0.28 33.9 50.9 15.2 2.57 71.2 9.4
Average values 23 0.38 27.1 41.1 31.8 2.70 63.6 9.4

grained materials, which have a significant impact on
copper extraction rate, may undergo agglomeration to
improve solution permeability and enhance copper ex-
traction rate.

6. Based on the pilot column leaching test results
conducted on ores from the Erdenetiin Ovoo deposit,

it is necessary to develop a mathematical model [22]
that defines the relationships between factors affect-
ing copper extraction rate. This model will be used to
explore the possibility of achieving efficient copper
extraction through heap leaching in a shorter time
frame.

1
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Abstract: The study presents the results of gold dissolution in cyanide solutions using the cyclic voltammetry method. A methodology was
developed to investigate the mechanism of gold leaching in cyanide solutions by determining the relationship between current and potential
under varying cyanide and oxygen concentrations. It is known that as the electrode potential increases, the gold dissolution current rises
until the passivation potential is reached, after which it sharply decreases due to the formation of an oxide film, resulting in gold passivation.
It was established that the maximum passivation current is achieved at oxygen and sodium cyanide concentrations of 7.5 mg/dm? and 300—
400 mg/dm?, respectively. Mathematical relationships for the passivation potential and current as functions of sodium cyanide and oxygen
concentrations were determined, described by polynomial equations with approximation coefficients R, > 0.7. When the polarization direction
isreversed, the current polarity changes, producing a cathodic curve with a peak at the depassivation potential, corresponding to the dissolution
of the passive gold film. The depassivation potential and current show weak dependence on sodium cyanide concentration. The cyclic
voltammetric curve terminates at the initial point with the same current and potential values, indicating the complete removal of the oxide film
from the gold surface. The oxide film thickness, calculated based on the amount of passed charge, was found to be 0.007 um. Metallographic
studies demonstrated that the film thickness could not be determined by this method. A gold surface diffractogram revealed that the passive
film formed after heating to 125 °C has the crystallochemical formula Na, ¢¢Au, ¢604. The study highlights the potential for enhancing gold
recovery from refractory ores through electrochemical treatment in alkaline conditions.

Keywords: gold, cyanidation, oxygen, electrochemistry, potentiostat, passivation, depassivation, current, potential, electron microscope,
cyclic voltammetry, XR D patterns, redox potential.
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onpeneaeHus 3aBUCUMOCTH CUJIbl TOKA OT MOTEH L MaJIa TPU Pa3IMYHbIX KOHLIEHTpaLUsIX LUaHKU1a HATPUsI U Krcaopoaa. M3BecTHo, uTo ¢
MOBBIIIICHEM 3JIEKTPOIHOTO MOTEHIIMAJIa TOK PACTBOPEHMST 30JI0TA BO3pacTaeT 0 MOTEHIIMa a TaCCUBAIlM U, a 3aTeM PE3KO CHUXKAETCs B
CBSI3M C 00pa30BaHUEM OKCHIHOM MJIEHKU, ¥ IPOUCXOIUT MacCUBAIMSI 30JI0TA. YCTAHOBJIEHO, YTO MAKCHMMaJIbHOE 3HaYeHHEe TOKA IMacCu-
BallMM JTOCTUTAETCS NIPU KOHLIEHTPALM X KMCI0poAa M LMaHu1a HaTpus B pacTBope 7,5 n 300—400 Ml‘/}JM3 COOTBETCTBEHHO. OTpeaesieHbl
MaTeMaTHYeCcK¥e 3aBUCUMOCTH MOTEHI[MAa U TOKa MTaCCUBAIINU OT KOHIIEHTPAIINIi IMaHWIa HATPUS U KUCIOPOa, KOTOPBIE OMUCHIBa-
OTCST TOJIMHOMUATbHBIMH YPAaBHEHHSIMH ¢ KoadbUIIHeHTaM Kt armpokcumarin R > 0,7. TIpi cMeHe HaITpaBJIeH! st MO PH3aLIIH] TTOJISP-
HOCTb TOKa MEHSIETCS, 1 00pa3yeTcst KaToAHasi KpUBasi ¢ MAKCUMYMOM IPU MOTEHIIMae IeMacCuBaIliy, KOTOpas CBsi3aHa C pacTBOpe-
HUEM TIaCCUBHOM MIeHKHU 3070Ta. [loTeHIMaN 1 TOK AemaccuBally c1abo 3aBUCST OT KOHLEHTPAIlMK LIuaHuaa HaTpus. Lluknnueckas
BOJIbT-aMIIepHasl KpUBasi 3aKaHUYMBaeTCs B HAUaJIbHOM TOYKE TTPY TOM K€ 3HAaUeHU U TOKA U MOTEHI[1aia, YTO CBUACTEIbCTBYET 00 yaase-
HUU OKCUHOU MJIEHKU C TOBEPXHOCTH 30J10Ta. ToNIIMHA OKCUAHON IJIEHKU YCTAHOBJIEHA PACUETHBIMU METOAAMU C YYETOM KOJTUYECTBA
MPONYyLIEHHOTO 3JeKTpruuecTBa U coctaniseT 0,007 MkM. MeTtasnorpaduyeckue uccieaoBaHusl MOKa3aan, YTO TOJIIMHA TIJIEHKHA 3TUM
MeTOOM He ompezensietcs. JudpakTorpamMma NOBEPXHOCTU 30J10Ta CBUAETEIbCTBYET O TOM, YTO oOpasylouiasicsi NacCuBHas MJeHKa
nocJjie Harpesa 10 Temreparypbl 125 °C nMeeT KpUcTaaIoxuMuieckylo popmyny Nag gsAu; 6604. Tlokazana BO3MOXHOCTD MOBBILICHUST
WM3BJICYCHU S 30JI0Ta U3 YITOPHBIX PYI TYTeM 3JIEKTPOXUMUYECKON 0OPpabOTKHU IETOUH.

Kurouesbie cioBa: 30JI0TO, HUAaHUPOBAHUE, KUCIIOPO/, SJIEKTPOXUMU A, IMOTCHLIMUOCTAT, IMacCuBausd, ACIMacCUBalrs, TOK, IMOTECHIIUAI,
SJICKTpOHHHﬁ MHUKPOCKOII, HUKJINYECKAas BOJIBTAaMIIEPOMETPHU S, ,I[I/I(I)paKTOI'paMMI)I, OKHUCJIUTEIIbHO-BOCTAHOBUTENbHBII TOTEHIIUAJT.

Jlna uutuposanus: bapanos A.H., Enmun B.B., KonoauH A.A., ®uaunnosa E.B. MiccnenoBaHue pacTBOpeHUs 3010Ta B IUAHUCTBIX pac-

TBOpax METOAAMM LIUKIUYECKOM BoJbTaMIiepoMeTpuu. Mzeecmus 6y306. Lleemnas memanaypeus. 2025;31(1):14-26.

https://doi.org/10.17073/0021-3438-2025-1-14-26

Introduction

At present, cyanidation remains the primary me-
thod for extracting gold from ore. This process involves
leaching precious metals using dilute solutions of cya-
nide salts in the presence of atmospheric oxygen, as
shown in the reaction [1]:

2Au + 4NaCN + 0.50, + H,0 =
= 2NaAu(CN), + 2NaOH. (1)

Gold dissolution follows an electrochemical me-
chanism, in which the ionization of metal atoms de-
pends on the electrode potential. Electrochemical
studies on the dissolution of gold in cyanide solutions
at varying oxygen concentrations have been conducted
in studies [2—4]. It is known that increasing the anod-
ic potential raises the current intensity, thereby en-
hancing gold dissolution according to Faraday’s law.
Once a certain potential is reached, the current in-
tensity sharply decreases due to gold passivation. This
potential is defined as the passivation potential (E,).
The passive state is attributed to the formation of a
protective layer on the metal surface under specific
conditions due to interactions with the environment.
Corrosion studies of metals have shown that the dis-
solution rate increases as acid concentrations rise
but then drops sharply and abruptly once a specific
oxidant concentration is reached. This phenomenon
has been extensively documented for iron, aluminum,
chromium, and other metals in acidic solutions [5].
This behavior has also been observed for gold using

potentiostatic polarization measurements [6]. Cyclic
voltammetry (CV) is currently employed for more
detailed investigations into corrosion mechanisms
[7—11]. CV methods have been used to study the elect-
rochemical behavior of electrodes made from various
materials, such as glassy carbon and graphene/glassy
carbon with deposited Au nanoparticles [12]. How-
ever, data on gold dissolution in cyanide solutions
using these methods are lacking.

Enhancing the efficiency of the cyanidation pro-
cess is of great importance, and various methods have
been employed, including hydroacoustic [12], auto-
clave [13—15], electrochemical [16], photochemical
[14], and other treatments to influence gold dissolution
processes [17—22]. These methods, to varying degrees,
alter the electrode potential of the noble metal. There-
fore, studying the mechanism of gold electrochemi-
cal dissolution under different conditions using CV is
highly relevant. The aim of this work is to investigate
the kinetics of gold dissolution in cyanide solutions
through CV measurements to elucidate the dissolution
mechanism and the formation of passive films on the
gold surface at different oxygen and sodium cyanide
concentrations.

Methodology of experiments

Electrochemical studies were conducted by re-
cording CV dependencies in cyanide solutions using a
PI-50-PRO potentiostat-galvanostat. A 0.5 dm? cell was
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used, containing a working gold electrode with a surface
area of 0.567 cm?, a platinum auxiliary electrode (EPV-1),
a silver chloride reference electrode (EVP-08), and a
WTW FDO 925 dissolved oxygen sensor. The oxygen
concentration in the cell was regulated by supplying
either argon or compressed air.

For the experiments, solutions with sodium cya-
nide (NaCN) concentrations ranging from 20 to
500 mg/dm3 and a pH of 10—10.5 were prepared. The
gold electrode was immersed to its maximum possible
depth near a rotating magnetic stirrer. To reduce the
diffusion resistance of gold dissolution, the stirrer was
set to a high speed of 650 rpm, with a potential sweep
rate of 3.74 mV/s. A 0.450 dm? solution with a specific
NaCN concentration was added to the cell. The initial
oxygen concentration in the solution was 7.5 mg/dm?.
Argon was used to adjust the oxygen concentration as
needed.

The PI-50-PRO potentiostat was set to a polariza-
tion range of 100 to 1000 mV in both forward and re-
verse directions, with a sweep rate of 3.74 mV/s. After
recording CV curves, argon was introduced into the
solution to reduce the oxygen concentration to a speci-
fied level, and CV measurements were repeated. Thus,
the oxygen concentration was gradually reduced from
7.51t0 0.01 mg/dm3. At the end of each experiment, the
solution was drained, and the cell was rinsed. Before
and after each experiment, the NaCN concentration
was measured using titration. Consequently, CV curves
were obtained for all prepared solutions with varying
NaCN concentrations and oxygen levels.

Results and discussion

Fig. 1 shows the CV curves with potentials referenced
to the silver/silver chloride (Ag/AgCl) reference elec-
trode.

The analysis of the typical CV dependencies in Fig. 1
made it possible to determine the passivation potentials
(Epas) corresponding to the maximum anodic current
(Ipas)- During the reverse sweep of the CV curves, from
1000 mV to 100 mV, the current polarity changes, and at
the maximum cathodic depassivation current (/4,), the
depassivation potential (E4,,) can be identified.

It is known [5] that the current density serves as an
electrochemical indicator of the mass rate of electro-
chemical corrosion (K,,), which can be applied to the
gold leaching process, as this also proceeds sponta-
neously in cyanide solutions:

K., =qlt/S. )

Here, K, = m/(St) is the corrosion rate, g/(cm?-s);
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Fig. 1. Example of typical cyclic voltammograms at NaCN
concentration of 200 mg/dm?

Coz’ mg/dm3: 1—-75;2-3.0;3-2.0;4—1.3;5-0.8;
6—0.4;7—0.05

Puc. 1. [IpyMep TUNUYHBIX HUKJIUYHBIX
BOJIBT-aMIIEPHBIX 3aBUCUMOCTEN
npu koHueHTpau Cy,cn = 200 mr/am?

Coy mr/mm>: 1—7,5:2—3,0;3—2,0;4—1,3; 5—0.8;
6-0,4;7—0,05

m is the mass of dissolved gold, g; S = 0.567 cm? is
the electrode area; ¢ is time, s; i = I/S is the current
density, A/cmz; q is the electrochemical equivalent of
gold, equal to the atomic mass of gold (4) divided by
the number of electrons (#) and Faraday’s constant (F):
qg=A/mF)=196.967/(1-96500) = 0.00204 g/(A"s).

At the initial stage of the CV measurements
(Fig. 1), the gold corrosion rate was /S = 29/0.567 =
= 35l uA/cmz, while at the passivation potential, it
reached K, = 180/0.567 = 317.5 pA/cm?. This indi-
cates that the gold dissolution rate can increase by a
factor of 6.2 with a 350 mV positive shift in the gold
electrode potential. Further increasing the potential to
600 mV results in reduced gold dissolution due to the
formation of a passive film.

Two main theories describe the nature of the passi-
vating layer: the phase and adsorption theories of pas-
sivity. According to the phase theory, passivity arises
from the formation of a relatively thick phase film on
the metal surface, consisting of corrosion products that
isolate the metal from the corrosive medium. The phase
theory links the determining influence of potential
on the transition of the metal into a passive state with
changes in the composition and crystalline structure
of the corrosion products, and therefore, the protective
properties of the films formed as the electrode potential
increases. However, an independent phase film is not
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Fig. 2. Cyclic voltammograms at various NaCN

and O, concentrations

Cracn»> Mg/dm3: a — 20; b — 40; ¢ — 80; d — 140; e — 200;
f—260; g —320; h — 380; i — 500

COz’ mg/dm3: 1-75,2-7,0,;3-6,0;4—5,0;5—4,0;6—3,0;
7-2,0;8-1,3;9-0,8; 10— 0,4; 11— 0,05; 12— 0,01

Puc. 2. [lukanyeckue BoabT-aMIEPHbIC 3aBUCUMOCTU
1pu pa3nn4yHbix KoHUeHTpauusax NaCN u O,

CNaCN» MF/I[MSZ a—20;b—40;c—80;d— 140; e — 200;
f—260; g—320; h — 380; i — 500

Co,y Mr/nv’: 1—7,5;2—7,0;3— 6,0, 45,0, 5—4,0; 6—3,0;
7-2,0,8-1,3;9-0,8,10—-0,4; 11 —0,05; 12— 0,01

E,mV
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always observed on the surface of a metal in a passive
state. The adsorption theory postulates that the me-
tal transitions to a passive state due to the formation of
a chemisorbed layer of an oxidant, such as oxygen, on
its surface. We believe that both theories are applicable
to the gold dissolution process and must be considered
during gold leaching.

To establish the mechanism of gold passivation,
Fig. 2 presents the CV measurement results in NaCN
solutions with various oxygen concentrations (potentials
are indicated in mV relative to the Ag/AgCl reference
electrode).

According to the analysis of the CV dependencies
(see Fig. 2), a current peak corresponding to the passi-
vation potential is observed at various sodium cyanide
concentrations. As the potential decreases from 1000
to 100 mV, the current reverses polarity, indicating
the dissolution of the passive film. The maximum ca-
thodic current, referred to as the depassivation cur-
rent (/gep), is reached at the depassivation potential
(Egep)- Based on the obtained results (Fig. 2), the re-
lationships between the passivation and depassivation
currents and potentials with sodium cyanide concen-
tration at an oxygen concentration of 7.5 mg/dm3 were
determined, as shown in Fig. 3. These relationships

Epas, mV
(<]
700: a o
600 .
500 T o
- ’ .
400: e
300:
200 2
. Y =-0.0011x" + 1.0621x + 360.93
1007 R =0.6587
0 " g0 160 240 320 400 480
Cracns mg/dm3
Eyop mV
3504 ¢ °
-1 [ )
00f] ¢ o °
250: °
2004 e
1504
100 2
- 1= -0.0006x" + 0.3791x +229.9
507 R =0.1954
0 80 160 240 320 400 480

Cracn» Mg/dm’

(Fig. 3) are described by polynomial equations of the
following form:

Epys = 360.93 + 1.0621Crycn — 0.0011C k50,

R*=0.6587, R
Tpas = 12.637 + 0.9925Cy,cn — 0.0012C 0w, )
Ry =0.7342, @
Eyep = 229.9 + 0.3791Cy,cn + 0.00060012C X ycns
R,=0.1954, ©
Igep = 13.069 + 0.0723Cyaen + 0.3797CKacns
R*=10.3797. ©

The analysis of the dependencies shown in
Fig. 3, a, b indicates that they can be described by
polynomial equations with approximation coeffi-
cients around 0.7, making them statistically sig-
nificant. In contrast, the depassivation processes
(Fig. 3, ¢, d) have lower approximation coefficients
(R, < 0.4) and are not statistically significant. This
suggests that the dissolution of the passive film is
independent of the sodium cyanide concentration.

Lo A
b

350
300
2504
200+
150
100 .

500 1=-0.0012x" +0.9925x + 12.637

i R =0.7342

160 240 320 400 480

Cracns mg/dm’

8 3=-0.0002x" + 0.0733x + 13.069
4+ R =03797
T T T T T T T T T T T T
0 80 160 240 320 400 480

Craen» mg/dm’

Fig. 3. Dependence of passivation potential (@), passivation current (), depassivation potential (c¢), and depassivation current (d)

on sodium cyanide concentration

Puc. 3. 3aBucUMOCTb MOTEHIIMAJa TacCuBaLMM (@), TOKa raccuBauuu (b), moreHumasa genaccubanuu (c),

TOKa JAc€rnaccuBaiumn (d) OT KOHLUCHTPAL U HUaHUda HATPpU A
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The maximum passivation currents, according to
equation (4), are reached at Cy,cn = 400 mg/dm3.
However, two visual maxima are observed at cyanide
concentrations of 200 and 400 mg/dm3. This could
be attributed to the high uncertainty in determining
the passivation current, and the application of sta-
tistical methods for data processing is necessary to
improve reliability.

During the experiments, the sodium cyanide
concentration in the solution was monitored before
and after recording a series of CV curves at various
cyanide concentrations. Fig. 4 presents the results of
the reduction in NaCN concentration as a percentage
of its initial value during CV measurements, with oxy-
gen levels varying from 7.5 to 0.01 mg/dm3 as shown
in Fig. 2.

The change in sodium cyanide concentration as a
function of its initial concentration is described by the
following polynomial equation:

CnacN = 0.2776C, naen — 0.0004C 3, oo — 28.584,

R, =0.9649. )

The maximum reduction in NaCN concentration
is 25.3 % at an initial sodium cyanide concentration of
370 mg/dm?>. Given that 0.45 dm? of solution was added
to the cell, the maximum NaCN loss amounts to 42 mg
during 12 CV measurements at different oxygen concen-
trations in a sodium cyanide solution with an initial con-
centration of 370 mg/dm°.

ACyn %
30 NaCN

251

20+

154

10 -

y=-0.0004x" + 0.2776x — 28.854
R =0.9649

T T T
200 300 400
Initial NaCN concentration, mg/dm3

500

Fig. 4. Reduction in sodium cyanide concentration based
on its initial concentration during CV measurements
with varying oxygen levels

Puc. 4. CHMXKeHMEe KOHIEHTpAallMY IMaHUCTOr0 HAaTPu st
B 3aBUCMMOCTHU OT HaYaJIbHOM €ro KOHLIEHTpaluK

npu cHaTuu cepuu LIBA ¢ paznuuHoil KOHLEHTpauei
KHCIopoaa

To provide more comprehensive information for
selecting optimal leaching conditions based on oxy-
gen concentration, three-dimensional diagrams were
constructed to show the dependence of current or
potential on sodium cyanide and oxygen concentra-
tions.

Figures 5 and 6 present three-dimensional diagrams
illustrating the dependence of current and potential on
sodium cyanide and oxygen concentrations.

According to Fig. 5, the maximum passivation
potential reaches 600 mV at a cyanide concentra-

pas®

I >600
Il <590
[1 <540
[ <490
B <440

Craa™

Fig. 5. Dependence of passivation potential on NaCN and O,
concentration

Puc. 5. Jluarpamma 3aBUCUMOCTU
MoTeHLMata naccuBauuu ot KoHueHtpauuit NaCN u O,

I =300
B <290
B <240
[ <190
B <140
I <90

B <40

Craa™

Fig. 6. Dependence of passivation current on NaCN and O,
concentration

Puc. 6. Jluarpamma 3aBUCMMOCTH TOKA MacCUBallUU
oT KoHleHTpauuit NaCN u O,
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tion of 400 mg/dm3 and an oxygen concentration of
7.5 mg/dm?.

According to Fig. 6, the maximum passivation cur-
rent of 300 pA is observed at Cy,cn = 380 mg/dm? and
Co2 =175 mg/dm3. Notably, at an oxygen concentration
of 0.05 mg/dm3, the passivation current, and conse-
quently the gold solubility, is 50 pA. This indicates that
gold dissolves in cyanide solutions under anodic polari-
zation even in the absence of oxygen. If oxygen does not
participate in gold dissolution via reaction (1), the me-
chanism of anodic gold dissolution can be represented
by the following reactions:

Au + 2(CN)™ —2e = Au(CN)>. ®)

At the cathode, in the presence of oxygen, electrons
are consumed by oxygen:

0, + 2H,0 + 2¢ = 40H". ©)

In the absence of oxygen, electrons are consumed
during hydrogen evolution at the auxiliary platinum
electrode:

(10)

In [1], it was demonstrated that cyanide gold can
form during leaching without anodic polarization via
the following mechanism:

2H' + 2e = H,.

Au® + CN~ = AuCN. (11)
This is possible considering that gold in the ore is of-
ten in contact with metal sulfides (pyrite, galena, etc.)
that have high positive potentials. Cyanide gold does not
dissolve directly but reacts with excess cyanide to form a
complex compound, dicyanoaurate, which is capable of

entering the solution:
AuCN + NaCN = Na[Au(CN),]. (12)

Thus, to enhance the electrochemical dissolution of
gold, it is recommended to increase the oxygen con-
centration and the electrode potential up to the passi-
vation potential. When the electrode potential in a cy-
anide solution of 380 mg/dm3 exceeds the passivation
potential of 450 mV, a passive film forms, leading to
a sharp decrease in current and, consequently, in gold
dissolution.

To calculate the thickness of the passive gold film
during CV measurements, the following electroche-
mical reaction occurring at the anode was considered:
Au — le = Au™. The obtained CV curves (see Fig. 2, e)
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show that as the potential increases, the current rises,
and the amount of dissolved gold (#1) can be calculated
using Faraday’s law:

13)

where [ is the current, A; ¢ is the time, s; ¢ is the elect-
rochemical equivalent of gold, equal to 0.002 g/(A-s).

The time can be determined based on the poten-
tial sweep rate v = 3.74 mV/s during CV measurements:
1= (Epys — Ep)/v = (450 — 100)/3.74 = 93.58 s. The cur-
rent is obtained from the /—F (see Fig. 1) as the average
between the initial current and the maximum current:
I=(182—-27)/2=715pnA = 77.5-107° A. Let us cal-
culate the amount of dissolved gold during a single CV
measurement at a sodium cyanide concentration of
200 mg/dm? (see Fig. 1). For one CV measurement, the
amount of dissolved gold is: m = ¢lt = 0.002-77.5- 1070 %
x93.58 =14.5-10"% g = 14.5 pg.

During passivation, the current decreases to its
initial state, and a passive film forms through the fol-
lowing reactions: Au — 3e = Au’*", Au’t + 30H™ =
= Au(OH);. The amount of dissolved gold, based on
equation (13), is m = ¢t = 0.00068-77.5-107°-93.58 =
=4.93-10"° g, where the electrochemical equivalent
for Au’" is 0.00068 g/(A-s). The mass of the passive
Au(OH)j; film (molecular mass = 237) can be calcu-
lated stoichiometrically as 237-4.93-107%/196.97 =
=5.93-10° g. The thickness of the film is determined
[23] by dividing the film mass by the product of the
electrode area and the film density. Since the density
of the film is not provided in reference data, it is cal-
culated based on the additive properties of the speci-
fic densities. Considering that Au(OH); contains
0.784 parts gold (p=19.3 g/cm3) and 0.215 parts (OH);
(p = 1g/cm?’), the film density is 14.9 g/cm?. The film
thickness, given the electrode area of 0.567 cm?, is
calculated as h = 5.93'10_6/(0.567'14.9) =0.7-10"cm =
=0.007 um. Table 1 presents the results of the calcu-
lations for the mass of dissolved gold, the stoichio-
metric calculation of cyanide consumption based on
reaction (1) considering the mass of dissolved gold,
and the calculated thickness of the passive film in
the CV region, accounting for the formation of gold
hydroxide.

The calculated thickness of the passive film
(0.007 um) is significantly smaller than passive films
formed on metals like aluminum (0.01—1 pum). It is like-
ly that the adsorption theory of passivity applies to films
on gold, where a sharp decrease in anodic current oc-
curs due to the formation of a chemisorbed oxygen layer,
as observed on platinum with 1—6 % monolayer oxy-
gen coverage [23]. Based on sodium cyanide consump-

m = qlt,
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Table 1. Results of passive film thickness calculations

Tabnuna 1. Pe3ynbraThl pacueToB TOJIIMHBI MACCUBHON TJIEHKU

CVrange, mV Mass of dissolved Cyanide consumption Calculated passive film
(see Fig. 2, e) gold, ug per reaction (1), ug thickness, pm
100—450
(old dissolution) 4.94 2.54 -
450—700
(passive film formation) 5.96 2.97 0.007
Results of 12 CVs
(at various oxygen 130.9 66.1 —
concentrations)

Fig. 7. Microstructures of the gold electrode before passivation (a) and after passivation (b)

Puc. 7. MUKpOCTPYKTYpPBHI 30J10Ta Ha 2JIEKTPO/IE 10 TacCUBAIUU (@) U TIocjie maccuBaluu (b)

tion, previous calculations showed that during 12 CV
measurements, the reduction in cyanide concentration
amounted to 42 mg, which greatly exceeds the amount
required for the electrochemical dissolution of gold
(66.1-10~° g). This suggests that sodium cyanide decom-
poses during CV measurements.

To determine the actual thickness of the films on the
obtained gold samples, metallographic studies were con-
ducted. Microstructure imaging was performed using an
inverted metallographic microscope (Olympus GX-51).
Fig. 7 shows the microstructures of the gold electrode
before and after passivation.

In Fig. 7, a, the clean gold surface shows visible lines
from grinding and polishing. In Fig. 7, b, after passiva-
tion, the surface appears gray with no signs of rough-
ness—likely due to the formation of a gold oxide film,
the thickness of which cannot be determined using this
method.

To investigate the composition of the film, a frag-
ment of the Pourbaix diagram for gold is provided in
Fig. 8 [24; 25].

The E—pH diagram for the Au—H,O system in-
dicates that gold hydroxide (Au(OH);) forms at pH =
=2+1land £> 0.8 V. At pH = 10 and £ > 2.0 V AuO,

is expected to form. Accordingly, on the recorded CV
dependencies (see Fig. 2) at pH = 10 and £ > 0.8 V,
Au(OH); likely forms. However, it is important to note
that the Pourbaix diagram pertains to aqueous solu-
tions, whereas the passive film in this study was formed
in sodium cyanide solutions. To determine the compo-
sition of the passive film, an X-ray diffraction (XRD)
analysis was performed using a Shimadzu XRD-7000
automatic powder diffractometer. A pure gold sample
(1 cm?) was prepared by grinding, polishing, degreas-
ing in acetone, rinsing with distilled water, and passi-
vating in a sodium cyanide solution (200 mg/dm3) at
E > 650 mV for 1 h. After drying at room temperature,
the surface of the gold sample exhibited a dark brown
coloration. The diffraction pattern of the passivated
sample revealed no characteristic peaks corresponding
to gold oxides or hydroxides, indicating that the pas-
sive film lacks a crystalline structure. According to [26;
27], gold hydroxide undergoes dehydration upon heat-
ing to 125 °C, initially forming AuO(OH), followed by
sesquioxide (Au,03), which decomposes into Au and
0, at temperatures exceeding 160 °C. Therefore, in the
second stage of the investigation, the gold sample was
heated at 125 °C for 1 hour prior to recording the dif-

21



lzvestiya. Non-Ferrous Metallurgy 2025 « Vol. 31 « No. 1 P. 14-26

Baranov A.N., Elshin V.V., Kolodin A.A., Filippova E.V. Investigation of gold dissolution in cyanide solutions using cyclic voltammetry methods

|
—_
(e}

1 2 3 4 5 6 7 8 9 10 11 12 pH
Fig. 8. Pourbet diagram for the Au—H,O system at 25 °C [24; 25]

1, 2 — equilibrium lines of the hydrogen and oxygen electrodes;

3 — equilibrium line Au—Au(OH)5; 4 — equilibrium line Au(OH);—AuO,;
5 — equilibrium line AuO,—H,AuO3

I — region of thermodynamic stability of gold; IT — region of gold
hydroxide (Au(OH);) formation; 11T — region of gold dioxide (AuO,)
formation

Puc. 8. lnarpamma [1yp6e a5 cucremsr Au—H,O
npu Temneparype 25 °C [24; 25]

1, 2 — TMHUM paBHOBECHSI BOZIOPOJHOTO U KICJIOPOIHOTO 3/ICKTPOJIOB;
3 — paBHoBecHast 1uHUsI Au—Au(OH);; 4 — paBHOBecHast TMHUS
Au(OH)3;—Au0,; 5 — pasHoBecHas 1HUA AuO,—H,AuO3

I — o6acTb TePMOIMHAMUYECKON YCTONUMBOCTH 30J10Ta;

II — obnactb 06pasoBaHus rugpokcuia 3onota Au(OH);;

11T — o6nactb 0ObpasoBaHud IMoKcKaa 30510Ta AuO,

fraction pattern to further analyze the composition of
the passive film.

Fig. 9 shows the diffraction pattern of the gold
sample after passivation and heating, identifying the
following compounds and their respective contents:
Au (83 %); Au(CN) (0.05 %); Nag ¢6AU, 6604 (14 %);
Cu (3 %). This indicates that sodium, cyanide, and
oxygen participate in forming the passive film on
gold. For the first time, a compound with the crys-
tallochemical formula Nag ggAu, 6604, has been dis-
covered, which can be interpreted as a double salt
of the type m(Na,O)n(Au,05). This compound was
likely formed as a result of heating the gold sam-
ple. Consequently, the passive film in sodium cy-
anide solution consists of a hydroxide compound
mNa(OH)nAu(OH);, which exists in an amorphous
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phase and does not produce diffraction lines. This
supports the conclusion that gold passivation aligns
with the adsorption theory of passivity.

Analyzing the obtained CV results on gold suggests
the following dissolution mechanism. At an initial
steady-state potential of 100 mV, the dissolution cur-
rent ranges from 5 to 25 nA, depending on the oxygen
concentration in the solution. During anodic pola-
rization, the current increases exponentially, reaching
70—180 pA, with gold solubility increasing by a fac-
tor of 7—14, depending on the oxygen concentration.
When the potential reaches 400—450 mV, the current
increase stops. As an oxide film, mNa(OH)rnAu(OH)j;,
forms, the current decreases to 5—25 HA (depending
on the oxygen concentration) at a complete passivation
potential of 600 mV. This well-known property of metal
passivation is generally attributed to the formation of
an oxide film. Passivation is a well-documented phe-
nomenon associated not only with electrode polariza-
tion but also with the oxidative properties of the envi-
ronment. For example, iron dissolves readily in sulfuric
acid solutions but hardly dissolves in concentrated sul-
furic acid. This factor should also be considered for
gold. In gold extraction plants, setting an electrode po-
tential of 400 mV on gold via electrochemical methods
is challenging. However, such tests were conducted in
[16], where the pulp was subjected to electrochemical
treatment on insoluble electrodes. Although the change
in gold potential was not monitored, which prevented
theoretical justification of the optimal current and po-
tential during pulp treatment, an increase in gold re-
covery was observed.

Intensity, arb. units

1000

A'Naﬂ_MAu 26604

1 II:E TRl panpniman el IIIIIE
20 30 40 30 60 70 80 90 100
20, degrees

Fig. 9. XRD pattern of the gold sample after passivation and
heating at 125 °C

Puc. 9. Iludppakrorpamma odbpasiia 30J10Ta, MOJABEPrHYTOr0O
naccuBallMy U HarpeBy npu temmeparype 125 °C
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Table 2. Results of gold leaching in cyanide solutions with electrochemically treated alkali

Tabauua 2. Pe3ynbTaThl UCClIEIOBAHUI BhIllIea4MBaHUs 30J10Ta B IMAHUCTBIX pacTBOpax

¢ 100aBKOI 2JIEKTPOXMMHUUECKU 00pabOTaHHOI 1IEJI0UUn

Amount, pug/L Content, mg/L
Alkali treatment
Ag Au S As Cu Fe Mn Ni Co
Untreated 0.28 2.2 115.0 0.29 <0.001 <0.05 0.013 0.040 0.023
Electrochemically treated
(10 min) 0.31 2.8 130.0 0.34 <0.001 <0.05 0.0043 0.059 0.021
ORP, mV fractory ores in cyanide solutions with the addition of

350

300~
2504
200~
1504
1004

50

0 S 10 15 20 25 30 35 40

¢, min

Fig. 10. Dependence of the redox potential of a 0.2 % alkali
solution on treatment time on nickel electrodes at a current
density of 0.1 A/cm?

Puc. 10. 3aBUCUMOCTb OKUCTUTETHHO-BOCCTAHOBUTEILHOTO
noTteHraa pacreopa 0,2 % 1iea04u OT BpeMeHU

ero oopaboTKU Ha HUKEIEBbIX 2JEKTPOAAX

npu nmiaotTHocTu Toka 0,1 A/CM2

Another approach to modifying the gold poten-
tial involves the use of oxidants or reductants, which
shifts the resulting gold dissolution potential into
the passivation and depassivation range. The redox
potential (ORP) of the pulp can be increased by in-
troducing oxidants such as oxygen, ozone, or hydro-
gen peroxide. Electrochemical treatment of reagents,
such as an alkali solution, can also increase the
ORP. Using such treated alkali in cyanide leaching
enhances gold recovery. Laboratory studies on the
electrochemical treatment of alkali in an electrolyzer
demonstrated the potential for increasing ORP [28].
The dependence of ORP on treatment time is shown
in Fig. 10.

Electrochemical treatment of alkali at optimal cur-
rent and potential values for 10 minutes increases the
ORP by a factor of 8.

Table 2 presents the results of gold leaching from re-

electrochemically treated alkali [28].

Table 2 demonstrates that the application of elec-
trochemically treated alkali results in an 18 % and
15 % increase in the extraction of gold and silver into the
solution, respectively. Thus, to optimize the gold leach-
ing process at extraction facilities, it is crucial to sys-
tematically monitor the electrode potential of gold and
regulate it through the addition of oxidizing or reducing
agents, or by employing electrochemical treatment of
the pulp or reagents.

Conclusion

The cyclic voltammetric measurements on a gold
electrode in cyanide solutions at varying oxygen concen-
trations revealed the relationship between passivation
current and potential with sodium cyanide concentra-
tion. It was found that increasing the electrode potential
leads to a rise in current, and upon reaching the passi-
vation potential, a passive film forms. This results in a
significant decrease in current and, consequently, a re-
duction in gold dissolution. The thickness of the passive
film, calculated based on the charge passed during CV
measurements, was determined to be 0.007 um. X-ray
diffraction analysis of the gold sample’s surface indi-
cated that after heating to 125°C, the passive film had
the crystallochemical formula Nag geAu; 6604. This
film likely forms when a gold hydroxide passive film of
the type nNa(OH)mAu(OH);, which is amorphous and
undetectable via diffraction, is subjected to heating. The
study highlights the potential for enhancing gold reco-
very from refractory ores through the use of electro-
chemically treated alkali.
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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.

Keywords: master alloy, chromium, molybdenum, tungsten, aluminum, self-propagating high-temperature synthesis, centrifugal SHS
metallurgy.
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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.

https://doi.org/10.17073/0021-3438-2025-1-27-40

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
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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.
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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
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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
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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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Abstract: In the investment casting process, in addition to wax patterns, water-soluble salt patterns made of urea are also used. It is known
that urea-based patterns provide high strength and allow the patterns to maintain their shape even if the temperature in the foundry increases.
However, due to environmental and production-related reasons, there is currently a growing demand for transitioning to a technological
process involving colloidal silica binder. This transition presents challenges related to the manufacturing of ceramic shell molds due to the
interaction between the pattern compound and the colloidal silica binder slurry. This study examines the effectiveness of protective coatings
based on repair wax, varnish (AK 593), and varnish with rosin, applied to water-soluble urea-based patterns containing additives such as
magnesium sulfate, potassium nitrate, polyvinyl alcohol, and dimethylglyoxime. The degree of interaction was assessed by measuring the
wetting angle and the spreading area of the colloidal silica binder over the surface of pattern samples with various coatings. It was found
that all coatings contributed to an increase in the wetting angle and a reduction in the spreading area. Additionally, ceramic molds and
castings made of nickel superalloy were produced using a series of pattern compounds with protective coatings. The surface roughness and
dimensional accuracy of the castings were evaluated. It was demonstrated that the protective properties of the repair wax-based coating were
insufficient, leading to the formation of cracks and sagging in the mold. This resulted in penetration defects in the castings and a significant
decrease in dimensional accuracy. In contrast, when using coatings based on varnish and varnish with rosin, no defects were observed in the
mold or castings, making these coatings recommended as protective solutions for urea-based pattern compounds in contact with colloidal
silica binder slurries.
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Aunotanus: [1py U3roTOBJIEHUU OTIMBOK METOIOM JIUThS O BBIMJIABISIEMBIM MOIEISIM HAPSITY C BOCKOBBIMU BBITIJIABISIEMBIMH UC-
MOJIB3YIOT U BOIOPACTBOPUMBIE COJIEBbIe MOJIEJIM Ha OCHOBE KapbaMuaa. M3BecTHO, 4TO KapOaMUIHbIe MOJIEJIbHbIE MacChl 00ecmey -
BalOT BLICOKYIO IIPOYHOCTD U MO3BOJISIOT COXPaHSITh (POpMy MOJeJieil 1axke B cJiydae MOBBILICHUS TeMIIepaTyphl B Liexe. TeM He MeHee B
CHJTY DKOJIOTUUECKHX U IPOU3BOACTBEHHBIX IPUUMH B HACTOSIIIEE BPEMsI aKTyaIbHBIM SIBJISIETCS IIEPEXO Ha TEXHOJIOTUIECKUIA TIPO-
1IeCC ¢ MPUMEHEHMEM TOTOBBIX BOAHBIX CBSA3YIOIIMX Ha OCHOBE CUJIMKa30Jsl. [Ipy 3TOM BO3ZHMKAIOT MPOOJIEMBbI, CBSI3aHHbBIC C U3r0-
TOBJIECHUEM KePaMMYECKOU 000J0YKOBOI (hOPMbI, N3-3a B3aMMOAEHCTBHSI MOAEIbHON MACChl U CYCITEH3MU Ha BOAHOM CBSI3YIOILEM.
B pa6ote paccMoTpeHa 3¢ (HEeKTUBHOCTD 3alIMTHBIX MOKPBITUI Ha OCHOBE PEMOHTHOTO BockKa, jaka (AK 593) u naka ¢ KaHUGOJIbIO,
HaHECEHHBIX Ha BOAOPACTBOPMMBIEC MOJIEJIM Ha OCHOBE KapbaMuaa ¢ jo0aBKaMu CyJib(aTa MardHusi, HUTpaTa Kajaus, MOJUBUHUIO-
BOTO CIIUPTA U AUMeTUITInOKcMMa. CTereHb B3aUMOACHCTBH S OLEHUBAJIK 110 KPaeBOMY YIJIy CMAauMBaHUS U TJIOIIAAN pacTeKaHUs
BOJHOTO CBSI3YIOIIETO IO MOBEPXHOCTU 00pa3110B MOACTBbHBIX MACC C Pa3IMUYHBIMU MTOKPBHITUSIMU. BBIJIO yCTAHOBJIEHO, YTO BCE MOKPbI-
THsI 00€CIeYNBAIOT yBEJMYEHNE KPaeBOTo yIja CMauyMBaHMsI M YMEHbIIEHUE ILUIOMAAN pacTeKaHus. Takxke ¢ UCIOJb30BaHUEM PsiIa
MOJI€JIbHBIX COCTABOB C 3aIIMTHBIMU MOKPBITUSIMHU ObLIH MOJTYyYEHBI KepaMUdecKue hOpMbI U OTIMBKH U3 HUKEJIEBOr0 KapOIpOYHOTO
crjaBa, JAJs KOTOPBIX OLEHUBAJU IIEPOXOBATOCTh U Pa3MEPHYIO TOYHOCTh. BBIJIO TTOKa3aHO, YTO B CJIyyae HaHECEHUsI TTOKPBITHS Ha
OCHOBE PEMOHTHOI'0 BOCKA 3alllMTHBIE CBOMCTBA HEJOCTATOUHBI, YTO MIPUBOJMT K MOSIBJIEHU IO TPELIMH ¥ HATJIBIBOB B (popMme. B oTinBke
3TO BbIpaxaeTcsi B 00pa30BaHUM MEXaHUYECKOro IpUrapa M 3HauMTeJIbHOM CHUXEHU U pa3MepHOi TOYHOCTH. B ciyvyae nmpuMeHeHU s
MMOKPHITAI Ha OCHOBE JIaKa M JIakKa ¢ KAHU(OIBIO KAKUX-TH00 1eeKTOB B GOpMe UK OTIMBKE HE HAOIIOAAETCSI, U UMEHHO 3TH IOKPBI-
THSI MOXXHO PEKOMEH/IOBATH B KAYECTBE 3aIUTHBIX IIPU UCIIOJIb30BaHMU MOIEIbHBIX COCTABOB HAa OCHOBE KapbaMuaa U CyCIIEH3UI Ha
OCHOBE BOJHBIX CBSI3YIOIIKX.

KitioueBbie ¢J10Ba: TUThE 110 BbITIIABISIEMbIM MOIECIIAM, Kap6aMI/IILHI)IC MOAECJIbHBIC MAaCChl, PACTBOPUMBIEC COJIEBBIC MOJIC/IIN, BOOHBLIC CBS-
3YIOIIHUE, 3aIUTHBIC ITOKPBITUSI, KpaeBOﬁ yroja cMaunMBaHUA.

BaarogapHoctu: PaGoTta BbIMOJHeHa NMpu (GUHAHCOBOU Tomaepxkke MUWHUCTepCTBa HayKu M Bbiclero obpa3oBaHus Poccuiickoii
O®enepannn B pamkax [loctanosnenust [lpaBurenbctBa PO Ne 218 ot 09.04.2010 r. mo corjlalieHUIO O MPENOCTaBICHUM CYOCHIMU
Ne 075-11-2022-023 ot 06.04.2022 1. «Co31aHue TEXHOJOTUM U3TOTOBJIEHUSI YHUKAJIbHBIX KPYITHOrabapUTHBIX OTIIMBOK M3 KapoIpoy-
HBIX CIUTABOB JJIST Ta30TyPOMHHBIX IBUTATENICH, OPUEHTUPOBAHHOU Ha UCITOTb30BaHKE OTEUECTBEHHOTO 000PYIOBaHYSI U OPTaHU3AIU IO
COBPEMEHHOTO0 pecypco3dheKTUBHOTO, KOMITBIOTEPOOPUEHTUPOBAHHOTO JIUTEHHOTO TPOU3BOJACTBAY.

Jlna uuruposBanus: baxxeHos B.E., Kosbimikuna E.I1., Hukutuna A.A., LenosansHuk F0.B., Benosa A.A., Kontsirnn A.B., benos B.1.,
XBaikoB b.E. BausiHue MokKpbITU# 17151 KapOaMUIHBIX MOJIeJIeil Ha Ka4eCTBO 000J0UKOBBIX (DOPM, MOJYYEHHBIX C TPUMEHEHUEM BOIHbIX
CBSI3YIOLMX. M3secmus 6y308. [leemnas memannypeus. 2025;31(1):41-57. https://doi.org/10.17073/0021-3438-2025-1-41-57

Introduction

Among the currently applied foundry technologies continue using water-soluble salt patterns made of urea

for the production of large thin-walled castings from
nickel superalloys, the investment casting method is
predominantly used [1—2]. This method is based on
obtaining a pattern of the future casting in a metallic
die, most often from pattern compounds based on wa-
xes [3]. However, wax-based pattern compounds have
several drawbacks, prompting aerospace enterprises to
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(CH4N,O) for the production of large shell castings
[4—9]. The advantages of water-soluble salt patterns
include high strength, hardness, low linear shrinkage,
and low ash content [10; 11]. In addition to minimal
shrinkage, the absence of softening and creep of the
water-soluble salt pattern at elevated temperatures,
which is typical for wax patterns, contributes to the
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high dimensional accuracy of the resulting castings
[12]. Urea is also used in the production of foamed
materials by the investment casting method [13—15].
Alongside the conventional method of producing wa-
ter-soluble salt patterns in dies, additive manufacturing
technologies can also be employed [16].

Since salt-based patterns are water-soluble, it is
necessary to prevent their dissolution during the for-
mation of the ceramic shell [17]. One of the solutions
to this problem is the use of slurries that do not con-
tain chemically free water, such as those based on hyd-
rolyzed ethyl silicate solution (ETS) [18]. However,
several issues arise with the use of ETS in production.
It is known that the curing of ETS-based slurry occurs
in an acidic environment, while urea has a nearly neu-
tral to alkaline pH [17]. As a result, contact between
the pattern and the slurry leads to a deterioration of the
inner mold layer quality and its weakening, which af-
fects the quality of the castings [10]. At the same time,
the use of ETS-based slurries in modern production is
environmentally unfriendly due to the requirement for
ammonia vapor to dry the investment shell layers, and
the ETS-based mold manufacturing process cannot be
automated [18].

Currently, slurries with colloidal silica binders are
gradually replacing ETS-based slurries. Unlike the
latter, they are non-flammable and cure by air drying,
making them suitable for automated or robotic foundry
production. However, the issue of dissolution and sub-
sequent interaction with salt patterns is even more acute
for colloidal silica binder-based slurries compared to
hydrolyzed ethyl silicate-based slurries [17].

One way to reduce the intensity of interaction bet-
ween salt patterns and shell molds is to modify the
composition of the pattern compound, for example, by
adding components that reduce the dissolution rate of
the patterns. The main additives to urea in salt pattern
compounds include magnesium sulfate, potassium
nitrate, polyvinyl alcohol, ethylene vinyl acetate, and
wax [19; 20]. In [12], the addition of dimethylglyoxime
to the pattern compound was proposed to reduce hyg-
roscopicity. The analysis of the wetting angle when
applying an colloidal silica binder to pattern com-
pounds containing magnesium sulfate, polyvinyl
alcohol, potassium nitrate, and dimethylglyoxime
showed that polyvinyl alcohol and dimethylglyoxime
contribute to an increase in the wetting angle and a
decrease in the interaction of the binder with the pat-
tern compound [21].

A more preferable approach to preventing the in-
teraction of the pattern compound with the colloidal
silica binder slurry is to protect the salt-based patterns

by applying water-resistant protective coatings to their
surface. For example, urea-based patterns can be briefly
immersed in liquid paraffin or another wax-based pat-
tern compound to form a hydrophobic film on their sur-
face [10]. According to [22], a protective coating formed
by dissolving 3 wt. % of mixture of stearine and paraf-
fin (1/1) in 100 mL of rubber solvent petrol provides the
maximum wetting angle and the smallest spreading area
of the slurry on the pattern surface. The use of such a
protective coating allowed for the production of cera-
mic shells with low surface roughness. In [23], the use
of bituminous and perchlorovinyl varnishes with mixed
solvents is proposed as protective coatings. Depending
on the degree of dilution, these varnishes allow for pro-
tective film thicknesses ranging from 4 to 10 um, which
does not significantly affect the dimensional accuracy of
the resulting castings.

Another interesting method for reducing the inter-
action between urea-based patterns and colloidal sili-
ca binders is the application of a mixed mold-making
technology. In studies [24; 25], it is proposed to apply
alayer of slurry based on hydrolyzed ethyl silicate solu-
tion first, followed by a layer of slurry with a colloidal
silica binder. This approach partially protects the wa-
ter-soluble pattern from interacting with the colloidal
silica binder; however, it introduces additional techno-
logical operations and does not fully resolve the issue
associated with the use of hazardous components in
production.

Thus, there are two main ways to limit the inter-
action between the pattern compound and the slurry:
modifying the composition of the pattern compound
and applying a hydrophobic coating to the pattern sur-
face. Their combined study presents both scientific and
practical interest. In this regard, the aim of this study
was to investigate the interaction of various pattern com-
pounds after applying protective coatings with colloidal
silica binders.

Materials and methods

Five urea-based pattern compounds with additives of
magnesium sulfate, polyvinyl alcohol, potassium nitrate,
and dimethylglyoxime were selected as materials for the
study (Table 1). Their primary properties having been pre-
viously investigated in [21]. It was shown that the additives
of polyvinyl alcohol and dimethylglyoxime contribute to
an increase in the wetting angle between the colloidal si-
lica binder and the pattern compound [21].

Water-soluble patterns, featuring a sprue with atta-
ched parallelepiped elements measuring 10 x 25 x 25 mm
(Fig. 1), were produced using an aluminum alloy die.
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Protective coatings based on repair wax and varnish
AK 593 were examined (see Table 2). The varnish is
based on a copolymer of methacrylic acid and methac-

»\

135

y
Fig. 1. Schematic representation of the water-soluble pattern

Puc. 1. CxematuuHoe u300pakeHue pacTBOPUMOI MOACTU

Table 1. Composition of pattern compounds

Ta6auua 1. CoctaB MOJEIbHBIX Mace

rylic acid butyl ester. It is uncertain whether the slurry
will remain on the pattern surface after applying varnish
AK 593, as it may run off due to an excessively high wet-
ting angle. Therefore, an additional coating option was
considered, where a layer of rosin was applied over the
varnish to improve surface wettability [26].

Three protective coatings were applied to the
water-soluble patterns produced using each of the five
pattern compound variants. The composition of the
coatings and the sequence of their application are pre-
sented in Table 2. The coatings used include wax-based
(#W), varnish AK 593-based (#V), and varnish with
rosin (#V + R).

To assess the degree of interaction between the
pattern compounds and the colloidal silica binder,
as well as the protective effectiveness of the coatings,
the wetting angle and the spreading area of the colloi-
dal silica binder on the surface of the coated pattern
compounds samples were determined. The lower the
wetting angle and the larger the spreading area, the
more intensive the interaction between the liquid and
the substrate.

To determine the wetting angle using the sessile drop
method and to measure the spreading area, three drops
(0.08—0.09 mL) of the binder UltraCast One+ were

Components of the pattern compound and their content, wt. %
Compound Urea Magnesium sulfate Polyvinyl alcohol Potassium nitrate Dimethylglyoxime
CH4N,O MgSO, (C,H,40), KNO; C4HgN,0,
#1 98 2 — — —
#2 96 2 2 — —
#3 90 — — 10 -
#4 88 — 2 10 —
#5 88 — — 10 2

Table 2. Investigated protective coatings

Tabnuua 2. Uccnenyembie 3alIMTHbIE TOKPBITUS

Coating type Composition and application sequence
#W 3 g of repair wax (a mixture of ceresin and petrolatum) in 100 mL of rubber solvent,
applied in 2 layers using a sponge
#vV Varnish AK 593, applied in 1 layer by dipping
#V+R Varnish AK 593, applied in 1 layer by dipping,
followed by 5 g of pine rosin in 100 mL of ethanol, applied in 2 layers using a sponge
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applied to the surface of pattern samples using a plas-
tic pipette. The droplet behavior was recorded from the
side usinga SONY NEX EAS50H video camera in macro
mode with a Sony E PZ 18-200 mm F3.5—6.3 macro
lens and Meike MK-S-AF3A macro rings. Frames were
extracted from the video at the moment of droplet ap-
plication and subsequently every 10 s during the first
minute. From the second minute onwards, the frame ex-
traction interval was increased to 1 min. The final frame
corresponded to a 6-min hold time. After the experi-
ment, a top-view image of the droplet was captured to
determine the spreading area. For each pattern compo-
sition and type of coating, the experiment to determine
the wetting angle and spreading area was conducted on
three samples. The wetting angle and spreading area
were measured from the extracted frames using the ima-
ge analysis software ImagelJ 1.52a (National Institutes of
Health, USA).

To assess the quality of the castings obtained using
the experimental pattern compounds and coatings, ce-
ramic molds were produced and used to cast samples
from the nickel superalloy. This alloy is widely used in
domestic aerospace applications for the production of
large shell castings employed in structural elements of
combustion chambers. For this reason, the alloy is of-
ten cast into ceramic molds made using fused quartz as
afiller.

Patterns produced from compounds #2 and #5 with all
coating variants were used to fabricate ceramic molds.
Various properties of colloidal silica binders, slurries,
and ceramic samples obtained with their use were pre-
viously investigated in [27]. The ceramic mold fabrica-
tion technology and materials described below were se-
lected based on the results of that study.

The slurry was prepared by mixing 5 L of binder
with 10 kg of fine fused quartz with fraction 0.045 mm
(supplied by LLC “Kefron”, Yekaterinburg). The first
and second ceramic layers were made using the binder
UltraCast One+, while the subsequent layers were
made using UltraCast Prime (both produced by LLC
“Technopark”, Moscow). After mixing, the slurry was
left to stand for 24 h to ensure proper wetting of the
micropowder with the binder and to remove air bub-
bles. Before use, the slurry was thoroughly mixed again.
Its viscosity was determined using a DIN flow cup vis-
cometer. If the viscosity did not meet the target values
(60 s for the slurry used in the first and second layers,
and 40 s for the third and subsequent layers), additional
binder was added, the slurry was remixed, and viscosity
measurements were repeated until the required values
were achieved. The slurry was applied to the pattern
by dipping, followed by stuccoing with fused quartz of

varying particle sizes: 0.25—0.4 mm (for layers 1—2),
0.4—0.6 mm (for layers 3—4), and 0.5—1.0 mm (for
layers 5—7), all supplied by LLC “Kefron”. The fi-
nal 8" layer of slurry was applied without subsequent
stuccoing (as a finishing layer). The first layer was dried
in air at a temperature of 21—22 °C and relative humi-
dity of 55—72 % for 2 h, while each subsequent layer
was dried with air circulation at 21—22 °C and relative
humidity of 64—85 % for 2 h.

The pattern was removed 24 h after applying the fi-
nal layer by dissolving it in hot water at a temperature of
95+ 5°C.

The prepared molds were placed in a container and
externally filled with a supporting refractory—coarse
quartz sand. The molds were then subjected to burn-
out processing, during which they were heated to a
temperature of 900 °C over 2 h, followed by a 4-hour
holding period. Before pouring, the container with the
molds was transferred to the pouring area. A ready-
made nickel-based superalloy (wt. %: Ni — base; C —
up to 0.08; Cr — up to 20.0; Mo — up to 5.0; Al — up
to 1.5; Ti — up to 2.9; Nb — up to 2.8; Fe — up to 10),
produced by VIAM (Moscow), was used as the charge.
The melting was carried out in an induction furnace
(SPE “RELEK”, Ekaterinburg) using a periclase
crucible (STC “Bakor”, Shcherbinka). The mass of
the melted alloy was 8 kg. The melt was protected by a
covering flux of crushed silicate glass. The metal was
poured into the ceramic molds at a temperature of ap-
proximately 1500 °C.

A distinctive feature of the investment casting me-
thod is the high dimensional accuracy and low surface
roughness of the produced castings. Therefore, for the
castings obtained using different pattern compounds
and coatings, surface roughness and dimensional devi-
ations were assessed. Additionally, shrinkage was calcu-
lated based on the measured dimensions, as it is an im-
portant parameter to consider when developing casting
technologies.

The surface roughness of the cast samples was mea-
sured using an M300C profilometer (MarSurf, Ger-
many). The average value was obtained from seven
measurements.

To determine the dimensions of the cast samples and
their linear shrinkage, laser scanning of the castings was
performed using a handheld 3D scanner KScan Magic
(ScanTech, China). The device’s measurement accuracy
was * 20 um. The cloud of points was processed using
Geomagic Design X software (3D Systems, USA). The
width of the casting (/,) was measured at three points.
Knowing the width of the mold cavity used to produce
the pattern (/, = 82 mm), the total linear shrinkage of the
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pattern, ceramic mold, and alloy was calculated using
the following equation: € = [(/, — /.)/1,]-100 %.

Since high-temperature alloys are prone to interac-
tion with mold materials, the structure of the surface
layers of the mold and castings was examined. The mic-
rostructure and phase composition of the surface layer of
the castings and molds were analyzed using a scanning
electron microscope (SEM) Vega SBH3 (Tescan, Czech
Republic) equipped with an energy-dispersive micro-
analysis attachment (Oxford, UK), as well as an opti-
cal microscope (OM) Axio Observer. DIm (Carl Zeiss,
Germany).
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Results and discussion

Fig. 2 illustrates the dependence of the wetting an-
gle (0) on the holding time (t) of the binder droplet on
the surface of the tested pattern samples, both with and
without protective coatings. In the absence of a coating
(Fig. 2, a), the initial wetting angle upon application of
the binder ranged from 20° to 40°, while after a 5-minu-
te holding period, it decreased to 6 = 2+13° [21]. The
presence of polyvinyl alcohol and dimethylglyoxime
additives in the pattern composition resulted in higher
values of 6.

0, degree
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Fig. 2. Wetting angle with colloidal silica binder of the surface of pattern samples without coating (a) [21] and with coatings
#Wax (b), #Varnish (c) and #Varnish + Rosin (d) (Table 2) as a function of time for pattern compounds #/—#5

#1—98 % urea + 2 % magnesium sulfate; #2 — 96 % urea + 2 % magnesium sulfate + 2 % polyvinyl alcohol;
#3—90 % urea + 10 % potassium nitrate; #4 — 88 % urea + 10 % potassium nitrate + 2 % polyvinyl alcohol;

#5— 88 % urea + 10 % potassium nitrate + 2 % dimethylglyoxime

Puc. 2. KpaeBoii yron cmaunBaHus (0) BOTHBIM CBSI3YIOIIMM MOBEPXHOCTU 00pa310B MOACIbHBIX MacC
6e3 mokpbITus (a) [21] 1 ¢ mokpeiTusaMu #B (b), #J1 (¢), #J1 + K (d) (cM. Ta6i1. 2) B 3aBUCHUMOCTH OT BpeMeHH (T)

JIJISI MOJEJIBHBIX COCTABOB #/—#5

#1—98 % xapbamuaa + 2 % cynbdara marnust; #2 — 96 % kapbamuna + 2 % cynbdara Mmaraust + 2 % MOJIMBUHUIOBOTO CITUPTA;
#3 — 90 % xapbamuna + 10 % nutpara Kamust; #4 — 88 % kapbamuna + 10 % Hutpara Kanus + 2 % MOJTUBUHUIOBOTO CITMPTA;

#5 — 88 % xapbamuna + 10 % Hutpara Kamus + 2 % IUMETHITIHOKCHMA
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Fig. 2, b presents the wetting angle values for the
same pattern compositions but after the application of
the wax-based protective coating. The initial values of
0 immediately after applying the binder drop to samples
coated with #W ranged from 35° to 43°, which is quite
close to the values obtained for uncoated pattern com-
pounds. However, it can be observed that during further
holding of the droplet on the sample surface, the reduc-
tion in the wetting angle is not as significant compared
to the case without a coating. Similar results were pre-
viously reported in [22], indicating that the intensi-
ty of interaction between the pattern compound and
the binder decreases after the application of wax-based
coatings. It is likely that when coating #W is applied and
the solvent subsequently evaporates, the coating does
not fully cover the sample surface, leading to loca-
lized dissolution of the pattern material. It should be
noted that the composition of the pattern compound
also affects the wetting angle, with the highest va-
Iues of 6 observed for the composition containing
dimethylglyoxime. This additive reduces the hygro-
scopicity of the pattern compound and thus increases
the wetting angle. Regarding other compositions, the
values of 0 after the application of coating #W range
from 17° to 27°, which is fairly consistent across dif-
ferent formulations. In this case, no significant effect
of polyvinyl alcohol on increasing the wetting angle
was detected.

Fig. 2, ¢ presents the wetting angle values after ap-
plying the varnish coating on the pattern samples. It can
be observed that the initial values immediately after
applying the binder drop are approximately 41° for
compositions #4 and #5, around 32° for compositions
#1 and #2, and about 23° for composition #3. Thus, the
lowest wetting angle is observed for the pattern com-
pound that contains only potassium nitrate. Com-
pounds containing magnesium sulfate exhibit slight-
Iy higher 6 values, and addition of polyvinyl alcohol
having no significant impact on the wetting angle.
The highest wetting angle is achieved for compounds
containing potassium nitrate, polyvinyl alcohol, and
dimethylglyoxime. The influence of polyvinyl alcohol
on the wetting angle is attributed to its ability to reduce
the hygroscopicity of the pattern compound. Previous
studies have shown that samples made from pattern
compound #3 exhibit the highest surface roughness
[21]. This is likely due to differences in the structure of
the pattern compounds after solidification, which can
lead to variations in the formation of the coating layer
on their surface. In the case of varnish coating applica-
tion, the wetting angle changes slightly over the holding
period, decreasing by 4—15° after a 5S-minute exposure.

The slight reduction in wetting angle over time, as well
as the influence of the pattern composition on its value,
may indicate both coating integrity issues and interac-
tions between the coating and the binder. The applica-
tion of an additional rosin layer on top of the varnish
coating (Fig. 2, d) results in an initial wetting angle
that is independent of the pattern compound composi-
tion, with an average value of approximately 35°. Over
time, the wetting angle values exhibit a trend similar
to that observed for varnish coatings alone. This beha-
vior can be attributed to the fact that, at the initial stage
after the binder droplet is applied, the wetting angle is
primarily determined by the interaction between the
binder and the rosin layer. Over time, degradation of
the rosin layer occurs, leading to interaction between
the binder and the underlying varnish coating. On ave-
rage, for all pattern compounds, the wetting angle va-
lues range from 17° to 23°.

In addition to the wetting angle, the spreading area
(S) of the binder on the surface of the pattern samples
can be used to evaluate the protective properties of the
coatings. Fig. 3 presents the spreading area of the binder
on the surfaces of the tested pattern compounds with
different coating options after 2 h (once the binder had
fully dried). The maximum spreading area of 170—
180 mm? was observed for urea-based pattern com-
pounds with polyvinyl alcohol additives (#2 and #4)
coated with the repair wax-based protective coating.
A relatively high spreading area of S = 140 mm? was al-
so obtained for the pattern compound containing mag-
nesium sulfate (#/) with the wax-based coating. Con-
sidering the high values of error bars, it can be stated
that for all pattern compounds coated with varnish or
varnish with rosin, the spreading area of the binder
ranged from 90 to 130 mm?. Overall, the obtained S
values confirm the conclusions drawn from the analysis
of wetting angles, indicating that varnish-based coat-
ings, unlike wax-based coatings, provide better protec-
tive properties. The wetting angle values and spreading
areas are primarily determined by the protective pro-
perties of the coatings themselves rather than the pat-
tern compositions.

It should also be noted that when examining the
influence of various coatings on the spreading area of
the binder across different pattern compounds, the
minimum § values (along with the maximum wetting
angle values 0) were observed for samples containing
dimethylglyoxime (compound #5). As previously men-
tioned, this additive significantly reduces the hygro-
scopicity of the pattern compound.

Based on the results of wetting angle and spread-
ing area measurements of the binders, two pattern
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Fig. 3. Spreading area of the colloidal silica binder on the
surface of pattern compound samples with coatings #W, #V
and #V + R (see Table 2) after a 2-hour holding period

for pattern compounds #/—#5

#1—98 % urea + 2 % magnesium sulfate;
#2—96% urea + 2 % magnesium sulfate + 2 % polyvinyl alcohol;
#3 — 90 % urea + 10 % potassium nitrate;
#4 — 88 % urea + 10 % potassium nitrate + 2 % polyvinyl alcohol;
#5— 88 % urea + 10 % potassium nitrate + 2 % dimethylglyoxime

Puc. 3. [1nomans pacTeKaHU ST BOMHOTO CBS3YIOIIETO
Ha MOBEPXHOCTU 00Pa3lIOB MOJIEIbHBIX Macc

¢ nokpeiTusimu #B, #J]1 u #J1 + K (cm. Tab. 2)

OCJIe BBIACPKKHU 2 4 LTSI MOJEIbHBIX COCTABOB #1—#5

#1— 98 % xapbamuna + 2 % cynbbara Maraus;

#2— 96 % xapbamuna + 2 % cynbdara Mmaraust + 2 % MOJTMBUHIIO-
BOTO CITUPTa;

#3 — 90 % xapbamuna + 10 % HuTpara Kamms;

#4 — 88 % xapbamuna + 10 % Hutpara Kanus + 2 % MOJMBUHUIO-
BOTO CITUPTa;

#5— 88 % xapbamuma + 10 % aurpara Kaamst + 2 % IUMETHITIINOKCUMA

compounds were selected for further investigation:
#2 (96 % urea + 2 % magnesium sulfate + 2 % polyvinyl
alcohol) and #5 (88 % urea + 10 % potassium nitrate +
+ 2 % dimethylglyoxime). Fig. 4 presents photographs
of ceramic molds produced using pattern compounds #2
and #5 with repair wax-based and varnish-based coat-
ings at different stages of production.

When applying the first two ceramic layers to the
pattern made from compound #2 with the repair wax-
based coating, minor sagging was observed (Fig. 4, a).
The study of the wetting angle and spreading area of
the binder on the pattern composition revealed that in
cases of significant interaction between the binder and
the pattern compound, simultaneous dissolution of the
pattern occurs, forming indentations in the sample,
while binder crystals grow at the pattern—binder in-
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Fig. 4. Photographs of ceramic molds produced using various
pattern compounds and protective coatings

a, b — pattern compound #2 (96 % urea + 2 % magnesium sulfate +
+ 2 % polyvinyl alcohol) repair wax-based coating #W, 2 layers (a)
and 7 layers (b);

c—e — pattern compound #5 (88 % urea + 10 % potassium nitrate +
+ 2 % dimethylglyoxime) with a repair wax-based coating #W,

2 layers (c, d), and varnish-based coating #V, 7 layers (e)

Puc. 4. ®oTorpacdun kepaMudecKux ¢hopm,
[MOJYYEHHBIX C KCIIOJIb30BAHUEM PA3INUHBIX MOJETbHBIX
MacC U 3aIlUTHBIX TOKPBITUI

a, b — monenbHBI cocTaB #2 (96 % kapbamuaa + 2 % cynabbaTa
Maruust + 2 % MOJMBUHUIOBOTO CITUPTA) C TOKPHITHEM Ha OCHOBE
peMoHTHOTO BocKa (#B) B 2 ciost (@) u 7 cnoes (b);

c—e — MozieNIbHBIN cocTaB #5 (88 % kapbamuna + 10 % Hutpara
Kaiust + 2 % MUMETUIITIMOKCHMMA) C TIOKPBITUEM Ha OCHOBE
peMoHTHOTO BocKa (#B) B 2 cios (¢, d) n naka (#J1) B 7 cioeB (e)
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terface. Large crystals of the pattern compound extend
beyond the original sample boundaries, likely contri-
buting to sagging formation due to the insufficient pro-
tective properties of the coating. This partial dissolu-
tion of the pattern compound, accompanied by crystal
growth, pushes the ceramic layer outward. Despite this

issue, all seven ceramic layers were successfully applied
to the pattern. The final appearance of the mold is
shown in Fig. 4, b.

In the case of pattern compound #5 containing di-
methylglyoxime and coated with a repair wax-based
protective layer (#W), the application of the first cera-

Fig. 5. Surface photographs of cast samples produced in ceramic molds using pattern compounds #2 (a—c) and #5 (d, e)
with protective coatings based on repair wax #W (a), varnish #V (b, d), and varnish with rosin #V + R (c, e)

#2— 96 % urea + 2 % magnesium sulfate + 2 % polyvinyl alcohol;
#5— 88 % urea + 10 % potassium nitrate + 2 % dimethylglyoxime

Puc. 5. ®ororpaduu moBepXxHOCTU OTIIMTHIX 06Pa31IOB,

MOJIYYEHHBIX B KEpaMUYECKHMX (hOpMax C UCTIOIL30BaHMEM MOACIbHBIX Macc #2 (a—c) u #5 (d, e)
C 3alIUTHBIMU MTOKPBITUSIMU Ha OCHOBE PEMOHTHOTO Bocka #B (a), naka #J1 (b, d) v naka c kaHudoawto #JI + K (c, e)

#2 — 96 % xapbamuna + 2 % cynbdara maraust + 2 % MOJIMBUHIIOBOTO CITUPTA;
#5— 88 % xapbamuna + 10 % Hutpata Kanust + 2 % TUMETUITTMOKCHMA

Fig. 6. Microstructure (OM) of cross-sectioned as-cast samples produced in ceramic molds using
pattern compounds #2 (a—c) and #5 (d, e) with protective coatings based on repair wax #W (a), Varnish #V (b, d),

and Varnish with Rosin #V + R (c, e)

#2— 96 % urea + 2 % magnesium sulfate + 2 % polyvinyl alcohol,
#5 — 88 % urea + 10 % potassium nitrate + 2 % dimethylglyoxime

Puc. 6. Mukpoctpykrypa (OM) mmncdoB (TiorepedHoe cedeHe) OTIUTBIX 00pa3IioB,
TMOJTyYeHHBIX B KepaMUUeCKNX popMax ¢ UCIIOTb30BAHUEM MOJEIbHBIX Macc #2 (a—c) u #5 (d, e)
C 3alIUTHBIMU TTOKPBITUSIMHA Ha OCHOBE peMOHTHOT0 BocKa #B (a), naka #J1 (b, d) u maka c kanugonsto #J1 + K (c, e)

#2 — 96 % xapbamuna + 2 % cynbdara Maruust + 2 % MOJIMBUHUIOBOTO CITUPTA;

#5 — 88 % kapbamuna + 10 % uutpaTa Kanus + 2 % IUMETUITITNOKCHMA
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mic layers resulted in cracking and destruction. Figs. 4, ¢
and 4, d clearly show that under the cracked ceramic
layer, the pattern surface exhibits significant rough-
ness, which was not present before the ceramic appli-
cation—indicating interaction between the pattern and
the binder. The causes of destruction in this case are
similar to those previously described for the pattern
compound #2 with the repair wax-based coating. Re-
garding varnish-based coatings (#V) and varnish with
rosin (#V + R), no sagging was observed in any case, and
high-quality ceramic molds were successfully obtained
for both pattern compounds #2 and #5. An example of
a high-quality mold produced using the pattern com-
pound with dimethylglyoxime (#5) and coated with var-
nish (#V) is shown in Fig. 4, e.

Fig. 5 presents photographs of cast samples made of
nickel superalloy poured into ceramic molds produced
using pattern compounds #2 and #5 with protective
coatings based on repair wax, varnish, and varnish
with rosin. As previously mentioned, it was not possi-
ble to produce a mold using pattern compound #5 con-
taining dimethylglyoxime and a repair wax-based coat-
ing (#W). Although the mold produced with pattern
compound #2, containing magnesium sulfate and po-
lyvinyl alcohol, and coated with repair wax did not fail
structurally, the surface of the cast samples exhibited
penetration defects (Fig. 5, a). These defects formed
due to the destruction of the ceramic surface layer and
infiltration of the molten alloy into the damaged layer.
Previous observations (see Fig. 4, a) showed the pre-
sence of localized bulging of the shell during mold layer
formation. Regarding the samples coated with varnish
(#V) and varnish with rosin (#V + R) (Fig. 5, b—e), it
can be observed that all sample surfaces are free of de-
fects, confirming the high protective properties of the
varnish coatings.

Fig. 6 shows cross-sectional micrographs of the sam-
ples presented in Fig. 5. It can be observed that the thick-
ness of the burn-on defect in the sample produced using
pattern compound #2, coated with a repair wax-based
protective layer (Fig. 6, a), is approximately 1 mm. The
other samples, in which varnish-based coatings (#V)
and varnish with rosin (#V + R) were used on the pattern
compounds (Fig. 6, b—e), exhibit a minimal number of
surface defects.

Fig. 7 presents the surface roughness values of the
cast samples produced in ceramic molds using pattern
compounds with magnesium sulfate and polyvinyl al-
cohol additives (#2), as well as potassium nitrate and
dimethylglyoxime additives (#5), coated with protec-
tive coatings based on repair wax, varnish, and var-
nish with rosin. The minimum surface roughness value

50
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Fig. 7. Surface roughness of as-cast samples produced

in ceramic molds using pattern compounds #2 and #5
with protective coatings based on repair wax (#W),
varnish (#V) and varnish with rosin (#V + R)

#2— 96 % urea + 2 % magnesium sulfate + 2 % polyvinyl alcohol;
#5— 88 % urea + 10 % potassium nitrate + 2 % dimethylglyoxime

Puc. 7. lllepoxoBaToCTb MOBEPXHOCTU OTJIUTBIX 00pa31I0B,
MOJIYYEHHBIX B KepaMUuecKux (hopMax ¢ UCIOJb30BaHUEM
MOIETBbHBIX MacC #2 1 #5 ¢ 3alIUTHBIMY IMMOKPBHITUSIMU

Ha OCHOBE PEeMOHTHOTO Bocka (#B), maka (#J1)

u naka ¢ kaHudomapo (#J1 + K)

#2 — 96 % kapbamuaa + 2 % cynbbara maraust + 2 % MOJMBUHIIO-
BOTO CITUPTAa;
#5— 88 % xapbamuna + 10 % Hutpara Kaaust + 2 % TUMETHIIIMOKCUMA

(Rz = 24 pm) was obtained for the cast samples produced
using pattern compound #5 (with potassium nitrate and
dimethylglyoxime) and the varnish-based coating. The
use of the same coatings on pattern compound #2, con-
taining magnesium sulfate and polyvinyl alcohol, resul-
ted in slightly higher roughness values (Rz = 29+36 um).
The cast sample produced using pattern compound #2
with a repair wax-based coating demonstrated similar
roughness, with Rz = 29 um. In this case, the surface
roughness was measured in areas free of burn-on de-
fects. Thus, all protective coatings provide comparable
surface roughness values in the range of Rz = 2436 um.
This is likely due to the fact that after pattern removal
and mold burnout, no traces of the coating remain, and
the surface roughness is entirely determined by the cha-
racteristics of the slurry and stucco used in ceramic
mold production.

Fig. 8, a presents the SEM microstructure of a
sample cast in a ceramic mold produced using pattern
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Fig. 8. Microstructure of the sample cast in a ceramic mold produced using pattern compound #2 with a repair wax-based
coating (#W) (a), magnified microstructure area (b), and elemental distribution maps of Ni (¢), Si (d), and O (e)

Pattern composition #2 — 96 % urea + 2 % magnesium sulfate + 2 % polyvinyl alcohol

Puc. 8. MukpoctpykTypa obpasiia, OTIMTOr0 B KEpaMUUECKY10 (HDOpMY, MOJYUEHHYIO C UCMOJIb30BaHUEM MOJEIbHOM
Macchl #2 ¢ MOKPLITMEM Ha OCHOBE PEMOHTHOTO BocKa (#B) (@), yBeJIMUeHHBIN y4aCTOK MUKPOCTPYKTYPHI (b)

u KapTel pacnipenenenus Ni (c), Si (d), O (e)

MonenbHblii cocTaB #2 — 96 % kapbamuna + 2 % cyibhara Maruus + 2 % MOJTMBUHIIOBOTO CIIMpPTa

Fig. 9. Microstructure of the contact layer of the ceramic mold produced using pattern compound #5 coated with varnish (#V)
after alloy pouring (@) and EDS maps of Si (4), O (¢), Ni (d), Cr (e), Fe (f)

Pattern composition #5 — 88 % urea + 10 % potassium nitrate + 2 % dimethylglyoxime

Puc. 9. MUKpPOCTPYKTYpa KOHTAKTHOT'O CJI0s KepaMU4eCKOil (POPMBI, ITOIYYEeHHOM ¢ MCIOIb30BaHMEM MOICIbHOI MacChl #5
C TTOKPBLITUEM Ha OCHOBe Jiaka (#J1), mocJe 3aJluBKU criyiaBa (a) U KapThl pacnipeneiaenus Si (b), O (¢), Ni (d), Cr (e), Fe (f)

MopenbHbii coctaB #5 — 88 % kapbamuaa + 10 % Hutpara Kanust + 2 % AUMETUITIMOKCHUMA
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compound #2 (96 % urea + 2 % magnesium sulfate +
+ 2 % polyvinyl alcohol) with a repair wax-based coat-
ing. It can be observed that at the transition zone bet-
ween the high-quality surface and the burn-on defect,
undercuts are present. The microstructure of such
an undercut at a higher magnification, along with
the EDS maps for this area, is shown in Fig. 8, h—e.
The results of EDS analysis reveal the presence of
particles containing Si and O within the undercuts.
Thus, it can be assumed that these are stucco particles
from the ceramic mold that detached from the mold
during the casting removal process. This confirms
the assumption that the previously observed sagging
during mold formation occurs due to the delamination
of ceramic layers.

For chemically active melts, it is essential to eva-
luate their interaction with mold materials. Fig. 9, a
presents the microstructure of the contact layer in
a cross-section of the ceramic mold surface pro-
duced using pattern compound #5 (88 % urea +
+ 10 % potassium nitrate + 2 % dimethylglyoxime)
with a varnish-based coating (#V). According to the
elemental distribution maps of Si and O (Fig. 9, b
and ¢), the ceramic mold has a well-defined boun-
dary. A layer enriched with Cr and Fe (Fig. 9, e and
f), with a thickness of no more than 50 um, is pre-
sent on its surface. It should be noted that this layer
is not continuous, which may be attributed to its
insufficient strength and partial destruction during

the preparation of the metallographic specimen. It is
known that chromium has high vapor elasticity and,
upon pouring, deposits on the mold surface while
interacting with atmospheric oxygen. Thus, no signs
of interaction between the melt and the mold have
been detected. As previously mentioned, the applied
coatings are completely removed during the burnout
of the ceramic mold.

The results of laser scanning of the cast samples
produced in ceramic molds using pattern compounds
with magnesium sulfate and polyvinyl alcohol addi-
tives (#2), as well as potassium nitrate and dimethyl-
glyoxime additives (#5), coated with protective coat-
ings based on repair wax, varnish, and varnish with
rosin, are presented in Fig. 10. It is evident that when
using the repair wax-based coating (#W), the dimen-
sional deviations in the positive direction reach up to
2.5 mm (Fig. 10, a). These deviations are attributed to
the formation of sagging, which resulted from changes
in the mold geometry during the application of the
initial ceramic layers.

Unfortunately, it is not possible to determine the ef-
fect of the coating on dimensional accuracy, as produc-
ing a mold using a urea-based pattern compound and a
colloidal silica binder slurry without a protective coating
is not feasible. However, considering the thin protective
layer (less than 100 um), it is unlikely that the coating
significantly affects the dimensional accuracy of the
castings.

Deviation, mm
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Fig. 10. Dimensional deviations of as-cast samples produced in ceramic molds using pattern compounds #2 (a—c) and #5 (d, e)
with coatings based on repair wax #W (a), varnish #V (b, d), and varnish with rosin #V + R (c, e)

#2— 96 % urea + 2 % magnesium sulfate + 2 % polyvinyl alcohol;
#5— 88 % urea + 10 % potassium nitrate + 2 % dimethylglyoxime

Puc. 10. OTKJIOHEHU ST pa3MepOB OTJIMTHIX 00Pa3LOB, TOJYUYEHHBIX B KEpaMUIECKUX (POPMaX ¢ UCITOJIb30BaAHUEM
MOZACIbHBIX Macc #2 (a—c) u #5 (d, e) ¢ 3a1IUTHBIMU MOKPBHITUSIMUA Ha OCHOBE peMOHTHOTO Bocka #B (a), naka #J1 (b, d)

u naka ¢ Kanudoiapio #J1 + K (¢, e)

#2 — 96 % xapbamuna + 2 % cyiabhara Maraus + 2 % MOJTMBUHUIOBOTO CITUPTA;

#5 — 88 % xapbamuna + 10 % nutpara Kanus + 2 % IMMETHITITHOKCHMA
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Fig. 11. Linear shrinkage of as-cast samples produced

in ceramic molds using pattern compounds #2 and #5 with
protective coatings based on repair wax (#W), varnish (#V),
and varnish with rosin (#V + R)

#2—96 % urea + 2 % magnesium sulfate + 2 % polyvinyl alcohol;
#5— 88 % urea + 10 % potassium nitrate + 2 % dimethylglyoxime

Puc. 11. JIuHeiiHas ycajaka OTJIUTBIX 00pa3lioB,
MOJIYYEHHBIX B KepaMHYeCcK1X (popMax ¢ UCTIOJIb30BaHUEM
MOJIEJIBHBIX Macc #2 1 #5 ¢ 3alIMTHBIMU TTOKPBITUSIMU

Ha OCHOBE PeMOHTHOTO Bocka (#B), maka (#J1)

u 1aka ¢ kKanudoabwo (#J1 + K)

#2 — 96 % xapbamuna + 2 % cynbdara Maraus + 2 % MOJTUBUHKIO-
BOTO CITUPTA;
#5— 88 % xapbamuna + 10 % Hurpata kanust + 2 % IUMeTHINIMOKCUMA

The results of laser scanning of the cast samples were
used to determine their linear shrinkage. Fig. 11 pre-
sents the results of the linear shrinkage measurements
for the cast samples produced in ceramic molds using
pattern compounds with magnesium sulfate and poly-
vinyl alcohol additives (#2), as well as potassium nitrate
and dimethylglyoxime additives (#5), coated with pro-
tective coatings based on repair wax, varnish, and var-
nish with rosin. When using the repair wax-based coat-
ing (#W), the linear shrinkage was only 1.5 %, whereas
for the varnish-based coatings (#V and #V + R), the
shrinkage ranged from 2.0 % to 2.3 %. The low shrin-
kage observed with the repair wax coating (#W) is attri-
buted to delamination and sagging that occurred during
the application of the initial mold layers. In [21], it was
shown that the linear shrinkage of pattern compounds
#2and #5is 0.55 % and 0.3 %, respectively. However, it
is challenging to observe a significant difference in the
total shrinkage of the cast samples depending on the

applied pattern compound composition. Overall, it can
be concluded that the total shrinkage of the ceramic
mold and the alloy itselfis, on average, ~1.7 %, which is
almost identical to the shrinkage characteristic of ce-
ramic molds produced using hydrolyzed ethyl silicate
solution, as well as colloidal silica binders, but with wax
patterns.

Large-sized castings of the “Outer Casing” and
“Inner Casing” components made of the heat-resistant
nickel alloy were produced under industrial conditions
at PJSC “UEC-Kuznetsov” (Samara, Russia). Water-
soluble patterns made of a urea-based pattern compound
with a hydrophobic protective coating based on varnish
with rosin were used for the production of the castings.
The maximum overall dimension of the produced cast-
ings reached 1136 mm. The use of the protective coating
#V + R made it possible to produce shell molds using a
slurry prepared with a colloidal silica binder, achieving
results comparable to those obtained using the tradi-
tional technology based on hydrolyzed ethyl silicate as
the binder. The resulting castings met the technical re-
quirements in terms of dimensional accuracy and me-
chanical properties.

Conclusions

1. The wetting angle of the colloidal silica binder
on the surface of the tested pattern compounds in-
creased from 3—15° to 20—30° when applying protec-
tive coatings based on repair wax, varnish, and varnish
with rosin. However, no significant influence of the
coating type on the wetting angle was observed. In all
cases (with and without coatings), the highest 6 value
was obtained for the pattern compounds containing
dimethylglyoxime.

2. The minimum spreading area of 90—130 mm?,
corresponding to minimal interaction between the
binder and the pattern compound, was achieved using
varnish-based coatings, as well as varnish with rosin.
In the case of repair wax-based coatings, the spreading
area was 170—180 mm?. The modification of the pattern
compound with various additives, in all likelihood, does
not have a significant impact on the spreading area of
the colloidal silica binder on the surface of the pattern
compound samples.

3. The use of repair wax-based protective coatings
in the production of ceramic molds with colloidal si-
lica binder resulted in sagging and cracking, which
prevented the successful fabrication of molds with
pattern compound #5 containing dimethylglyoxime.
The mold produced using pattern compound #2 (with
magnesium sulfate and polyvinyl alcohol additives)
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was successfully fabricated; however, partial destruc-
tion of the inner mold surface and sagging were ob-
served. Molds coated with varnish and varnish with
rosin exhibited no visible defects or manufacturing
issues.

4. The castings produced in the ceramic molds with
varnish and varnish with rosin as protective coatings
on the patterns exhibited no visible defects and had a sur-
face roughness of Rz = 25+35 um. The casting obtained
in the mold with a repair wax-based protective coating
showed mechanical penetration defects, with ceramic
mold particles detected within the casting. Additional-
ly, it exhibited significant dimensional deviations due
to sagging caused by the degradation of the inner mold
surface.

5. The linear shrinkage of the castings produced us-
ing molds with varnish and varnish with rosin coatings
on the patterns was higher compared to those with repair
wax-based coatings. This was also associated with the
formation of bubbles and sagging on the pattern surface
during the mold layer formation process.
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Effect of rotary forging on the structure
and mechanical properties of two eutectic alloys
of the Al-La and Al-Ca—La systems
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Abstract: Recently developed aluminum alloys based on the eutectic composition of the AlI—Ca system exhibit excellent casting properties
and, unlike silumins, show good deformability. The development of multi-component alloys, where calcium is partially replaced by
lanthanum, cerium, nickel, and other eutectic-forming elements, improves their properties by producing a finer eutectic structure and
enhancing their heat resistance. These alloys can all be strengthened through deformation, with severe plastic deformations being especially
effective. Among these methods, rotary forging is of particular interest due to its ability to produce long billets. Lanthanum, at a specific
concentration, significantly improves the alloy’s plasticity, making the Al—La system particularly well-suited for deformation processing.
This study investigates the effect of rotary forging on the microstructure and mechanical properties of two eutectic alloys, Al-10La and
Al—6Ca—3La (wt. %). Billets in the as-cast state were rotary forged from an initial diameter of 20 mm to a final nominal diameter of 5 mm
under isothermal conditions: at room temperature for the Al-10La alloy and at 200 °C for the Al-6Ca—3La alloy. The results showed that
rotary forging led to an elongated structure in both alloys, with micron-sized grains forming inside the dendrites and eutectic particles
being refined. In the Al—10La alloy, the dislocation density was low, while in the Al-6Ca—3La alloy, the dislocation density was higher.
The Al—10La alloy showed a slight tendency to soften during rotary forging, whereas the Al—6Ca—3La alloy exhibited a marked tendency
to strengthen (its strength doubled). Both alloys retained high plasticity (elongation) after forging. After annealing at 300 °C, the strength of
both alloys remained stable. The tensile strength of the Al-6Ca—3La alloy at 300 °C was higher than that of the Al-10La alloy, with values
of 53 MPa and 44 MPa, respectively.

Keywords: aluminum alloy, rotary forging, microstructure, mechanical properties.
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Bausinne poTanMOHHON KOBKH HA CTPYKTYPY

1 MeXaHUYEeCKHe CBOMCTBA JIBYX 9BTEKTHYECKHMX CILJIABOB
cuctem Al—La u Al-Ca—La

B.A. Auapees!, M.B. I'opmenkos?, E.A. Haymosa?, C.O. Poraues'->
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2 HanuonaabHbIi HCCJIe0BaTeNbCKMii TexHooruyeckuii ynusepcuret «MUCHUC»
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Annoranusa: PazpaGoTaHHbIe B MOCTEIHNUE TOIbl aTIOMUHUEBBIE CIIJIABbI HA OCHOBE 3BTEKTUKU CUCTEMBbl aJIIOMUHUN—KATbLIUi 00-
JlalaloT MPEBOCXOAHBIMU JTUTEHHBIMU CBOMCTBAMU U, B OTIMUKME OT CUJIYMUHOB, Xopouio nedopmupytorcsa. Co3naHre MHOTOKOM-
MOHEHTHBIX CMJIaBOB, B KOTOPBIX KAaJbLUil YaCTUYHO 3aMellleH JaHTaHOM, LilepueM, HUKeJIeM U IPYTUMU IBTEKTUKOOOPa3yINMU
9JIEeMEHTaMU, MO3BOJISIET yJy4yllaTh CBOMCTBA CIJIABOB 3a cueT (popMupoBaHUsl Gosee JTUCIEPCHON IBTEKTUKM, a TAaKXe MOBbILIATD
MX TEIJIOCTOWKOCTh. Bce mepevyncieHHble CIIaBbl MOXHO YIIPOYHSITH AeOpPMAIIlMOHHBIMU METOIAMU, TIPU 3TOM 0COOeHHO 3 dek-
TUBHBI METO/BI OOJIBIINX TIIacTUYeCKUX Aedopmaiuii. Cpenu HUX pOTAllMOHHAsI KOBKA MPEACTAaBISIET HAMOOIbIINI HHTEPEC BBULY
BO3MOXHOCTHU MOJYUYEHU S IIMHHOMEPHBIX 3ar0TOBOK. JIaHTaH B ompeneseHHONl KOHIEeHTpauuu 3(GpHeKTUBHO MOBBIIIAET MIACTUY-
HOCTb, MO3TOMY crjiaB cuctembl Al—La siBisiercss HauboJjee noaAXoAs UM 1181 1ehopMallMOHHOM 00pabOTK M. BbljIo M3yuyeHo BiaMsIHUE
POTAIIMOHHOM KOBKY HA MUKPOCTPYKTYPY U MeXaHUUYECKKe CBOMCTBA IBYX OBTeKTUUeCcKUX criaBoB: Al—10La u Al-6Ca—3La (mac. %).
PoTtanimoHHy10 KOBKY 3aTOTOBOK B MCXOMHO JTUTOM COCTOSIHUM C HAYaIbHOTrO fuameTpa 20 MM Ha KOHEUHbIi HOMUHAJbHBIN TUAMETP
5 MM OCYLIECTBIISLIA B U30TEPMUIECKUX YCIOBUAX: Ms ciiaBa Al—10La — mpu koMHaTHO# TeMmmepaType, a ais ciaBa Al—6Ca—3La —
npu =200 °C. YcTaHOBJIEHO, YTO B pe3yJibTaTe pOTALLMOHHOI KOBKU CTPYKTYpa 000U X CIIJIaBOB CTAHOBUTCS BBITSIHYTOM, BHYTPU JI€H-
NPpUTOB DOPMUPYIOTCSI 3epHA MUKPOHHOTO pa3Mepa, a YaCTUIbI 9BTEKTUKHU u3MesbyatoTcst. [1pu aTom B crtaBe Al—10La HaGmomaeTcs
HU3Kas IIOTHOCTh IMCIIOKAIINiA, B TO BpeMs Kak B craBe Al—6Ca—3La — moBeimenHas. CriaB Al—10La cKIOHEH K HEGOIBIIOMY
pasynpovYHEeHUIO B YCIOBHUSIX POTALIMOHHOI KOBKHU, B OTJn4YKe OT critaBa Al—6Ca—3La, KOTOpbIi POSIBASIET 3aMETHY 0 TeHICHIIMIO K
nedhopMallMOHHOMY YIIPOYHEHU IO (MPOYHOCTh YBEJMYMBAETCS B 2 pa3a); pu 3TOM 00a CrijiaBa B COCTOSIHMU TOCJIe KOBKM COXPAHSIOT
BBICOKYO MJIACTUYHOCTb (OTHOCUTEJIbHOE YIJIMHEHWE). YPOBEHb MPOYHOCTU 000UX CIJIAaBOB cOXpaHsieTcs nocie orxxura npu ¢ = 300 °C.
[penen npounoctu criiaBa Al—6Ca—3La pu remmepartype ucnbitanust 300 °C Boille B cpaBHeEHMHU co crtaBom Al—10La — coorseTt-
cTBeHHO 53 u 44 MIla.

KuioueBbie cj10Ba: aJJIOMUHUEBBI I CILjIaB, poTallMOHHAas KOBKa, MUKPOCTPYKTYpa, MEXaHUYECCKUEC CBOMCTBa.

BuaaronapHocTu: PaboTta BeinmosiHeHa B pamkax rocyaapcteHHoro 3aganuss MMET PAH Ne 075-00320-24-00.
Bnaronapum M.A. BapbikiHa 3a TOMOILb B MOJYYeHU U CIUTKOB U A.B. JlopolieHKO 32 TOMOIIb B TPOBEAEHU U UCCIIEIOBAHUA.

Jlng uutupoBanusa: Auapees B.A., T'opmienkoB M.B., HaymoBa E.A., Poraues C.O. BnusiHue poTalilMOHHOI KOBKHU Ha CTPYKTYpPY U MeXa-
HHUYECKHUE CBOMCTBA ABYX 9BTEKTUUECKUX CIL1aBoB cucteM Al—La u Al—Ca—La. Hzeecmus 8y306. lleemnas memannypeus. 2025;31(1):58—66.
https://doi.org/10.17073/0021-3438-2025-1-58-66

Introduction

Aluminum alloys based on the Al—Me eutectic sys-
tem (where Me = Ca, Ce, La, Ni, Fe) feature a composite
structure comprising an aluminum matrix and eutectic
phases. These alloys exhibit excellent casting properties
and good deformability [1—6]. Additionally, alloys such
as Al—La, Al—Ce, Al—Ni, and, in some cases, Al—Fe

The elongation at fracture for the eutectic composition
of Al—10La (wt. %) is approximately 22 % [9]. However,
increasing the lanthanum content beyond this level re-
duces plasticity [10]. A drawback of lanthanum is its high
cost. On the other hand, among the alloys mentioned
above, Al—Ca alloys are the most cost-effective. There-

demonstrate enhanced heat resistance [7; 8]. While these
alloys have similar strength levels, their plasticity varies
significantly, as it directly depends on the composition
of the eutectic. Lanthanum, in certain concentrations,
effectively increases plasticity [9], making the Al—La
system particularly suitable for deformation processing.

fore, the use of small amounts of lanthanum in complex
eutectic compositions, such as Al—Ca—La-based al-
loys, is of interest. Complex eutectics have been studied
in several works [11—13].

All these alloys can be effectively strengthened using
both traditional deformation methods, such as rolling,
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and severe plastic deformation techniques [6; 9; 11; 14—
16]. Among these techniques, rotary forging stands out
due to its ability to achieve high deformation levels while
also enabling the production of long billets [17—19].

Building on this, the present study examines the
effect of lanthanum in the eutectic composition on the
strength and plasticity of the Al—6%Ca—3%La alumi-
num alloy under rotary forging conditions. For com-
parison, the eutectic alloy AlI—10%La was selected as
a reference.

Materials and methods

Two alloys near the eutectic composition, Al—6Ca—
3La and Al—10La (wt. %), were studied. Castings with
a length of 200 mm and a diameter of 22 mm were turned
on a lathe to a final diameter of 20 mm and then sub-
jected to rotary forging. The as-cast billets were forged
to a final nominal diameter of 5 mm using a rotary
forging machine (RKM]I1, model V2129.01) in multiple
passes, with the reduction per pass ranging from 5 % to
22 % (averaging 13 %). Before each pass, billets of the
Al—6Ca—3La alloy were heated to 200 °C in an elect-
ric-tube furnace and held at this temperature for 10—
15 min, whereas billets of the Al—10La alloy were forged
without preheating. For larger diameters (greater than
10 mm), the billets were fed manually, while for sub-
sequent passes, automatic roller feeding was employed.
This ensured billet alignment and more uniform defor-
mation distribution along the billet’s length. The final
diameters of the Al—6Ca—3La and Al—I10La alloy bil-
lets were 5.5 mm and 5.4 mm, respectively, correspond-
ing to an equivalent strain of e = 2.6.

The characterization of the specimens was carried
out using transmission electron microscopy (TEM)
(JEM-1400 and JEM-2100 microscopes, JEOL, Japan),

Vickers microhardness measurements (Micromet 5101,
Buehler, USA), and tensile testing. Two types of spe-
cimens were prepared for tensile tests: cylindrical speci-
mens with a gauge section of @4x10 mm and flat
specimens with a gauge section of 5x1,5x1 mm. Ten-
sile tests at room temperature were conducted on both
cylindrical and flat specimens using Instron 5569 and
Instron 5966 testing machines (Instron Corp., USA),
respectively. Tests at 300 °C were performed exclusively
on cylindrical specimens using an Instron 3382 ma-
chine. The strain rate during tensile testing was main-
tained at 0.002 s~

Research results

The as-cast Al—10La alloy exhibited a predomi-
nantly eutectic structure [(Al) + Alj;Las] with a small
fraction of aluminum dendrites (Fig. 1, a). As a result of
rotary forging, the structural elements of the alloy were
elongated along the billet axis. Additionally, ultrafine
grains smaller than 1 um were formed within the den-
drites (indicated by arrows in Fig. 2, a), and the eutec-
tic particles were fragmented into pieces approximately
100—200 nm in length due to cleavage. This is evidenced
by the flat boundary between two fragmented particles
(Fig. 2, b). Evidently, in certain areas of the structure,
mixing of dendrites and eutectic phases occurs as a re-
sult of mass transfer. TEM images show that the disloca-
tion density in the alloy is low.

The difference in the microstructure of the as-cast
Al—6Ca—3La alloy compared to the Al—10La alloy
lies in the presence of shorter and wider eutectic par-
ticles (Fig. 1, b). According to [20], the Al—Ca—La
system forms a ternary eutectic [(Al)+Al4(Ca,La) +
+ Al;(La,Ca)s]. During rotary forging of the Al—
6Ca—3La alloy, similar to the Al—10La alloy, mixing

j =

Fig. 1. Microstructure of the as-cast Al-10La (a) and Al — 6Ca — 3La (b) alloys (bright-field TEM images)

Puc. 1. Mukpoctpykrypa criiaBoB Al—10La (a) u Al-6Ca—3La (b) B 1IUTOM COCTOSTHU U (CBETJIONOJIbHBIE M300pakeH st [IOM)
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Fig. 2. Microstructure of the Al—10La alloy after rotary forging (bright-fields TEM images)

Puc. 2. MukpoctpykTypa criyiaBa Al—10La rnociie poTalilmoHHON KOBKHU (CBETJOMOIbHbIE n300paxeHus [1DM)

Fig. 3. Microstructure of the Al-6Ca—3La alloy after rotary forging
a, ¢, d — bright-field TEM images; b — dark-field TEM image in (Al) reflections

Puc. 3. Mukpoctpykrypa ciijiaBa Al—6Ca—3La nmocie poTallMOHHO KOBKH
a, ¢, d — cBeTyononbHbIe n300paxeHus: [IDM; b — remHonosibHOe n300paxenue [1OM B pediekcax (Al)

of dendrites and eutectic phases occurs, the structural
elements become elongated, and ultrafine grains form
within the dendrites (indicated by arrows in Fig. 3, a,
b). The eutectic particles are fragmented to a greater

extent, reaching sizes of 50—100 nm, with evidence of
diffusion processes indicated by the rounded shapes
of the fragmented particles (Fig. 3, ¢, d). The former
eutectic structure exhibits a higher dislocation density,
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as reflected by the characteristic contrast in the TEM
images.

The mechanical properties of the aluminum alloys in
as-cast and forged conditions, obtained at room tempe-
rature, are presented in Table 1. The yield strength (o 5)
and ultimate tensile strength (c,) of the as-cast Al—10La
alloy were 113 MPa and 173 MPa, respectively, with a to-
tal elongation (8) ~22 %. For the as-cast Al—6Ca—3La
alloy, the values were 6y, = 109 MPa, 6, = 194 MPa,
and & =20 %.

Typical tensile curves obtained during testing of cy-
lindrical specimens of forged alloys are shown in Fig. 4.
The main difference between testing flat and cylindri-
cal specimens of the Al—10La alloy is the significantly

Stress, MPa
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120
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40-
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0 10 20 30 40 50 60
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higher elongation of the latter (by a factor of 2, as shown
in Table 1). In contrast, for the Al—6Ca—3La alloy, the
difference in mechanical properties between cylindrical
and flat specimens is negligible (Table 1).

After rotary forging of the Al—10La alloy, its yield
strength remains unchanged or increases by no more
than 10 %, while its ultimate tensile strength decrea-
ses by 18 %. At the same time, the total elongation in-
creases slightly (Table 1). Additionally, the shape of the
tensile curve changes: the uniform plastic deformation
region (up to necking) decreases significantly, from
8 % to 1.5 %. As a result, nearly all of the specimen’s
elongation occurs in the localized deformation region
(Fig. 4, a).

150 Stress, MPa

300 -
250 1
2001 2
150
100 -

504

0 10 20 30 40

Strain, %

Fig. 4. Tensile curves at room temperature for specimens of Al-10La (a) and Al—-6Ca—3La (b) alloys after rotary forging (1)

and after subsequent annealing at 7= 300 °C (2)

Puc. 4. KpuBble pacTsiKeHUS TPYU KOMHATHOM TemIieparype o6pasiioB criiiaBoB Al—10La (a) u Al-6Ca—3La (b)
rmocJie poTaimoHHoi KoBKY (I) u mocnenyrotiero otxura npu ¢ = 300 °C (2)

Table 1. Mechanical properties of aluminum alloys in various conditions at room temperature

Tabauua 1. MexaHuueckue CBOMCTBA aJIIOMUHUEBBIX CIIJIABOB B Pa3JIMYHBIX COCTOSTHUSIX

MpU KOMHATHOM TeMIlepaType

Alloy Material condition Specimen type | G;,, MPa 6., MPa S, % Sy, %
As-cast Flat 113+2 173 +£3 22+1 8+1
B Flat 126+ 3 142+ 1 27+2 1.5+0.5
Al—10La RF
Cylindrical 101 £2 147+ 3 58+2 2.5+0.5
RF + annealing at 300 °C Cylindrical 123 £2 1312 52+2 8§t 1
As-cast Flat 109 £ 2 194+ 3 195+1.3 8.5x0.5
Flat 252t 4 303+ 3 23.5%0.5 2.5+0.3
Al—-6Ca—3La RF
Cylindrical 285+ 3 312+ 6 21.6 £ 1.5 3.0x£0.5
RF + annealing at 300 °C Cylindrical 250+ 6 283+ 6 37+2 20%0.5
"RF — rotary forging.
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In the case of the Al—6Ca—3La alloy, rotary forging
results in a 2.3-fold increase in its yield strength and a
1.6-fold increase in its ultimate tensile strength, while
the total elongation increases only slightly, from 19 %
to 23 % (Table 1). However, the uniform elongation of
the forged specimen also decreases, from 8.5 % to 2.5 %
(Fig. 4, b).

The tensile test results correlate well with the meas-
ured microhardness values (Fig. 5). The average micro-
hardness of the as-cast Al—10La and Al—6Ca—3La al-
loys was 52 £2 HV and 58 £ 1 HV, respectively. After
rotary forging, the microhardness decreasedto42 £ 1 HV
(softening) for Al—10La and increased to 82 2 HV
(strengthening) for AlI—6Ca—3La. The microhardness
was uniformly distributed across the cross-section of the
billets for both alloys.

0 Microhardness, HV

Annealing of specimens of both alloys at 300 °C
for 1 h reduces their strength by no more than 10 % (see
Table 1 and Fig. 4). For the Al—10La alloy, the total
elongation remains essentially unchanged, but the uni-
form deformation increases significantly (up to 8 %).
Conversely, for the Al—6Ca—3La alloy, the total elon-
gation increases to 37 %, while the uniform deforma-
tion remains unchanged. The retention of a high com-
bination of mechanical properties in both alloys after
annealing at 300 °C demonstrates their high thermal
stability.

Table 2 presents the mechanical properties of the
forged aluminum alloys tested at 300 °C, and Fig. 6
shows the corresponding tensile curves. Increas-
ing the test temperature from room temperature to
300 °C causes significant softening in both alloys. For

0 Microhardness, HV

a 9 b
60 80 - Wq
As-cast condition
501 70 -
40 - H—‘*_’_*\f*f——! 60 - As-cast condition
304 50
20 T T T T T 40 T T T T T
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3

Distance from the specimen center, mm

Distance from the specimen center, mm

Fig. 5. Microhardness distribution across the cross-section of specimens of Al-10La () and Al1-6Ca—3La (b) alloys

before and after rotary forging

Puc. 5. PacnipeneieHe MUKPOTBEPIOCTH B MOMEPEUYHOM ceueHU U 00pa3iioB criiiaBoB Al—10La (a) u Al-6Ca—3La (b)

[0 1 110CJIC pOTaL[I/IOHHOI‘/JI KOBKM
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Fig. 6. Tensile curves at a test temperature of 300 °C for forged Al-6Ca—3La (a) and Al—10La (b) alloys
Puc. 6. Kpusbie pacTsikeHus mpu reMmrepatype ucrbitanus 300 °C koBaHbix criaBoB Al—6Ca—3La (a) u Al—10La (b)
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Table 2. Mechanical properties of forged
aluminum alloys at a test temperature of 300 °C

Tabnuua 2. MexaHu4eckue CBOCTBa
KOBaHBIX aJTIOMUHUEBBIX CIIJIABOB
npu Temnepatype ucnsitanus 300 °C

Specimen
Alloy - Gyy, MPa | 6,, MPa | §,%
Al—10La  Cylindrical 34 +1 44+1 22905
Al—-6Ca—3La Cylindrical 36+ 1 53+1 47.7+0.5

the Al—10La alloy, the yield strength and ultimate
tensile strength decrease to 34 MPa and 44 MPa, re-
spectively, which is a 3-fold reduction, while the total
elongation decreases by a factor of 2.5. For the Al—
6Ca—3La alloy, the yield strength and ultimate tensile
strength decrease to 36 MPa and 53 MPa, respectively,
representing reductions by factors of 8 and 6. Howe-
ver, the total elongation, in contrast, doubles. This level
of strength is comparable to D18 or AMts alloys and
slightly lower than AMg2 alloy. Despite undergoing
more intense softening, the Al—6Ca—3La alloy ex-
hibits slightly higher strength at a test temperature of
300 °C compared to the Al—10La alloy.

Discussion of results

According to the microhardness measurements and
tensile test results, the Al—10La alloy exhibits slight
softening under rotary forging conditions, in contrast
to the AlI—6Ca—3La alloy, which demonstrates a sig-
nificant tendency for deformation strengthening. Ad-
ditionally, in both alloys, uniform deformation (up to
necking) decreases after deformation processing, while
total elongation to fracture increases. The low strength
of the Al—10La alloy after rotary forging, comparable
to its as-cast condition, is supported by the low disloca-
tion density observed in its microstructure (see Fig. 2, a),
which may be attributed to recovery processes. On the
other hand, the low dislocation density in the alloy’s
structure contributes to its high plasticity. Previous stu-
dies have shown that eutectic Alj;La; particles, due to
their specific crystallographic relationship with the alu-
minum matrix, are easily cut by dislocations [9], which
also positively affects plasticity. Interestingly, despite
the low dislocation density in its structure, the uniform
deformation of the Al—10La alloy is only about 2 %,
with elongation mainly occurring in the localized defor-
mation region, i.e., after necking begins.

In contrast, the Al—6Ca—3La alloy accumulates
a high dislocation density and undergoes significant
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eutectic particle refinement as a result of rotary forging,
leading to a substantial increase in strength. Despite its
high strength, the alloy also retains high plasticity (with
elongation primarily occurring in the localized deforma-
tion region, similar to the Al—10La alloy). This behavior
may be attributed to the presence of ultrafine aluminum
grains (which, being defect-free, form layers between the
former eutectic, see Fig. 3, a) that promote stress rela-
xation, as well as the positive effect of lanthanum in the
complex eutectic on dislocation slip processes.

Conclusion

Rotary forging was performed on billets of the
eutectic aluminum alloys Al—10La and Al—6Ca—3La
in the as-cast condition, reducing their initial nominal
diameter of 20 mm to a final nominal diameter of 5 mm.
It was found that as a result of forging, the structure of
both alloys becomes aligned along the billet axis, with
new ultrafine grains (less than 1 pm) forming within
the dendrites and eutectic particles becoming refined
(to 100—200 nm in the Al—10La alloy and 50—100 nm
in the Al—6Ca—3La alloy). In the Al—10La alloy, a
low dislocation density was observed, while the Al—
6Ca—3La alloy exhibited a high dislocation density.
The structural changes in the alloys significantly affect
their mechanical properties: the Al—10La alloy under-
goes slight softening under rotary forging, while the
Al—6Ca—3La alloy exhibits a pronounced tendency for
deformation strengthening, with its strength doubling.
The ultimate tensile strength of the forged Al—10La and
Al—6Ca—3La alloys was approximately 150 MPa and
300 MPa, respectively. Both alloys retained high plas-
ticity after forging, with total elongation exceeding 20 %.
The strength of both alloys remained stable after an-
nealing at 300 °C. At a test temperature of 300 °C, the ul-
timate tensile strength of the Al—6Ca—3La alloy slight-
ly exceeded that of the AlI—10La alloy, at 53 MPa and
44 MPa, respectively.
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Effect of hot deformation and heat treatment conditions
on the structure and mechanical properties of the VIT1 alloy
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Abstract: The effect of thermo-mechanical treatment on the structure and mechanical properties of the hot-rolled orthorhombic titanium
aluminide alloy VIT1 was investigated. The evolution of the microstructure and mechanical behavior of the alloy during hot deformation
in the temperature range of 850—1050 °C was studied. It was established that at a temperature of 950 °C, a strain rate of €= 5- 1074s'anda
strain of e = 70 %, the microstructure formed during hot deformation, due to the processes of recrystallization and spheroidization, consisted
of grains ~1 pm in size, comprising B-, 0,-, and O-phases. It was shown that increasing the deformation temperature led to the dissolution
of O-phase particles and a significant deceleration in the development of dynamic recrystallization. Homogeneous fine-grained billets were
obtained via multi-directional isothermal forging, and the effect of heat treatment (quenching and aging) on the structure and mechanical
properties of the alloy was examined. Based on a preliminary study of the influence of heating temperature on the alloy’s structure and
properties, the temperature ranges for quenching and aging were determined. It was demonstrated that the most balanced levels of strength,
ductility, and heat resistance were achieved after heat treatment under the following conditions: holding for 4 h at 1025 °C followed by air
cooling, and aging at 850 °C for 6 h.

Keywords: orthorhombic titanium aluminide Ti,NbAl, VITI alloy, multi-directional isothermal forging, quenching, aging, mechanical
properties.

Acknowledgements: The authors gratefully acknowledge the financial support from the Russian Science Foundation (Grant No. 19-79-30066).
The authors are grateful to the personnel of the Joint Research Center “Technology and Materials” of Belgorod State National Research
University, for their assistance. https://rscf.ru/prjcard_int?19-79-30066

For citation: Sokolovsky V.S., Nozdracheva E.I., Kyaramyan K.A., Bykov Yu.G., Alekseev E.B., Salishchev G.A. Effect of hot deformation and
heat treatment conditions on the structure and mechanical properties of the VIT1 alloy based on orthorhombic titanium aluminide. Izvestiya.
Non-Ferrous Metallurgy. 2025;31(1):67—79. https://doi.org/10.17073/0021-3438-2025-1-67-79

© 2025 V.S. Sokolovsky, E.I. Nozdracheva, K.A. Kyaramyan, Yu.G. Bykov, E.B. Alekseev, G.A. Salishchev

67



lzvestiya. Non-Ferrous Metallurgy e 2025 ¢ Vol. 31 « No. 1 e P.67-79

Sokolovsky V.S., Nozdracheva E.I., Kyaramyan K.A. et al. Effect of hot deformation and heat freatment conditions on the structure...

BiausHue pexkuMoB ropsaueit aedopmanum

1 TePMUYECKOi 00padoOTKu

HA CTPYKTYPY M MeXaHHYECKHE CBOICTBA CILIaBa

Ha OCHOBe OpTOpoMOMYecKoro ajioMuunaa Tutana BUT1

B.C. Cokonosckuii', E.VI. Ho3apauesa', K.A. Kapamsan?, YO.T. Boikos?,
E.B. Anekcees’, [ A. Caanmes'

! Benaropoackuii rocynapcTBeHHbII HAMOHAJIBHBII UCCJIEI0BATEIbCKHIl YHUBEPCUTET
Poccus, 308015, r. benropon, yiu. [To6ensr, 85

2 ®uanan AO «O0beTuHEeHHAS TBUTATEIECTPOUTEIbHAS KOPIOPAIMS»
«Hay4yHo-ucclie0BaTeIbCKHii ”HCTHTYT T€XHOJOTHU W OPraHU3aIMK POU3BOACTBA JBUTATEIEH»
Poccus, 105118, r. MockBa, rip-T byaenHoro, 16

3 Bcepoccuiickmii HAyYHO-HCCJIeI0BATEIbCKHIA HHCTUTYT AaBUAIIMOHHBIX MATEPHAJIOB
HanunonaibHOro uccjie10BaTeibCKOro neHTpa «KypyaroBckuii HHCTUTYT»
Poccus, 105005, r. MockBa, yia. Panuo, 17

< Buranuii Cepreesuy Cokonosckuii (sokolovskiy@bsu.edu.ru)

Annoramus: MccienoBaHo BIustHUE TeHOpMaIlMOHHO-TEPMUYECKOM 00pabOTKM Ha CTPYKTYPY M MEXaHUYECKHE XapaKTepUCTUKY CIlJIaBa
Ha OCHOBE OpTOpoMOMYecKoro agioMuHuaa Tutana BUTI B ropsiuekataHoM cocTostHUU. [IpoBeeHo n3yyeHne 3BOJIOLUNA MUKPOCTPYK-
TYpbl U MEXaHUUECKOTO MMOBEAEHUS CTJIaBa MpU ropsdeid neopmanuu B remnepatypHom uHrepsajie 850—1050 °C. YcTaHOBIIEHO, YTO
npu temneparype ¢ = 950 °C, ckopocTu aedopManuu € = 5:-10~* ¢~ u cremenn nedopmanuu € = 70 % B criaBe, BCISACTBUE MPOTEKa-
HUSI TIpU Topsiueil nepopMaliuu mpoiieccoB peKpucTain3anuu u cepounusanuu, GopMUpYyeTCsI MUKPOCTPYKTYpa € Pa3MEpOM 3epeH
~1 MKM, cocTosiiasi u3 -, 0,- 1 O-das. [TokazaHo, 4To MOBLILIEHE TeMIepaTypsl AedopMalny BeeT K pacTBopeHMIo yactuil O-dasbl
1 pe3KOMY 3aMeJICHUIO Pa3BUTUSI IMHAMUUYECKOU peKpUCTaIan3anu. BcecTopoHHeli 130TepMUUECKOil KOBKOI MOJyYeHbI 3aTOTOBKY C
OIHOPOIHO METKO3E€PHUCTOM CTPYKTYPOIi M MCCIEIOBAHO BIAUSHIE TEPMUUECKOI 00pabOTKY (3aKalKU U CTAPEHUsI) HA CTPYKTYPY U Me-
XaHMYecKUe CBOIcTBa criaBa. [1o pedynbratam mpenBapuTebHOTO U3YUSHU ST BIUSTHUS TeMIIepaTypbl HaTpeBa Ha CTPYKTYPY U CBOMCTBA
cIiaBa OIpese/ieHbl MHTEpBaJbl TeMIepaTyp 3aKaiku U crapeHusi. [lokasaHo, 4To HanboJsee coaJaHCUPOBaHHBII YPOBEHb MPOYHOCTH,
IJIACTUYHOCTU U 3KapOINPOYHOCTH TOJIYUEH T0CJIe TEPMUUECKO 00paboTKM MPpHU CIEAYIOIIMX YCIOBUSIX: BblaepxkKa 4 4 nipu = 1025°Cc¢

rmocienylonieit 3akajakoii Ha Bo3ayxe, crapenue 850 °C B TeueHue 6 4.

Kurouesbie cioBa: opropombuyecknii amomunng tutana Ti,NbAl, crtaB BUT1, BcecToponHAa n30TepMuyeckas KOBKa, 3aKaJika, CTa-
peHue, MeXaHM4YeCK1e CBOMCTBA.

BaarogapuocTtu: PaGora BeinoiHeHa npu (huHaHCOBOM noaaepxke Poccuiickoro HayuHoro dhoHaa (cornamrerue Ne 19-79-30066)
C UCMoJb30oBaHMeM 00opynoBaHus LIeHTpa KOJIJIEKTUBHOTO MoJb30BaHus «TexHonoruu u Matepuaib» HUY «benl'V»,
https://rscf.ru/prjcard_int?19-79-30066

Jns uuruposanus: Coxkonosckuii B.C., Hoznpauesa E.U., Ksapamsn K.A., boikos FO.T., AnekceeB E.b., Canuuies I[LA. BiusiHue pexxumon
ropsiueit neopMaliu U TEPMUYECKON 0OpabOTKM Ha CTPYKTYPY U MEXaHMUYECKME CBOICTBA CIlJlaBa HA OCHOBE OPTOPOMOUYECKOTO aJlio-
mununa tutana BUTI. Uzeecmus eyzoe. Lleemnasn memannypeus. 2025;31(1):67—79.

https://doi.org/10.17073/0021-3438-2025-1-67-79

Introduction

The intermetallic alloy VIT1 (density p ~ 5.3 g/cm3)
based on orthorhombic titanium aluminide Ti,NbAI
was developed at FSUE “VIAM” (Moscow, Russia) [1].
It is characterized by high specific properties, an ope-
rating temperature of up to 700 °C, and is considered a
promising material for high-pressure compressor (HPC)
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blades in modern gas turbine engines [1; 2]. Alloys based
on Ti,NbAI are deformable and undergo hot forging
and/or rolling in the single-phase -region [3—7]. In the
as-cast state, the alloy exhibits extremely low ductili-
ty [1]. Hot forging or rolling in the -, followed by the
(B + o)-phase regions significantly refines the struc-
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ture, which simultaneously enhances both ductility
and strength [3]. For example, a notable improvement
in these properties was achieved in the Ti—20.3Al—
22.INb—1.2Zr—1.3V—0.9M0—0.3Si alloy through
multi-directional isothermal forging, resulting in a sub-
micron grain/particle size of 0.3 um and achieving ul-
timate tensile strength 6, = 1400 MPa and elongation
d = 25 % [8]. The grain refinement effect is retained
during heat treatment. In the VTI-4 alloy, after forging
and rolling in the ( + o,)-phase region, followed by a
two-step heat treatment (1025 °C quenching in oil +
+ 750 °C for 3 h with air cooling), satisfactory values of
6, = 1081 MPa and 6 = 7.2 % were obtained [9]. In the
Ti—22A1—27Nb alloy, reducing the B-grain size from
200 to 5 pm through hot rolling in the ( + o,)-phase
region and subsequent heat treatment (heating to the
(B + 0,)-phase region followed by furnace cooling) in-
creased the ¢, from 900 to 1050 MPa and the & from
5%to15% |3].

It is important to emphasize that grain refinement
in orthorhombic titanium aluminide alloys leads to
reduced creep resistance [9]. Therefore, when deter-
mining their mechanical properties, it is essential to
balance strength, ductility, and heat resistance. How-
ever, systematic studies in this direction are practically
absent. The formation of a fine-grained structure also
significantly enhances the hot ductility of these alloys,
which can be utilized in the manufacturing of com-
plex-shaped components.

Another equally important microstructural param-
eter is the size of the O-phase particles, which form
during the aging of quenched alloys and significant-
ly affect their mechanical characteristics [10—13]. For
instance, it was shown in [11] that increasing the aging
temperature from 750 to 850 °C led to an increase in
elongation from 0.4 % to 5.0 %, while the yield strength
decreased from 1295 to 960 MPa. However, the litera-
ture lacks systematic data that could recommend speci-
fic conditions of deformation and heat treatment for or-
thorhombic titanium aluminide alloys to achieve a high
combination of mechanical properties. In this regard,
the aim of the present study was to develop processing
conditions for structure refinement through isothermal
forging and heat treatment of the VITI alloy to ensure
a balance of strength, ductility, and heat resistance.

Materials and methods

The material studied was a 35-mm-thick hot-rolled
plate of the VIT1 alloy, based on orthorhombic titanium
aluminide. Isothermal uniaxial compression tests were
conducted at temperatures of 850, 900, 950, 1000, and

1050 °C and a strain rate of ¢ = 5-10~* s~ Specimens
with a diameter of 10 mm and a height of 15 mm were
cut from the plate parallel to the rolling direction using
wire electrical discharge machining. The tests were per-
formed on an Instron 300LX universal testing machine.
The specimens were placed in a furnace preheated to the
deformation temperature, held for 10 min, deformed to a
strain of € = 70 %, and then quenched in water.

Billets measuring 35x40x 100 mm, cut from the plate
in the rolling direction, were annealed at 1100 °C for
0.5 h. Subsequently, multi-directional isothermal forg-
ing was performed at 950 °C on a DEVR 400 press
equipped with a die block, with final-stage upsetting
[14]. The initial strain rate was ~10—2 s~!, and the total
strain was — & = 750 %. As a result, forgings with di-
mensions of 120x120x 14 mm were obtained.

For heat treatment, specimens with dimensions of
5x5x5 mm were cut. Quenching was carried out af-
ter a 2-hour hold at 950—1100 °C, followed by water
cooling. Aging was conducted at 750, 800, 820, and 850 °C
for holding times of 0.5, 1, 2, 4, 6, 8, 12, 24, 48, 96,
and 192 h.

The microstructure was evaluated using a scan-
ning electron microscope (SEM) FEI Quanta 600
and a transmission electron microscope (TEM) Jeol
JEM-2100. Electron backscatter diffraction (EBSD)
mapping was performed using the TSL Data Collection
version 6.2 software, with a scanning step of 100 nm.
Data processing was carried out using TSL OIM
Analysis version 6. The volumetric phase fraction was
determined from SEM images according to ASTM
E562-11, and the fraction of recrystallized grains was
evaluated from EBSD data. TEM foils were prepared
at —35 °C using an electrolyte consisting of methanol
(60 %), butanol (34 %), and perchloric acid (6 %). The
Vickers microhardness was measured using a Wolpert
402MVD hardness tester, following GOST 9450-76.
The measurements were taken using a diamond pyra-
mid with a base angle of 136° under a load of 500 g and
a dwell time of 10 s.

For tensile testing, cylindrical specimens were pre-
pared in accordance with GOST 1497-84, with a gauge
section diameter of 3 mm and a length of 15.35 mm,
and tested on an Instron 5882 machine at an initial
strain rate of 1073 s~!. Creep tests were conducted
on cylindrical specimens prepared according to
GOST 10145-81, with a gauge section diameter of
5 mm and a length of 27 mm, using an ATS Creep
Tester 2330 machine. Three thermocouples were at-
tached to the specimen to monitor temperature, and
an extensometer was installed to record elongation.
The specimens were heated at a rate of 550 °C/h to
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650 °C, held for 30 min, and then automatically loaded
to a stress of 380 MPa.

Results and discussion

Fig. 1 shows the initial microstructure of the hot-
rolled VIT1 alloy plate. The microstructure consists
of B-grains elongated along the rolling direction, with
an average length and width of approximately 500 pum
and 150 um, respectively (Fig. 1, a, c). Particles of the
0,-phase, averaging 3 pm in size, are predominantly lo-
cated along the grain boundaries (Fig. 1, a, b). Electron
diffraction patterns obtained via TEM also revealed the
presence of needle-shaped O-phase particles with an
average diameter of 200 nm and lengths ranging from
0.2 to 3 um (Fig. 1, d).

To determine the optimal conditions for isother-
mal forging, the effect of deformation temperature
on the mechanical behavior and structural evolution
during uniaxial compression was studied. In specimens
cut from the plate, the elongated grains formed during
rolling were oriented parallel to the deformation

axis (Fig. 1, ¢). At t = 850 °C, the o—e curve exhi-
bits a peak followed by a sharp softening (Fig. 2), in-
dicating the development of dynamic recrystallization
(Fig. 3) and likely the localization of plastic deforma-
tion. With a further increase in temperature to 950 °C,
the peak stresses decrease, and the steady-state plas-
tic deformation stage becomes more prolonged. At
t = 975+1050 °C, the curves show no initial strength-
ening during flow, and a slight increase in stress with
strain is attributed to the frictional contribution at the
specimen surface.

After the tests, the specimens were cut along the
deformation axis for further microstructural analysis.
The microstructure of the deformed alloy at # = 850 °C
is shown in Fig. 3, a. During deformation, recrystalliza-
tion occurs in the B-phase, accompanied by spheroidi-
zation of O- and o,-phase particles [15], resulting in the
formation of a fine-grained structure in the central part
of the specimen (Fig. 3, a). The average grain/particle
size was 0.5 um. Increasing the deformation tempera-
ture to 900 °C led to an increase in grain/particle size to
0.6 um (Fig. 3, b).

)0 pm

e e, AT o
R

Fig. 1. Microstructure of the hot-rolled VIT1 alloy plate

200 pm

a — overview SEM image; b — magnified SEM section; ¢ — inverse pole figure map, with the rolling direction indicated by an arrow;

d — electron diffraction patterns of the -, o,-, and O-phases

Puc. 1. MukpocTpyKTypa ropsiuekaraHoi miuThl criaBa BUT1

a — 0030pHbIi cHUMOK COM; b — yBeTMUEHHBII Y4acTOK CTpYKTYpbl COM; ¢ — KapTa 00paTHBIX MOTIOCHbIEe GUTYp,
CTPEJIKOI1 MoKa3aHo HanpasieHue npokatku; d — [I9M-kapTuHbl aneKTpoHHON audpakuun -, o,- 1 O-da3z
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Fig. 2. 6—¢ curves of the VIT1 alloy at # = 850+1050 °C
andé=5-10"*s7!

t,°C: 1—850,2—900,3—925,4—950, 5— 975, 6 — 1000, 7— 1050
Puc. 2. Kpussie 6—¢ cnimaBa BUT1 nipu ¢ = 850+1050 °C
ué=5-10"4¢c"!

t,°C: 1—850,2—900,3— 925, 4— 950, 5— 975, 6 — 1000, 7— 1050

An important factor influencing structural evolu-
tion is the phase composition of the alloy and its changes
during heating (Fig. 4). As the temperature increases
from 850 to 900 °C, the volume fraction ratio of O-
and B-phases changes slightly: the O-phase fraction de-
creases from 86 to 73 vol. %, while the B-phase fraction
increases from 13 to 24 vol. % and the o,-phase frac-
tion from 1 to 3 vol. %. The microstructure of the alloy
after deformation at # = 950 °C is characterized by sig-
nificantly larger -phase grains (2 pm), with O-phase
(1 ym) and o,-phase particles (1.5 pm) located both
within the grains and along their boundaries (Fig. 3, ¢).
The volume fraction of the O-phase decreases signifi-
cantly to 22 vol. %, accompanied by an increase in the
B-phase fraction to 75 vol. % and the o,-phase fraction
to 13 vol. % (Fig. 4).

The microstructural study using EBSD analysis re-
vealed that during deformation, the initial grains align
along the metal flow direction, forming a texture that
becomes sharper at lower temperatures (Fig. 4). It can be
observed that at # = 950 °C, the main structural chang-

Fig. 3. Microstructure of the VIT1 alloy after deformation (SEM)
1,°C: a — 850, b — 900, ¢ — 950; ¢=5-10"*s~'; & = 70 %. The deformation axis is oriented vertically

Puc. 3. MukpocTtpykTypa nocie gedopmanuu criasa BUT1 (COM)

1,°C: a — 850, b — 900, ¢ — 950; €= 5-10"*c~'; £ = 70 %. Ocb nehopMaIMM OPUEHTHPOBAHA BEPTHKAIBHO

Fig. 4. Microstructure of the VIT1 alloy after deformation (EBSD IPF maps)
t,°C:a—950,b—975,¢c—1000; €= 5- 10~*s~1; £ = 70 %. The deformation axis is oriented vertically

Puc. 4. Muxkpoctpykrypa nocie aeopmanuu crtasa BUT1 (EBSD IPF-kapThr)

t,°C:a — 950, b — 975, ¢ — 1000; €= 5-10"*c~!; £ = 70 %. Ocb AehopMalIiiT OPUESHTHPOBAHA BEPTUKATBHO
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es occur predominantly within the original B-grains,
which exhibit highly curved boundaries due to their
migration (Fig. 4, a).

A further increase in the deformation temperature
to 975 °C leads to the complete dissolution of O-phase
particles, an increase in the -phase fraction (89 vol. %),
and a reduction in the o,-phase fraction (11 vol. %)
(Fig. 4, b). As a result, dynamic recovery dominates
during deformation, with only slight curvature ob-
served at some boundaries and the appearance of new
recrystallized grains, approximately 10 umin size. The
average size of the large elongated P-phase grains is
160x30 um, which is significantly smaller than in the
initial state. The size of the o,,-phase particles remains
unchanged at 1.5 pm. Thus, the dissolution of O-phase
particles, a reduction in the o,-phase fraction, and an
increase in temperature significantly suppress dyna-
mic recrystallization in the B-phase, as evidenced by the
small number of new grains and the formation of pre-
dominantly low-angle boundaries within the original
B-grains (Fig. 4, b). At a deformation temperature of
1000 °C, the alloy’s microstructure consists of rela-
tively large elongated -phase grains with an average
size of 200x70 um and a small number of equiaxed
0,-phase grains, approximately 2 pm in size (4 vol. %)
(Fig. 4, ¢). Further temperature increases lead to a no-
ticeable growth of B-grains.

Thus, the results of the conducted tests demonstrate
that deformation of the alloy via uniaxial compression
under isothermal conditions can produce a fine-grained
structure at a temperature of 950 °C. Lowering the defor-
mation temperature below 950 °C leads to significant lo-
calization of plastic deformation, while increasing it re-
sults in the complete dissolution of the O-phase, which
severely slows the kinetics of dynamic recrystallization

and prevents grain refinement. Achieving a uniform
fine-grained structure throughout the entire specimen
volume requires increasing the degree of deformation
during processing, which is possible through multi-
directional isothermal forging [8; 14; 16].

An additional effect can be achieved by annealing the
billets above the polymorphic transformation tempera-
ture, which helps mitigate the inheritance of the rolling
texture during subsequent forging. It was observed that
heating to 1100 °C and holding for 0.5 h results in the
formation of polygonal grains with an average size of
200 um (Fig. 5, a). The annealed billets were subjected
to multi-directional isothermal forging at 950 °C [17—
19], resulting in a homogeneous microstructure with an
average grain/particle size of ~1 um (Fig. 5, b).

As noted earlier, the balance of strength, ductili-
ty, and heat resistance in orthorhombic titanium alu-
minide alloys is determined by a combination of mic-
rostructural factors: B-grain size, the dispersion, and
volume fraction of strengthening o,- and O-phase
particles. The dispersion and volume fraction of the
O-phase are governed by the supersaturation of alloy-
ing elements in the B-phase, which depends signifi-
cantly on the selected quenching temperature. From
the results, it is evident that complete dissolution of the
O-phase occurs at temperatures above 950 °C. There-
fore, potential quenching temperatures are in the range
of 975 °C and above. The upper temperature limit is
clearly constrained by B-grain growth, necessitating a
study of its temperature dependence.

To determine quenching temperatures, the alloy was
heated after forging in the temperature range of 950—
1100 °C with a holding time of 2 h. At = 950 °C, the
B-phase grain size increased to 2 um, and the particle
size was 1 um (Fig. 6, a). Heating to 975 °C resulted in

Fig. 5. Microstructure of epy VIT1 alloy after annealing at = 1100 °C for 0.5 h (EBSD IPF map) (a)

and after multi-directional isothermal forging at # =950 °C, strain rate of 10

-3 s~!, and accumulative strain of 750 % (b)

Puc. 5. Mukpoctpykrypa ciimaBa BUT1 mocne orxura mpu ¢ = 1100 °C, 1= 0,5 1 (EBSD IPF-xapra) (a)
U [OCJIe BCECTOPOHHEH N30TepMUYECKOil KOBKH mpH ¢ = 950 °C, ckopoctu nedopmarmu 1073 ¢,

HaKOIJIeHHOM cTeneHu aecdopmaruu 750 % (b)
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complete dissolution of the O-phase and a reduction
in the oy-phase volume fraction from 13 to 11 vol. %
(Fig. 6, b). The B-phase grain size increased to 4 pm,
while the o,-phase particle size remained unchanged.
After heating to 1000 °C, the B-phase grain size in-
creased to 6 um (Fig. 6, ¢), and at 1025 °C, it reached
8 um (Fig. 6, d). At these temperatures, the a,-phase
fraction decreased to 5 and 3 vol. %, respectively. Fur-
ther temperature increases to 1050 and 1075 °C caused
a sharp growth in B-phase grains to 50 and 100 um, re-
spectively, while the a,-phase volume fraction decreased
to 1—2 vol. % (Fig. 6, e, f). Complete dissolution of the
o,-phase was observed after heating and holding at
1100 °C, where the average B-phase grain size reached
200 um (Fig. 6, f).

Hus, as the heating temperature for quenching in-
creases within the range of 950—1025 °C, a gradual in-
crease in B-grain size from 4 to 8 um is observed. How-
ever, heating to 1050—1100 °C results in a sharp growth
of B-grains due to a reduction in the a,-phase fraction.
A quenching temperature of 975 °C was preliminarily
selected for determining the aging conditions.

Fig. 7 shows the evolution of the microstructure
of the quenched VITI alloy during aging at ¢ = 750,
800, and 850 °C for 0.5, 6, 48, and 192 h. It can be ob-
served that, with increasing aging time, needle-shaped
O-phase particles precipitate within the B-phase and

-
& -

ooy
AR,

form interlayers along the grain boundaries. The lower
the aging temperature, the thinner the O-phase parti-
cles at all holding times (Table 1, Fig. 7). As the hold-
ing time increases, coarsening and spheroidization
of the O-phase particles are observed, and, at longer
holding times, some o,-phase particles transform into
the O-phase [20; 21] (Fig. 7, g—I[). Thus, it was estab-
lished that during aging, O-phase particles of varying
dispersion precipitate, with dispersion decreasing as
both temperature and holding time increase.

The change in the microhardness of the alloy cor-
relates with the evolution of its microstructure during
aging (Fig. 8). The formation of fine acicular O-phase
particles at the initial stage of aging (t = 0.5 h) leads
to a sharp strengthening of the quenched alloy, with
a greater effect observed at lower temperatures. With
a further increase in aging time (t > 1 h), softening
occurs due to the coarsening of the O-phase par-
ticles. However, after T > 4 h, the microhardness
changes only slightly. The most significant decrease
in microhardness is observed after aging times ex-
ceeding 48 h at all temperatures. This is likely due to
the continued coarsening and spheroidization of the
O-phase particles, along with the transformation of
oy — O. The fact that the microhardness of the alloy
stabilizes after the initial softening suggests a certain
structural stabilization at this stage of aging. Based

Fig. 6. Microstructure of the VIT1 alloy forged under isothermal conditions and quenched at various temperatures (SEM)

t,°C:a—950,b—975, c— 1000, d — 1025, e — 1050, f— 1075

Puc. 6. MUKpoOCTpyKTypa KOBAHHOT'O B M30TepMUUECKUX ycIioBugx criaBa BUT1 mocie 3akanku

TIpY pa3IudHBIX TeMTeparypax (COM)
t,°C:a—950,b— 975, c— 1000, d — 1025, e — 1050, f— 1075
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750 °C

0,5h

48 h

192 h

800 °C 850°C

Fig. 7. Microstructure of the VIT1 alloy after quenching at = 975 °C and aging (SEM)

Puc. 7. Muxpoctpykrypa crimaBa BUT1 nocne 3akanku ¢ 1 = 975 °C u ctapenust (COM)

on these findings, an aging time of 6 h was selected
for further studies.

The results of tensile testing for the alloy after heat
treatment (quenching at 1 = 975 °C, holding for 2 h,
and aging at t = 750, 800, and 850 °C for 6 h [22])
are presented in Table 2. It is evident that the lowest
aging temperature corresponds to the highest strength
(o, = 1450 MPa) and the lowest ductility (6 = 2 %).
Increasing the aging temperature to 800 °C slightly re-
duces the yield strength but significantly increases duc-
tility to 6.2 %. Further increasing the aging temperature
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to 850 °C reduces o, to 1200 MPa while raising § to
8.0 %. Meanwhile, creep testing at + = 650 °C and
o = 380 MPa for the alloy aged at = 800 °C revealed
a time-to-failure of only t = 40 h. This short time-to-
failure is evidently related to the small B-grain size
(4 um) in this alloy state (Table 2).

Therefore, additional studies were conducted to eva-
luate the mechanical properties of the alloy with larger
B-grain sizes. To achieve coarser grains, the quenching
temperature was increased to 1000 and 1025 °C, while
the aging temperature was maintained at 850 °C to
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Table. 1. Thickness of O-phase particles after quenching at 7 = 975 °C and aging

Ta6nuua 1. TommuHa vactuu O-dassl mocie 3akanku ¢ 1 = 975 °C u ctapeHus

. Thickness of O-phase particles, nm, at T, h
" e 0,5 6 48 9 192
750 65+ 15 68 £ 25 70 £+ 30 95+35 100 £ 30 120 £+ 50
800 70 £+ 20 100 £ 30 130 + 40 150 £+ 40 180 £+ 50 230 £+ 100
850 75+35 120 £ 70 160 = 75 190 £+ 20 240 £ 111 310 £ 120

0 Microhardness, HV

460 -
440 -
420 -
750 °C
400 -
380 800 °C
3603 820 °C
850 °C
340 1 1 1 1 1 1 1 1 1 1 1
0 05 1 2 4 68 12 24 48 96 192 th

Fig. 8. Dependence of the microhardness of the VIT1 alloy after quenching (r = 975 °C) and aging (r = 750+850 °C)

on holding time

Puc. 8. 3aBucumoctb MukpotBeproctu criaa BUT1 nocne 3akanku (=975 °C) u crapenus (f = 750+850 °C)

OT BPEMEHU BbIACPXKKH

compensate for the loss of ductility (Table 2). The most
balanced combination of strength (o, = 1260 MIla),
ductility (6 = 5.8 %), and time-to-failure (299 h) was
observed with a B-grain size of 12 um, achieved after
heat treatment under the following conditions: quench-
ing at r = 1025 °C, holding for 4 h, and aging at r =
= 850 °C for 6 h. The obtained mechanical properties
surpass those reported in [1; 2], where the VITI alloy
subjected to multi-stage forging and rolling followed by
heat treatment demonstrated 6, = 1150 MPa and 6 =
=4 %. A clear advantage of using multi-directional iso-
thermal forging as a preliminary processing step is the
significant improvement in hot ductility, which is cha-
racteristic of fine-grained alloys [23—26].

Conclusions

1. The effect of hot deformation by uniaxial com-
pression in the temperature range of 850—1050 °C on

the mechanical behavior and structural evolution of
the VIT]I alloy in a hot-rolled coarse-grained state was
investigated. It was shown that the most intense micro-
structure refinement (average grain size ~1 um) occurs
in the (o, + B + O)-phase region at 950 °C due to active
dynamic recrystallization and spheroidization. As the
temperature increases and transitions into the (o, + 3)-
phase region, the activation of dynamic recovery, caused
by the dissolution of O-phase particles, reduces the de-
gree of microstructure refinement.

2. Multi-directional isothermal forging of hot-
rolled VIT1 billets at 950 °C with a total strain of 750 %
produced forgings with a homogeneous fine-grained
structure (~1 um grain size). It was demonstrated that
the uniformity of the microstructure could be improved
by preliminary annealing at 1100 °C. The temperature
dependence of grain size in fine-grained billets re-
vealed a gradual increase from 4 to § um in the range
of 950—1025 °C (2-hour hold), with a sharp growth to

75
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Table. 2. Mechanical properties of the VIT1 alloy after forging and heat treatment

Tabauua 2. Mexanuueckue cBoiictBa crjiaBa BUT1 nmociie KOBKM U TepMUYECKOI 00pabOTKU

Heat treatment Size of p-grains. | MPa | o, MPa 5, % e
fonems °C | fugngs"C | 11 Hm and 6 = 380 MPa
975 < é 4 1340425  1450+30  2.0+0.2 -
975 500 é 4 1280 + 20 1420 + 30 6.2+0.3 40
975 450 g 4 1020£20 120025  8.0+0.5 -
1000 %00 é 6 1230 + 30 1350+35  6.0+04 100
1025 %00 é 8 1200 £ 30 1300 £ 30 59404 170
1025 - ‘6‘ 12 1180+30  1260+30  58+03 299

50 um at 1050 °C and further to 200 um at 1100 °C,
due to a reduction in the volume fraction of o,-phase
particles.

3. The changes in microhardness and the evolution
of microstructure during the aging of the quenched al-
loy were studied. It was found that the formation of fine
acicular O-phase particles at the initial stage leads to a
sharp strengthening of the quenched alloy, with a greater
effect observed at lower temperatures. Prolonged aging
results in softening caused by the coarsening and sphe-
roidization of O-phase particles, as well as o,-phase
degradation due to the o, — O.

4. Based on the conducted studies, the quenching
temperature range (975—1025 °C) and aging tempera-
ture range (750—850 °C) were selected to ensure a ba-
lance of strength, ductility, and heat resistance in
the alloy processed by multi-directional isothermal
forging. Mechanical testing results indicate that quench-
ing at 1025 °C with a 4-hour hold, followed by aging at
850 °C for 6 h, provides the most balanced combination
of strength (o, = 1180 MPa, 6, = 1260 MPa), ducti-
lity (6 = 5.8 %), and heat resistance (time-to-failure of
299 h at 650 °C and 380 MPa).
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Abstract: This study investigates the process of enhancing the efficiency of the afterburning chamber in the Vanyukov furnace. Various
operational modes of the furnace and the chamber were analyzed to identify optimal conditions for sulfur oxidation and afterburning, as well
as methods for reducing accretions. Measurements and analyses of off-gas compositions were conducted, and the dust content was determined.
Simplifications and assumptions were applied in the calculations, enabling the modeling of gas flow, thermodynamic processes, velocity
profiles, and interaction zones. Some thermodynamic calculations of counter-penetrating gas jets were based on hypotheses derived from heat
exchange theories in mixing devices. Experimental results of numerical modeling and predictive simulations within the afterburning chamber
are presented. Parameters were measured, and aerodynamic characteristics of the tuyeres were charted at an average oxygen supply to the
chamber of no more than 2500 n.m3/h (38 n.m?> per ton of batch load). Recommendations for effective technological operations were proposed.
The expertise of specialists from the Sredneuralsk Copper Smelter, along with the results of trials and process modeling, facilitated the selection
of the optimal tuyere air distribution. The findings reveal the complexity of aerodynamic and thermodynamic processes occurring within the
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ITo pesynbraTaM BBIITOJHEHHBIX PACYETOB MPUMEHSIJIM PSII YIPOIIEHWI U JOMYIICHU, TTO3BOJISIIOIINX MPEACTABISITh ABUXEHME ra3oB,
TepMOIMHAMUYECKHE TIPOIIECChI, MPOMUIIb CKOPOCTEM, 00JacTH B3auMoielicTBUsl. HeKoTopble BApMaHThI TEPMOAMHAMUYECKHMX pacue-
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MYJISIIUI, IPOUCXOASIIINX B KaMepe TOXHUraHus neur BaniokoBa. [IpoBemeHbl 3aMephbl TapaMeTPOB, MOCTPOEHBI rpadMKU adpoauHa-
MUYECKHX XapaKTEPUCTHK (ypM IIPU CPeAHEM 3HAYCHU I MOIAYM KUCIOPOIA B IPOCTPAHCTBO KaMepbl 10KHUTraHUsI He 6osee 2500 H.m>/a
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CpenHeypaJibcKOro MeerIaBUIbHOTO 3aBOoJia, Pe3yJbTaThl UCITBITAHUN U MOIEJIMPOBAHUS Tpollecca CIIOCOOCTBOBAIU BHIOOPY HAMITYY-
LIEro pacrpeneacHus AyThs 1o ¢hypMam. [TonydeHHbIe pe3yIbTaThl CBUACTEIBCTBYIOT O JOCTATOYHO CIIOXKHBIX a3POAMHAMUYECKUX U TEP-
MOIMHAMMYECKUX IIPOLECCaX, IPOUCXOMSIINX B IPOCTPAHCTBE KAMEPHI JOXUTAaHUsI, TPEACTABIEHUN B OMHOI IIPOEKIIMY B3aUMOIEHCTBI I
SIBICHUI TUHAMUKY (QYPMEHHBIX 1y TheBBIX TOTOKOB OXJIAXK ICH U I, BbIACIEH M TETMIOBOI 9HEPT MU 9K30TEPMUUECKUX PEAKIIN T OKUCTIEHMSI,
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Introduction

The domestic smelting technology — known as the
Vanyukov process, employed for processing sulfide-cop-
per concentrates — has several advantages over foreign
analogs, including high specific productivity, process
flexibility, simplicity and reliability of the metallurgical
unit, and low capital and operating costs. The smelting
technology, in general, can be characterized as a semi-
autogenous process [1—3].

During the testing period, the charge materials com-
position was as follows (wt. %): Cu — 17.97, S — 26.16,
SiO — 15.28, Zn — 1.75, Pb — 0.25, others — 38.59.

In the horizontal section, the furnace consists of
smelting-oxidation and sedimentation zones, while
in the vertical section, it is divided into superstratum,
supra-tuyere, and sub-tuyere zones. The furnace, in
cross-section, is a rectangular-trapezoidal unit into
which the blast is introduced through tuyeres. Charge
materials are fed into the working space of the unit via
loading devices. During the first stage of processing,
heating, oxidation, and melting of the charge materials
dominate [4]. The process characteristics are heavily
influenced by the chemical, mineralogical, and granu-
lometric composition of the ore [5]. In the supra-tuyere
zone, processes such as melting, dissolution of refractory
components, sulfide oxidation, and the coalescence of
matte droplets take place [6—8]. Oxidation of off-gases
occurs in the afterburning chamber, which is equipped
with four tuyeres.

The issues related to improving efficiency and
the simulation and optimization of the afterburning
chamber’s operation in the Vanyukov furnace will be
examined in detail, as enhancing operational energy
efficiency holds both practical and theoretical signi-
ficance [9].

Research methodology

The methodology for determining the optimal modes
of blast supply to the tuyere row of the afterburning
chamber and optimizing the sulfur afterburning process
was divided into practical and methodological compo-
nents, with elements of visual representation.

In the methodological component, based on the re-
sults of the calculations, a number of simplifications and
assumptions were applied to model gas flow, velocity
profiles [10], thermal processes, and surface interaction
zones. Some thermodynamic calculations of interpene-
trating counter jets were built on concepts borrowed from
the theory of heat exchange in mixing devices [11; 12]. For
the numerical theoretical aspects of modeling hydrody-
namic characteristics, the following formulas were used:

W, = 10.5gh™" Ldyou(1 + 0], (M

Re = Wd, /v, (2)

where vy, — specific mass of the gas; B — coefficient of
volumetric gas expansion; L — space length; d — space
diameter; 4 — geometric head; g — gravitational acce-
leration; u — friction coefficient; t — temperature; v —
viscosity coefficient; W — blast velocity; W, — gas flow
velocity; d, — tuyere outlet diameter; Re — Reynolds
number (dimensionless coefficient).

During the numerical modeling of heat release in the
afterburning chamber, combustion reactions of sulfur
and sulfur dioxide were considered:

S+ 0,=S0, + 297 kJ, )

2580, + 0, = 2S04 + 192 kJ. @)

To analyze the thermal processes in the studied O,,,

space, the area of off-gas flow, 4, was divided into grid

81



lzvestiya. Non-Ferrous Metallurgy « 2025 ¢ Vol. 31 « No. 1« P.80-90

Kirsanov V.A., Poberezhny Yu.F., Mikhailov N.G. et al. Enhancing efficiency and modeling the operation of the afterburning chamber...

sections AN;, AN,, ..., AN, with volumes AV}, AV,, ...,
AV,. The integral sum for the function f(x,y,z) over
area A is given by

M, =2f(x,y;,2)AV,. ®)

The volumetric region of heat release from the jet
streams was determined as:

[dx[dy | f(x,y,2)dz, (6)
a<x<b,c<y<e,m<z<n. (7)

For each operational mode, technological data were
monitored, and the composition of the off-gases was
determined. Based on the balance indicators, the after-
burning efficiency was evaluated (Table 1).

Table 1 includes the following parameters: S, —
amount of sulfur dioxide after the afterburning cham-
ber; S, — sulfur content in dust; S, — sulfur content in
the charge materials; K, — oxygen concentration in the
off-gases exiting the afterburning chamber; K; — oxygen
supplied to the afterburning chamber.

To determine afterburning efficiency, the oxygen
and gas blast parameters at the furnace’s tuyere rows

Table. 1. Combustion efficiency assessment

Tabymma 1. OneHkKa NoJTHOTHI CXKUTaHUS

Mode Ssn S, S, K, Ky Effect
Baseline  const ) ) ) )
1 const 1 ! 1 il +
2 const | 7 ! ! -
3 const 1 ! 7 ! +
4 const ! 1 1 ! —
Note. T —increase, | — decrease, { — baseline values,
«+» or «—» — indicates the afterburning efficiency achieved.

were recorded. Oxygen was supplied for afterburning
at a rate not exceeding 2500 n.m3/h (38 n.m3 per ton of
charge). Operating parameters were determined using
measurement instrument readings. For comprehensive
analysis, data from the information system’s hourly and
shift reports on furnace performance were used. Infor-
mation on the composition of matte, slag, and dust was
considered, and the composition of off-gases was ana-
lyzed.

Results and discussion

In the studied gas flow process, the operational fea-
tures of the afterburning chamber and the dynamic
effects of jets emerging from the furnace tuyeres were
examined, despite the presence of thermal and gas-
dynamic inhomogeneities. Various operational modes
of the furnace and afterburning chamber were ana-
lyzed, leading to the identification of optimal oxidation
regimes and methods for enhancing the efficiency of
accretion reduction. Schematic of the tuyere row is pre-
sented in Fig. 1.

During the tests, the oxygen pressure at the tuyere
was regulated using shut-off and control valves, with the
pressure readings recorded on the installed manometer,
as well as the flow rate monitored via the information
system. The resulting characteristics are presented in
Fig. 2 and Table 2.

The provided tuyere characteristics enable individual
regulation of the oxygen flow rate through each tuyere in
varying proportions, while maintaining an approximate
overall oxygen supply to the afterburning chamber de-
pending on the furnace load.

A more detailed examination of the blast supply
through the tuyeres of the afterburning chamber re-
veals that, due to turbulence, the free jet mixes with the
surrounding medium as it moves away from the source.
Free boundary layer forms within the jet, expanding

Afterburning chamber

F
Tuyere No. 1
—_—
L]
2
=
LM
Tuyere No. 2 ~
ﬁ
I e —

Fig. 1. Afterburning chamber tuyeres

Puc. 1. ®ypMbI KaMepbl TOKUTAHUS
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Table. 2. Calculated blast velocity modes

Tabauua 2. PacueTHbIe CKOPOCTU TYThEBBIX PEXKUMOB

Right side of the afterburning chamber Left side of the afterburning chamber
Tuyere 1 Tuyere 2 Tuyere 3 Tuyere 4
W, m/s Re, 10* W, m/s Re, 10* W, m/s Re, 10* W, m/s Re, 10*
102.1 93.8 74.1 81.66
124.3 105.9 93.8 102.83
142.2 min 118.0 min 110.4 min 115.69 min
155.0 133.1 128.5 134.59
166.3 143.7 139.1 146.69
26—67 24—60 19—60 21-61
189.0 163.3 158.8 166.35
211.7 181.5 177.7 181.47
242.7 max 196.6 max 196.6 max 201.13 max
219.3 214.7 219.27
264.6
235.9 234.4 240.45
Flow rate, n.m’/h Flow rate, n.m’/h
4 180075
18001 i
T 1400+
1400 1 i
1000 10007
600 T T T T T T T T T 600 T T T T T T T T T T
02 03 04 05 06 08 1.0 13 1.5 0.1 01502 03 04 06 08 1.0 1.2 14

Pressure, kg/cm?

Flow rate, n.m>/h
1600 ¢

1200~

800 1

400 T T T T T T T T T T
0.1 0.15 02 03 04 06 08 10 12 14
Pressure, kg/cm?

Fig. 2. Oxygen flow rate as a function of pressure

Pressure, kg/cm?

Flow rate, n.m>/h
d

1600

1200 A

800 4

0.1 0.15 02 03 04 06 08 1.0 12 14

Pressure, kg/cm?

400

a — left side of the afterburning chamber, tuyere /; b — left side of the afterburning chamber, tuyere 2;
¢ — right side of the afterburning chamber, tuyere 3; d — right side of the afterburning chamber, tuyere 4

Puc. 2. 3aBucuMOCTH pacxoaa KMUCJI0poaa OT AaBJCHU s

a — JieBasi CTOpOHa KaMephbl ToXuraHust, hbypMma /; b — jeBast CTopoHa KaMepbl ToXuraHus, dypma 2;
¢ — TIpaBasi CTOpOHA KaMephbl noxuranus, dypma 3; d — mpaBasi CTOpOHa KaMephbl 1oxXuranusi, dhypma 4

outward from the nozzle, with primary mixing begin-
ning at this boundary. This velocity adjustment within
the jet leads to the formation of vortex regions in the
cross-sectional plane. In other words, the most active
interaction area is the collision point of the jets. This
is because the velocities of the opposing jets are si-
milar, causing the laminar flow zone to transition into
turbulence [13—135]. Fig. 3 illustrates the vortex col-

lision structures at relatively similar velocities of the
opposing jets.

Due to the characteristics of off-gas flow and the
non-uniformity caused by the connection of the furnace’s
tuyere rows and its geometry, jet flow modeling in the af-
terburning chamber represents a specific case [16—26].

The concentration of thermal energy in the jet inter-
action zones was calculated for both sulfur oxidation and
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Fig. 3. Vortex collision structures

a — thermal zone of vortex collision; & — thermal structure of vortex collision; ¢ — free turbulent jets in the afterburning chamber space;
d — sections of a free turbulent jet: laminar (7), transitional (2), fully turbulent (3)

Puc. 3. CTpyKTypbl BUXPEBOI'O COyIapeHU I

a — TepMUYeCcKas 06JIaCTh BUXPEBOTO COyIapeHust; b— TepMudecKast CTpyKTypa BUXPEBOTO COYIAPEHUs; ¢ — CBOOOIHBIE TYPOYICHTHBIE
CTPYM B ITPOCTPAHCTBE KaMephl J0XKUTaHUs; d — y4aCTKMU CBOOOIHON TypOYJEHTHOM CTPYU: JaMUHApHbIii (1), mepexoaHoii (2) 1 CBOOOIHbBIIM

TypOyJeHTHBI (3)

natural gas combustion processes. It was assumed that
the Mach number for jets during sulfur oxidation does
not exceed 0.52.

The calculated surface areas were determined
for the jet collision zones and the jet flow regions.
Within the boundaries of the interaction zone, a ge-
ometric figure was constructed with its axis aligned
to the axis of the analyzed regions. Using polynomial
distribution, it was assumed that a certain amount of
sulfur is probabilistically combusted within the sur-
face interaction zone.

As a result, the following volumetric heat loads were
obtained: 500—1500 kW for oxidation processes and
1100—2200 kW for natural gas combustion. The norma-
tive heat load values for these processes were applied to
the volumetric space of the afterburning chamber, while
the actual heat load was determined based on the con-
structed surface interaction zones. The results are sum-
marized in Table 3.

Examples of gas flow and jet stream are shown
in Fig. 4.

The three-dimensional representation of the gas
flows in the furnace reveals a variety of circulation
zones. Velocity adjustments lead to the dominant jet,
with the highest momentum and exit velocity, restruc-
turing the opposing jet. This results in displacement
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starting from the turbulent boundary layer, causing jet
separation. The flows enveloping the restructured jet
acquire turbulent properties and a lower velocity, vecto-
rially directed toward the boundaries of the afterburning
chamber space. Considering the dynamics of opposing
jets, it can be concluded that changes in velocity charac-
teristics not only alter the thermal interaction zone but
also influence the exhaust gas flow. It has been estab-
lished that the structure of the collision zone depends on
the design and operational parameters of the jet flow’s
swirl [26, 27]. Understanding the behavior of opposing
colliding jets can be utilized for cleaning and preventing
active accretion formation, as well as optimizing sulfur

Table. 3. Assessment of thermal energy
concentrations

Ta6auua 3. OueHka KOHLIEHTPALIMI TEMJI0BOM dHEPTUU

Heat load, kW/m?> Local heat

Process . load coefficient
Normative Actual [26]
Sulfur 40 1500 37

oxidation
Natural
gas 65 2200 34
combustion
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oxidation processes. The parameters of the off-gas are
presented in Table 4.

Observations indicate that the rate of tuyere fouling
depends on the external environment, blast pressure, as
well as the direction and composition of the particles in
the exhaust gases. Dust samples were collected from se-
veral points along the gas duct: waste heat boiler, cooling
tower, and electrostatic precipitator. The results of the
dust composition analysis are shown in Table 5.

Comparative analysis of sulfur content in dust and
charge under different operating modes of the afterburn-
ing chamber is presented in Fig. 5.

The tests revealed that sulfur afterburning regulation
can be performed both quantitatively and qualitatively.

Fig. 4. Gas flow and jet stream

Increasing oxygen supply to the afterburning chamber,
up to certain limits, raises the sulfur dioxide concentra-
tion in the off-gas and reduces the sulfur mass fraction
in the dust.

Using computer modeling, various cases of accre-
tion formation on one of the afterburning chamber walls
were visualized is presented in Fig. 6.

The illustrated accretion formation variants, which
occur during operation as a result of dust particle sin-
tering in the off-gas, affect the performance of the blast
tuyeres. Tuyere fouling is detected either by changes
in blast pressure, during tuyere cleaning, or visually
through open “inspection windows”.

During operation, spontaneous tuyere cleaning may

c Tuyere No. 2 Tuyere No. 1
’ )
‘ | I
£ ~1 { " L4 "
B : g X
| = =
- 4 ~ A 1 i A
I I
= :I'n_\-r:nc No.4 Tuyere No. 3
d Tuyere No.2  Tuyere No. 1
2
p ) [
4 o=
. = v
L™ 29 A )
= ; ’ 2 i
g i -
Tuyere No.4  Tuyere No, 3

e
oo N+~

- e

a — jet streams and off-gas flow; b — flow of high-temperature gases; ¢, d — formation of collision structures at different jet velocities:
1, 2 — variations in jet velocity; e — velocity scale of high-temperature gases (m/s)

Puc. 4. [IBuxeHue ra30B ¥ CTPYHHBIH TOTOK

a — CTPYWHBIIA TTOTOK U IBIKEHUE YXOISIMX ra30B; b — NBIKEHME pacIUIaBHBIX Ta30B; ¢, d — hopMHUpOBaHUE CTPYKTYP COYIapEHUS
Ha Pa3HbIX CTPYHHBIX CKOPOCTSIX: I, 2 — BapraHThl CKOPOCTHBIX M3MEHEHMIA CTPYIii; e — IIKaJla CKOPOCTH PaCIUIaBHBIX Ta30B, M/C

Table. 4. Off-gas parameters

Tabauua 4. [TapaMeTpsl OTXOASIIIUX FA30B

Gas component

Gas density, kg/n.m3

N, 1.25
co 1.25
co, 1.963
S0, 2.855
H,0 0.863
0, 1.427

Mass fraction, kg/kg Volume fraction, n.m3/n.m3
0.0483 0.0746
0.0768 0.0755
0.07087 0.479
0.139 0.334
0.027 0.0365

Note. The off-gas temperature is 1250 °C.

85



lzvestiya. Non-Ferrous Metallurgy « 2025 ¢ Vol. 31 « No. 1« P.80-90

Kirsanov V.A., Poberezhny Yu.F., Mikhailov N.G. et al. Enhancing efficiency and modeling the operation of the afterburning chamber...

occur, with the accretion breaking off due to the jet’s
own pressure. Installing a gas burner in the tuyeres of
the third row is currently the primary method of com-
bating accretion formation in the working space of the
afterburning chamber. Table 6 shows the changes in the
working space volume of the afterburning chamber due
to accretion formation.

The data in Table 6 demonstrate that the working
space volume of the afterburning chamber can signifi-
cantly decrease due to perimetric accretion formation.
This reduction leads to changes in the particle flow
trajectories of the off-gases, deviations in the dynamic
resistance during gas removal, and a decline in sulfur
oxidation efficiency.

To determine the most efficient operation of the af-
terburning chamber, including the optimal oxygen flow
through its tuyeres, calculation schemes and gas flow
ratios were developed and evaluated for several existing
and prospective operating modes. The optimal mode for
the current system was identified, meeting the require-
ments for optimal afterburning, improved chamber effi-
ciency, and enhanced sulfur oxidation. The results of gas
composition measurements under different operating
modes are presented in Table 7.

The results in Table 7 indicate that the uniformity of
optimal sulfur oxidation and afterburning depends on jet
dynamics. Various design options for modernizing the
afterburning chamber are proposed in Fig. 7. Additional
simulations and studies are necessary to confirm the ef-
fectiveness of these modernizations.

Conclusion

The findings highlight the complexity of the aero-
dynamic and thermodynamic processes within the
afterburning chamber. The study employed turbulent
jet theories and physical modeling. The blast supply
was optimized for various experimental modes, with
parameters measured and aerodynamic characteris-
tics of the tuyeres charted at an average oxygen sup-
ply rate to the afterburning chamber of no more than
2500 n.m3/h (38 n.m? per ton of charge). Gas analyses
were performed, and the dust composition was deter-
mined at several points along the gas duct, including
the waste heat boiler, cooling tower, and electrostatic
precipitator.

Several schemes for modernizing the afterburning
chamber and optimizing tuyere blast distribution were
proposed. It was determined that the highest sulfur af-
terburning efficiency can be achieved by supplying a
specific oxygen flow rate to each tuyere without altering
the overall oxygen supply.

86

Sulfur content in charge, wt. %

)
5.0 D 10.0
Sulfur content in dust, wt. %

Waste heat boiler No. 2
B Cooling tower No. 2

@ Electrostatic precipitator “Lurgi” No. 3

Fig. 5. Sulfur content in dust and charge under different
operating modes of the afterburning chamber

1—-3 — sulfur content density distribution assessment
1 — waste heat boiler No. 2; 2 — cooling tower No. 2;

3 — electrostatic precipitator “Lurgi” No. 3

Puc. 5. ConepxxaHue cepbl B IbUJIU U IIUXTE
Ha pa3HbIX peXXUMaX paboThbl KaMePhI TOKMUTaHU I

1—3 — oueHKa IUIOTHOCTHU pacrpeiesleHusI

CofiepKaHusi cepbl

1 — xoren-yrunuzatop Ne 2; 2 — GatrHs oxymaxkaeHust Ne 2;

3 — anekrpoduasrp «Lurgi» Ne 3

Table. 5. Dust composition, wt. %

Ta6auua 5. Cocras nbliu, Mac. %

Sampling point Cu S|

Pb Zn | Others

Cooling tower No. 2 19.45 5.45

3.69 328 68.13

Waste heatboiler 0 76 761 429 331 66.01
No. 2
Electrostatic
precipitator “Lurgi” 14.84 8.43 6.93 4.65 65.15
No. 3

Table. 6. Perimetric formation

Ta6nuua 6. [lepuMeTpanbHOe 0O0pa3oBaHUEe HACTHUTH

. Working space Thickness of wall
Variant 3 .
volume, m accretion, m
1 55-59 0.1-0.2
2 49-53 0.25-0.35
3 37.5-43.0 0.50—-0.65
4 34.0-37.6 0.65—0.75
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Fig. 6. Variants of accretion formation
Accretion thickness, m: @ — 0.75; b — 0.3; ¢ — 0.1

Puc. 6. BapuaHTsl HacTbIJIEOOpa30BaHU S

TonumHa HacTen, M: @ — 0,75; b — 0,3; ¢ — 0,1

a b

£

$EY Ay e el dee ¥ Lo A

0.75m

Fig. 7. Prospective options for modernizing the afterburning chamber [27—30]

a —arrangement of tuyeres in the afterburning chamber; b — multi-channel tuyere with two tiers of nozzles; ¢ — modernization options for tuyere

components: casing (1), sleeve (2), swirl inserts (3), and diffuser (4)

Puc. 7. [lepcriekTUBHBIE BapUaHThI HATIPaBJIEHU T MOIEPHU3AIINY KaMepbl qoxkuranus [27—30]

a — BapUaHT pacrojioxeHus hypM B Kamepe ToXUTaHus; b — MHOroKaHaibHas (hypMa C AByMs sIpycaMmu COIIelT; ¢ — Ha y4acTke hypMbl
BapMaHThI MoiepHU3auu Kopryca (1), BTyku (2), BcTaBoK-3aBuxputedsi (3), paccekarens (4)

Measures for efficient operation and minimizing ac-
cretion formation in the Vanyukov furnace afterburning
chamber were proposed. To implement a prospective
automated operation, it is recommended to organize in-
formation tracking for each tuyere (pressure/flow rate),
install regulating valves to adjust the blast flow rate to

each tuyere without manual intervention, and introduce
an automatic control system [31].

The expected outcomes of implementing these meas-
ures and recommendations include improved energy ef-
ficiency and operational safety, increased productivity,
and enhanced control over the technological process.
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Table. 7. Off-gas composition measurements (wt.%)
after afterburning in different operating modes

of

the afterburning chamber

Tabnuua 7. Pe3ynbraTbl U3MEpeHU
cocTaBa OTXOJSIIUX ra30B (Mac. %) mocje 1oKUraHus

Ha

pPa3HBIX PeXUMax dKCIUTyaTallMOHHON pabOThI

KaME€pbl JOXKWUTaHUA

First mode Second mode

Measu- Oxygen supply to the a3fterburning chamber,

rement n.m’/h
e 2300 2500

SO, CO, O, | SO, | CO, | O,

1 38.0 10.4 40 | 424 | 11.0 | 45

2 40.0 10.0 45 | 410 | 105 | 45

3 38.0 10.4 46 | 420 | 11.0 | 45

4 39.8 10.9 45 | 424 | 11.6 | 5.0

5 38.4 10.4 47 | 43.0 | 120 | 5.0

Average values
38.84 | 10.42 | 4.46 |42.16 | 11.22 | 4.7
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