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Abstract. The work is devoted to the study of the effect of microalloying with yttrium (Y) additives to improve the corrosion resistance of Incoloy 825
superalloy. The influence of Y on microstructure was evaluated by metallographic methods using optical and scanning electron microscopes, resistance
to pitting and intergranular corrosion was evaluated by electrochemical and chemical methods of analysis. The paper describes changes in the structure,
phase composition and hardness of cast samples with yttrium content of 0, 0.01, 0.05 and 0.1 wt. %. The obtained data correlate with the results of ther-
modynamic calculations of phase formation during crystallization. The influence of additions on the structure after strain hardening was investigated.
Small addition (up to 0.01 wt. %) promotes increase of mobility of recrystallized grain boundaries. With increasing Y amount, the grain size decreases
and hardness increases. It is shown that the greatest deoxidizing ability is observed at small additions of Y in the amount up to 0.01 wt. %, while
the total amount of dissolved [O] decreased five times. Increasing the Y content reduces the ability to remove heavy inclusions from the melt, resulting
in an increase in the proportion of oxide inclusions. The effect of additives on nitrogen [N] was not observed, and the volume fraction of nitride inclu-
sions did not change, but the size of nitride inclusions decreased and the character of their distribution changed to uniform than in the alloy without Y.
The results of pitting and intergranular fracture resistance tests showed that Y is an element that can be used to improve the corrosion properties
of Incoloy 825 alloy. The best combination of resistance to the two types of corrosion was observed for the 0.01 wt. % Y sample.
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AHHOomayus. Pabota nocesieHa uecnea0oBanuio dGGexra MUKpOIeTHPOBaHHs IPUCAIKAMU HTTPUS TSI TOBBIICHUS] KOPPO3UOHHOI CTOWKOCTH BBICOKO-
JIETMPOBAHHOTO CITJIaBa Ha OCHOBE HUKeJst Mapku Incoloy 825. BiustHue UTTpyst HA MUKPOCTPYKTYPY OLIGHMBAIIM METaJUIOrpaduuecKuM METOIaMu
C TIOMOII[BIO ONITHYECKOTO M CKAHUPYIOIIETO AEKTPOHHOTO MUKPOCKOIIOB, CTOMKOCTh K TUTTUHIOBOM M MEKKPUCTAIIIUTHOH KOPPO3UH OLICHUBAIIH 110
W3BECTHBIM METO/MKAM ITPU IIOMOIIM JIEKTPOXHUMHUYECKUX U XMMHUYECKUX METO/IOB aHaim3a. B paboTe nokasaHo M3MEHEHHE CTPYKTYpbI, (ha3oBoro
COCTaBa M TBEPAOCTH JIUTHIX 00pa3ioB ¢ coxepxkanueM urtpus 0; 0,01; 0,05 u 0,1 mac. %. IlomyueHHble TaHHBIE KOPPEIUPYIOT C PE3y/bTaTaMu
TEPMOIMHAMUYECKUX pacueToB (a3000pazoBaHMs IPU KpUCTaIM3aLuu. McenenoBaHo BiausiHue 100aBOK HA CTPYKTYpy Hocie AehopMaliOHHOTO
ynpounenust. Masbie no6asku (10 0,01 mac. %) ciocoOCTBYIOT MOBBIILIEHHIO MOABHKHOCTH TPAHHUIL PEKPUCTAIUTM30BAHHOTO 3epHa. C yBeInueHHEM
KOJIMYECTBA UTTPHsl YMEHBIIACTCS pa3Mep 3epHa M YBEIUUMBACTCS TBEPAOCTh. [loka3aHo, 4yTo HanOOIBbIIAs PACKUCIISIONIAs CIIOCOOHOCTH HAOIIO-
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Jaercst mpu Maiibix jgobaBkax uttpus (o 0,01 mac. %), mpu 5ToM 00lee KOIUYECTBO PACTBOPEHHOTO KHCIOPOAA YMEHBIIMIOCH B 5 pa3. YBenu-
YeHHE COINCPKaHUS UTTPHUs CHIKACT BOSMOKHOCTD YIAJICHHS TSDKENIBIX BKIIIOYCHHI U3 PacIulaBa, B Pe3yIbTaTe PacTeT O OKCUIHBIX BKIIFOUCHHIL.
Oddexra nprcagok Ha a30T HE HAOIOAANIOCH, K 00BbEMHAs! 1011 HUTPHIHBIX BKIIOUEHHI He U3MEHMIIACh, OTHAKO YMEHBIIHJIICS pa3Mep HUTPUIHBIX
BKJIFOUCHHUH U XapaKTep UX paclpeneIeHIs H3MEHIICS Ha PAaBHOMEPHBIH, HeXKEIH! B CIUIaBe 0e3 UTTpHs. Pe3ynbraTsl HCIIBITaHHI Ha CTOMKOCTD CILIaBa
K IMTUTTHHTOBOMY M MEXKPHUCTAJUTUTHOMY Pa3pyIISHHIO MOKA3aJ1, YTO UTTPUH — ITO HIEMEHT, KOTOPBII MOKET OBITh MCIIONB30BAH [UIsl YIIyqIICHUs
KOPPO3UOHHBIX CBOHCTB cmiaBa Incoloy 825. Hammydmee codeTaHne CTOMKOCTH K JBYM THIIaM KOPPO3HH Habmonanocs y oopasna c 0,01 mac. % Y.

Kntoueswle caoea: Incoloy 825, penkosemensHele MeTamns! (P3M), Hemeramdeckue BraodeHus (HB), koppo3noHHast CTORKOCTb, MEKKPUCTAIIIHTHAS
xopposus (MKK), nurTuHroBas Kopposus, MOAU(GUIIMPOBAHKIE, MUKPOCTPYKTYPa, TBEPAOCTh
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pammbl «HayuHslit ieHTp MupoBoro ypoHsi: Ilepenosie undpoble TexHonoruu (koHTpakT Ne 075-15-2022-311 ot 20 anpens 2022 r.).
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[ INTRODUCTION

The influence of catalysts, pressure, and tempera-
ture during oil refining induces alterations in the chemi-
cal composition of oil. Throughout the refining process,
the constituents within crude oil undergo reactions facili-
tated by catalysts. The resultant compounds can cause
detrimental effects on purification equipment, leading
to severe corrosion [1].

This corrosion substantially diminishes process effi-
ciency, necessitating careful selection of materials for
equipment components. Superalloys, such as the foreign
Incoloy 825 alloy, are recommended for manufacturing
equipment [1 — 3].

The Incoloy 825 alloy possesses a distinctive set of
properties, including resistance to stress corrosion, pitting
in active media, and intergranular corrosion [3]. Never-
theless, the ever-increasing demands for alloy properties
prompt researchers to explore new methods and avenues
for enhancing alloy characteristics [4 — 6].

Several studies highlight the beneficial influence
of rare earth metals (REMs) on the microstructural
characteristics and mechanical properties of alloys,
owing to their heightened sensitivity to oxygen and sul-
fur [7 — 12]. Cerium and yttrium are the most commonly
utilized REMs in nickel superalloys, positively impacting
mechanical properties at elevated temperatures through
the mechanism of solid solution hardening [12 — 16].
Additionally, they contribute to the modification of car-
bides and eutectic phases [17; 18].

As per a patent [19], REM additions in conjunction
with calcium and/or magnesium result in significant
desulfurization of Ni—Cr alloys, facilitating sustained
inhibition of hot workability deterioration in the low-tem-
perature range. However, REMs are susceptible to oxida-
tion; hence, they should be added to the pre-deoxidized
melt in restricted amounts (0.010 to 0.074 %). As the con-
tent increases, a large number of finely dispersed, high-
density rare earth metal (REM) oxide nonmetallic inclu-
sions (NMlIs) are formed. NMIs are difficult to remove
from the melt and contribute to a reduction in material
impact strength.

84

Similar conclusions were drawn by the authors of [13].
They found that the microstructure of a Ni—16Mo—
—7Cr—4Fe nickel-based alloy was significantly enhanced
by the addition of 0.05 wt. % Y. The alloy’s hardness and
strength increased as solid solution hardening occurred
with yttrium. However, when the yttrium content
in the alloy exceeded 0.43 wt. %, the refractory inter-
metallic phase Ni,Y, could emerge and grow, leading
to a sharp deterioration in mechanical properties.

The addition of yttrium at 0.05 wt. % to the IN-13C
alloy positively impacted its high-temperature tensile
properties [15]. Furthermore, in the as-cast condition,
the ingot’s crystallization texture was refined.

Research interest is currently focused on the REM
impact on the corrosion properties of steels and alloys.
However, there is no unanimous opinion regarding
the influence of specific rare-earth elements on certain
alloy properties. Most studies are dedicated to inves-
tigating the effect of the rare-earth element yttrium
on the resistance of the Incoloy 825 alloy to pitting and
intergranular corrosion.

[l MATERIALS AND METHODS

To investigate the impact of yttrium microalloying on
the corrosion and mechanical properties of Incoloy 825
alloy, a series of batches with varying additive content
was melted. The experimental alloys were melted using
a 15 kW open induction furnace in quartz crucibles.
The chemical compositions of the alloy samples under
investigation are provided in the Table.

Following melting, the ingots underwent homogeni-
zation and were subsequently forged on a press within
a temperature range of 970 to 1150 °C. The forged samp-
les were then annealed at a temperature of 960 + 10 °C
for 1 h, followed by quenching in water. This procedure
aligns with the standard technology used for producing
parts from Incoloy 825 alloy.

The microstructures of the stabilized alloys were
analyzed using scanning electron microscopy (SEM) in
backscatter mode, utilizing a Tescan Mira SEM instru-
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Calculated chemical composition of the samples and actual content of nitrogen and oxygen in them, wt. %

PacuerHblii xumMu4eckuii cocTaB 00pa3uoB U GpakTHYECKOE COAepKAHUE a30Ta U KMCJI0PoIa B HUX, Mac. %

Samples . . .
number Ni Cr Fe | Mo | Cu Ti | Mn | Si Al Y [N] | [O]
1 — 10.057|0.030
2 0.01 |0.054|0.006
400 | 21.0 | res. | 3.0 | 20 | 075 | 1.0 | 05 | 0.2
3 0.05 | - -
4 0.10 | 0.053|0.013

ment. Additionally, the phase composition was examined
using a DRON-7 diffractometer.

To evaluate the resistance of the compositions
to general and pitting corrosion, polarization curves
were generated. These curves were instrumental in deter-
mining the steady-state corrosion potential (£ ) and
pitting breakdown potential (Epit) [20]. Imaging was
conducted in a 5 % NaCl electrolyte acidified with ace-
tic acid to achieve a pH of 3.00 = 0.02 within an open,
aerated electrochemical cell at room temperature. The
polarization curve was obtained within potential ranges
from —450 to 1100 mV at a scan velocity of 0.16 mV/s.
The standard silver-chloride electrode (AgCl) served as
the reference electrode during testing.

Intensity

The alloys underwent intergranular corrosion (IGC)
testing following ASTM G28 [21] guidelines. Testing
involved immersing the samples in a boiling solution
comprising 50 % H,SO, and iron (III) sulfate for a dura-
tion of 120 h. Prior to testing, the samples were sensitized
at 700 °C for 1 h. IGC values were determined through
mass loss analysis and metallographic methods, with
the depth of corrosion damage also being measured.

- ANALYSIS OF MICROSTRUCTURAL FEATURES

Fig. 1, a displays microstructure images of cast samp-
les with varying amounts of yttrium. These images were
captured at a distance equivalent to 1/2 the ingot radius.
The original alloy sample, devoid of yttrium additions,
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Fig. 1. Images of microstructure of ingots (a): interdendritic segregation of yttrium
in the form of inclusions (b) and thermodynamics of their formation during crystallization (¢, d)

Puc. 1. 306paskeHus MUKPOCTPYKTYPbI HOTy4YEHHBIX OTIHBOK (@), MEXACHIPHTHAS CErperaliu HTTPHs
B BUJIC BKIIOUCHHIA (b) M TepMOAMHAMUKA UX 00pa30BaHUs P KPHCTAILTH3ALUH (¢, d)
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exhibits a region characterized by columnar crystals.
However, upon the addition of yttrium at 0.01 wt. %,
the dendritic structure of the alloy begins to refine during
solidification. This effect becomes more pronounced
with increasing additive content, resulting in a shift
from predominantly columnar to predominantly equiax-
ial dendritic structure. It is noteworthy that subsequent
thermomechanical processing of the alloy necessitates
an equiaxial structure within the ingot, as it reduces
the risk of defects during forging operations. Conse-
quently, an equiaxial structure is deemed optimal. Fol-
lowing yttrium microalloying, the Vickers hardness value
of the samples increases from 140 to 160 HV.

SEM analysis of the cast samples revealed finely dis-
persed yttrium-rich intermetallic inclusions, measuring
up to 2 um in diameter, with nickel present in the inter-
dendritic regions (Fig. 1, b). Thermodynamic calculations
supported the notion that such inclusions could precipitate
from the melt (Fig. 1, ¢, d). It was observed that even small
additions of yttrium (0.01 wt. %) expanded the two-phase
region during crystallization. With increased additive con-
tent, the solidus temperature notably decreases, resulting
in oversaturation of the melt with yttrium. This facili-
tates the formation of high-temperature Ni,Y inclusions,
the abundance of which is contingent upon the quantity
of yttrium added. The heightened hardness of ingots is
likely attributable to these refractory inclusions.

Many researchers examining the impact of REMs
on the microstructure of superalloys have analyzed cast
samples and arrived at similar conclusions [4; 7]. Howe-
ver, there has been scarce investigation into the impact
of REMs on the structure of alloys after strain harde-
ning [12].

Fig. 2 illustrates how the size of the austenitic grain of
samples, following forging and annealing, varies with the
amount of added yttrium. In the sample containing the low-
est yttrium additive content (0.01 wt. %), the grain size is
2.2 times larger than in the original alloy sample, measur-
ing 28.4 um. Concurrently, the hardness value decreases
by 15 %. With an increase in the amount of additive, there
is a refinement of the recrystallized austenitic grain and an
associated increase in hardness (Fig. 2).

As previously noted [4 —6], the high sensitivity
of REM elements to oxygen and sulfur contributes
to a reduction in impurity content at grain boundaries,
effectively “purifying” them and enhancing the mobility
of grain boundaries, thereby increasing their size. This
underscores how even a minute concentration of impu-
rities can significantly influence the mobility of grain
boundaries.

These findings align well with the total oxygen con-
tent values in the samples (as indicated in the Table)
obtained through gas analysis, as well as with the assess-
ment of NMlIs in the samples.

- ASSESSMENT OF NON-METALLIC INCLUSIONS
AND CORROSION RESISTANCE

Yttrium additions play a significant role in reduc-
ing the oxygen content and deoxidizing the melt. Even
with small yttrium additives, the total oxygen content
decreased by a factor of five (as indicated in the Table),
with the volume fraction of oxide NMIs amounting
to 0.0055 £ 0.004 %. Following the addition of yttrium,
the composition and size of oxide inclusions transition
to complex oxides of yttrium and titanium. As the additive
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Fig. 2. Dependence of austenitic grain size of the samples after deformation and change of their hardness on Y amount, wt. %

Puc. 2. 3aBucuMOCTb pa3Mepa ayCTEHUTHOTO 3epHa Je(OpMHUPOBAHO yIIPOUYHEHHBIX 00pa31ioB
1 U3MEHEHHE UX TBEPAOCTHU OT KOJINYECTBA UTTPUs, Mac. %
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content increases, the total oxygen content and inclusion
values grew to 0.093 + 0.033 %, yet they remain lower
than those in the original alloy sample, where the oxide
volume fraction is 0.13 + 0.05 %.

While yttrium does not influence the nitrogen content
in the alloy (as shown in the table), and consequently,
the volume fraction of carbonitride Ti(C, N) NMlIs, it
does alter the morphology of these inclusions. In samples
with yttrium microalloying, complex oxycarbonitride
inclusions of the Y,0,—Ti(C, N) system are formed.
In this scenario, finely dispersed deoxidation products,
namely yttrium oxides, serve as a substrate for carbonit-
ride formation (Fig. 3).

The results of electrochemical and chemical corrosion
resistance tests are depicted in Fig. 3. An yttrium addi-
tive (0.01 wt. %) increased the pitting breakdown poten-
tial by 13 % and reduced the intergranular fracture rate
by 20 %. However, as the additive amount increases, so
does the proportion of oxide inclusions rich in titanium
and yttrium, which diminishes the effect of melt stabi-
lization by titanium and accounts for the decreased IGC
resistance.

[ ConcLusions

In this study, we investigated the relationship between
changes in the microstructure of cast samples after strain
hardening, NMI characteristics and corrosion resistance
of Incoloy 825 alloy with different content of yttrium
additives.

Following stabilizing annealing, there were notable
changes in the phase composition. Introduction of yttrium
additives led to an expansion of the two-phase region during
crystallization. Additionally, the liquid portion of the den-
dritic cell became oversaturated with yttrium, which trans-
formed into high-temperature inclusions of Ni,Y during
solidification, as confirmed by calculations.

In the state, increasing yttrium additions resulted in
a shift in solidification structure from predominantly
columnar to predominantly equiaxial. Simultaneously,
pressure treatment of the alloys proved to be more effec-
tive, yielding no cracks.

Yttrium acts as an active deoxidizing element;
its impact is more pronounced with smaller additive
amounts, as confirmed by gas analysis and measurement
of grain size in samples after forging and annealing.

Yttrium additives altered the composition of NMIs
in the alloy to yttrium-modified complex inclusions,
characterized by a more rounded shape and smaller size.
Such inclusions demonstrated enhanced chemical resis-
tance in aggressive media during corrosion testing, with
the sample containing 0.01 wt. % Y exhibiting the best
corrosion resistance. Due to the increased grain size
imparted by this composition, the alloy possesses higher
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Fig. 3. Variation of non-metallic inclusions and corrosion resistance
at different Y amounts
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ductility, necessitating the selection of a new heat treat-
ment regimen.
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