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Abstract: In the process of improving gas turbine engines (GTE), increasing the resource and efficiency, there is a constant
increase in temperature and pressure of the working fluid. Turbine elements are subjected to high thermomechanical loads and
continuous exposure from the aggressive environment. These impacts are especially significant for the working blades of the first
stages of the turbine, located in the area of the highest temperatures. One of the most serious types of damage in this case is the
corrosive effect on the working blade from the combustion gases entering the flow part of the turbine. The TS-1 fuel used on an
aircraft contains sulfur compounds in its composition — elemental sulfur and mercaptans, which in the combustion process, together
with sodium and potassium in the air, leads to an aggressive effect on the material of the turbine blade. To ensure the long-term
operation of the turbine blades of the turbine at the gas temperature at the turbine inlet up to 800...850 °C, the content of these
products in both fuel and air is limited according to the regulatory and technical documentation. However, it is not yet possible to
exclude them completely. The presence of sulfur compounds on the turbine blades of the GTE causes sulfide corrosion. Therefore,
the article considers the influence of impurities in fuel and air on the process of sulfide corrosion of the turbine blades material of
the turbine. The mechanism of sulfur dissolution in metal oxides or protective coating is presented, as well as the diffusion of sulfur
oxide from the coating surface into its depth. The reason for the influence of sodium chloride contained in the air on the corrosion
of nickel alloy or the protective coating applied on it has been established. The influence of vanadium in the fuel on the corrosion
rate is given. In order to increase the efficiency of the turbine blades when exposed to such an aggressive environment, it is
proposed to use a new coating formed from an aqueous suspension and allowing the introduction of chromium into the coating,
which provides a higher durability of such a coating in comparison with serial aluminide coatings. The introduction of chromium is
ensured by an exothermic reaction occurring during the formation of the coating during heat treatment.
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TIO/IBEPTatOTCsl BHICOKUM TEPMOMEXAHWUECKHM Harpy3KaM M HENpepbIBHOMY BO3JEHCTBHUIO CO CTOPOHBI arpeCCHBHOM Cpe[bl.
OTH BO3JEHCTBHUS OCOOCHHO CYIIIECTBEHHKI IS paOOYHX JIONIATOK MEPBhIX cTyreHeil Typounsl ['TJ], Haxomsamuxcs B o0iacTi
HanOonee BBICOKHMX Temreparyp. OIMH M3 CaMbIX CEPhE3HBIX BHIOB MOBPEXKICHHWI B JaHHOM ClIydae — KOPPO3HOHHOE
BO3/IeiicTBHE HA PabOUyIO JIONATKY CO CTOPOHBI Ta30BBIX IPOYKTOB CTOPAHMS, ITOCTYMAIOMIMX B IIPOTOYHYIO YacTh TypOHMHEL.
[Mpumensiemoe Ha Bo3mymHOM cyaHe (BC) tormmBo TC-1 comep)XuT B CBOEM COCTAaBE CEPHIICTBIC COSITMHEHUS —3JIEMEHTAPHYIO
cepy W MEpKalTaHbl, YTO B IIPOIECCE CTOPaHUsS COBMECTHO C HAXOUIIMMHCS B BO3IyXE HaTpHEM M KajMeM HPHBOIUT K
arpecCHBHOMY BO3/ICHCTBHIO Ha Martepuall pabodueil momatku Typounbl [T, J{nsa obecriedeHUs TUTENBHON pabOTHI JIOMATOK
Typ6uns! ['T/] ipu Temmeparype ra3a Ha Bxoze B Typouny 1o 800...850 °C comeprkaHre JaHHBIX MPOAYKTOB KaK B TOIUIMBE, TaK
U B BO3/IyX€, CONIACHO HOPMATHUBHO TEXHUUYECKOH JOKyMEHTALNH, OrpaHnIiBatoT. OJJHAKO NCKITIOYUTH UX IOJHOCTHIO TIOKA HET
BO3MOXKHOCTH. [IpHCyTCTBHE coenuHeHuMit cepbl Ha Jstonatkax TypOutbl ['T]] BbI3bIBaeT MpOTEKaHUE CYyIbQUAHONW KOPPO3HH.
[TosToMy B cTaThe paccMaTpuBaeTCsl BIMSHHUE TIPUMECEH B TOIUIMBE U BO3/IyXE€ Ha IMPOLIECC NPOTEKaHUsI CyIIb(QUIHON KOPPO3UH
marepuana sionatok Typounst ['T/]. [IpencraBnen MexaHn3M pacTBOPEHHs CEPbl B OKCHIAX METaJlIa WX 3allUTHOTO TIOKPBITHS, a
Takke upQy3usi OKCHaa cepbl C MOBEPXHOCTH MOKPHITUS B €ro IyOb. YCTaHOBJEHA NMPHYMHA BIMSHUS COZEPIKAIIETOCs B
BO3/TyX€ XJIOPUCTOTO HATPHs Ha KOPPO3MIO HUKEJIEBOTO CIUIaBa WIIM MPHMEHSIEMOTr0 Ha HEM 3alliUTHOrO NOKpbITHsl. [IprBoanTes
BIIMSIHAE HAaXOJISIIIIEr0CsI B TOILUIMBE BaHAIMSI HA CKOPOCTH Koppo3nH. C EeNbio yBeIndeHHs! paboToCIIOCOOHOCTH pabourX JIONATOK
TypOuns! ['T/] npu Bo3nelcTBUM TaKoi arpecCHBHOW cpejibl MpeziaraeTcsi IpUMEHEHHE HOBOTO MOKPBITHS, (opMHupyeMoro u3
BOJHOM CYCIIEH3MH W TIO3BOJIIIOIIETO BBECTH B COCTaB ITOKPBITHSL XpPOM, YTO OOEcHeuMBacT Oojiee BBICOKYIO JIOJITOBEYHOCTh
TaKOrO TOKPHITHS B CPaBHEHWHM C CEPUHHBIMM ATIOMUHUIHBIMH TIOKPHITHSMH. BBeneHwe xpoma oOecriedmBaeTCs 3a CUET
9K30TEPMUYECKON PEaKIMH, MPOTEKAIOMIEH B Iporiecce (JOpMUPOBAHMS HOKPBITHS IPH TEPMHUIECKOI 00paboTKe.

KunroueBble ciioBa: cepa, cyinb(uiHasi KOppo3usi, aTOMHAsE PELIETKA, 3alUTHOE MOKPHITHE, KOPPOZUOHHBIE MPOIIECCHI, TIPUMECH,
HHKEJICBBIH CILIaB.
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Introduction processes in 900...1050 °C temperature interval
due to use of protective coating and Al,O, —
Cr;0,, highly protective from gas corrosion,
on it.

Combustion products and ash sediment corro-
sion impact [4, 6, 7, 8] (fig. 1) is a type of turbine
engine blade protective coating damage, which

Different types [1, 2] of coating are developed
and used in purpose of GTE turbine performance
increase.

Analysis of the gas turbine engine blade pro-
tective coating use, along with laboratory tests .
allows us to distinguish the two specific areas of ~ decreases their performance.

their damage while use and testing, depending External inspection of blades after r}lnnipg
on the temperature — that is 650...850 °C and up hours shows us, that there is a blast of pinpoint

to 1050 °C [2-6]. There are moderate corrosion lodgment mainly on blade pressure side (colour

lodgment

coke

flow-
accelerated
corrosion

a)

Fig. 1. The appearance of the working (a) and nozzle (b) blades after operating time 10671 hours
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from light up to dark brown) (fig. 1, a) on the
blade web surface. Flow-accelerated damage of
protective coating, along with coke ash lodgment
(fig. 1, b) is detected on nozzle cluster blades
due to aggressive gas flow.

There is local lodgment on blasts, which
work on fuel of high sulfur concentration, gener-
ally consisting of Na,SO4 (=74%). Such lodg-
ment is a basic sulfide corrosion reagent, wheth-
er there is no lodgment, then there is no corro-
sion.

It should be mentioned, that due to high tem-
perature impact turbine gas atmosphere and im-
purements on GTE turbine blades, which lead to
their intensive corrosion, are highly oxidizing,
increasing the corrosion rate [9-11].

Presence of sulfur compounds in combustion
gases or in turbine blade lodgment is a main
condition for sulfide corrosion. Thus, it is mean-
ingful to observe the mechanism of sulfur intro-
duction in metal crystalline grid or oxides on its
surface, which will help us understand, what ac-
tions it is necessary to take in order to decrease
sulfide corrosion impact.

Results and discussion

Let us consider approximate impurities,
which lead to corrosion, and their sources in
combustion chamber, in order to understand tur-
bine blade sulfide corrosion mechanism while
maintenance.

Sodium chloride is a basic compound, which
leads to sulfide corrosion, invading combustion
chamber along with the air [4, 6, 12]. This is par-
ticularly evident while aircraft operation in
coastal areas and above the sea [13].

Sulfur and alkalic metals, as main corrosion
agents, may invade GTE combustion chamber
along with the fuel. Fuel may be polluted with
sodium chloride whether water invades it. Vana-
dium, chlorum, lead, hydrocarbon or their com-
pound [6, 12, 14] may also occur in GTE com-
bustion chamber along with the fuel, which accel-
erates corrosion processes.

Covering, which protective feature is alumi-
num and chrome oxide — Al,O; and Cr,0O3 cy-
clization, is applied onto turbine blades in order
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to prevent high temperature oxidation. There-
fore, sulfur invades oxide crystalline grid while
combustion in finely crushed forms and influ-
ences the hole cyclization, in other words, defect
balance [15].

Nickel oxides [1, 5] are cycled on blade sur-
face while operation when covering protective
features are exhausted and nickel is diffused into
covering. In this case sulfur is implied into anion
nickel oxide subbarray decreasing vacant elec-
tron hole concentration and increasing hole con-
centration. This can be described with an equa-
tion:

17,8, 2 85 +vy! (1)

or

s, +0,+2h285 +1/,0, (2
where Sg* — isan electropositive sulfur atom,
entered in place of oxygen ion;

h — vacant electron hole;

VI\{I/ — bivalent cation tie-up.

Besides that, sulfur can be entered in intersti-
tialcy oxide space, not influencing crystalline
grid defects.

Wagner presented the oxidation theory in
1930s [16] and found out, that sulfur diffusion
rate in polycrystal nickel and cobalt oxides is an
order of magnitude higher than in monocrystals
of 1000 °C temperature and more [17, 18].

It is necessary to find out diffusion of sul-fur
and sodium chloride, in other words, mecha-
nism of their dilution in oxides, in purpose of
protective coating development, with ability of
long-term work in their aggressive impact condi-
tions.

Condition which should be complied in pur-
pose of sulfur diffusion:

Pl > P, 3)

where Ps/2 ! u PS/2 — partial sulfur pressures on

calx-gas and calx-metal faze border respectively.
Equation (3) will be complied in case of comply-
ing the following inequation:
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2AG§)

/ 24G3
PSz >eXp(RT !

4)
where, AGY — thermodynamical potential, R —
gas constant, and 7 — absolute temperature.

It can be said, that alloy-determined sulfur
diffusion is possible whether:

// 2AGY
Pl )

> exp (? . (5)
Sulfur dioxide SO, molecule diffusion runs
on bead borders, through micro-breaks, cavings
in a calx. While diffusion sulfur dioxide reacts
with calx metal and metal activity will increase
with moving further. Therefore, partial oxygen
pressure will decrease with moving further to
metal border. Consequently, sulfur compound
may cycle under the calx even while low sulfur
steam pressure [18]. Such a process shows us the
opportunity of the rapid nickel alloy damage,
containing the traces of sulfur dioxide.

Water steams invade the GTE gas track along
with sulfur combustions, containing sea salt,
which sodium chloride NaCl [12] is a basic
component of, leading to nickel alloy corrosion
rate increase.

In case of sodium chloride presence in a fuel
or in air, invading GTE, and in sulfur oxide
presence with t, =885 °C there are the com-
pounds in combustion products:

4NaCl + 250, + O, +
+ 2H,0 — 2Na:SO, + 4HCI 6)

NaCl + H>O — NaOH + HCI (7)

While GTE operation the sodium natrium
particles collapse on turbine blades surface and
sulfate.

Protective coverages [1, 5] on GTE turbine
blades cycle the aluminum and chrome diox-
ides — Al,O3 and Cr,03. Sodium natrium practi-
cally does not interact with aluminum dioxide. It
cycles volatile products, leading to slick bulbing
and damage, with chrome dioxide, along with
chrome-containing alloys. Nevertheless, cover-
ages with chrome oxide Cr,O3 are sodium chlo-
ride resistant.
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The main reason of sodium natrium influence
is chemical reactions running:

CT'203 + 6NaCl + 02 s

Cr,05 + 2NaCl + 1/, 0, =

Volatile chloride and oxychloride cycling in-
creases with higher temperatures, leading to
more chloride natrium impact on nickel alloy
corrosion.

Vanadium impurity influences on corrosion
rate increase. Compounds, which can cycle
while vanadium-containing fuel combustion, de-
pending on temperature:

— vanadium trioxide (melting point
tm = 1970 °C):
4V + 30, — 2V>0; (10)
— vanadium tetroxide (t,; = 1970 °C):
2V>03 + O; — 2V>04 (11)
— vanadium pentoxide (t,; = 675 °C):
2V>04 + O; — 2V505 (12)

Mechanism of vanadium impact on corrosion
process in common is in oxide slick damage, in-
creasing its porosity and oxidation rate due to
V,0s influence, along with diffusion flow in-
crease through chrome oxide and sodium natri-
um influence.

The following protective coating damage
mechanism on turbine blades is confirmed with
the research conducted by the authors. The
blades (fig. 1, a) of GTE turbine at gas-pumping
station were analyzed. The metallographic re-
search of working blades in maximum lodgment
areas (fig. 1, @) after operation and baseline pro-
tective coating (fig. 2).

As we can see, there is a corrosion of AZH-8
coverage surface in local lodgment areas. Protec-
tive coating corrosion is of frontal (areal) charac-
ter at 500...700 mkm distance under local saline
lodgment layers. In case of pitting layer affection
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Fig. 2. The microstructure of the coating AZH-8 on the blade before operating time (a) and with an operating time of
10671 hours on the side of the trough (b) and the back (c)

corrosion
damage

superficial
[ layer

inner com-
—
pact layer

. }-alloy

Fig. 3. Microstructure of AZH-8 coating after laboratory tests for sulfide corrosion

there is a wedge shaped corrosion spreading in
depth of the coverage.

Such a character of AZH-8 coverage corro-
sion is also confirmed with sulfide corrosion la-
boratory tests (fig. 3).

As we can see in Figure 3, saline corrosion
has invaded only 50% of coverage depth and
stopped before the NiCrTaWAISiHfY pattern,
which is more corrosion resistant, than the out-
side zone of B- and y/-fazes, formed while
chrome aluminizing.

The results of the research confirm the
above-mentioned mechanism of protective cov-
erage damage due to impurities combustion
products impact in fuel and air and aggressive
atmosphere impact on GTE working blades.

The laboratory tests for sodium natrium im-
pact on differently gained protective coverages
were conducted. Chrome alumined (ChA) cover-
age, mass used in aircraft construction, formed
in bulk solid with gas circulation (CCA) method
was applied on nickel alloy samples. The re-
search of the new coverage, formed of a water
suspension of excessive chrome content —
10...13% was conducted as an alternative to the

76

following coverages. There is an exothermal re-
action while thermo vacuum annealing in a new
coverage, which has allowed us to imply chrome
in coverage [19, 20].

The sea salt water dilution, containing 58%
NaCl, 26,5% MgCl,, 9,8% Na,SOy4, 2,8% CaCl,,
1,6% KCI, 0,5% NaHCOs, 0,2% KBr was ap-
plied on ZhS6U samples. Every sample was
soaked in the following dilution for no less than
3 times and was dried outdoors within
15 minutes. Afterwards the samples were weight
in purpose of salt mass overweight, which was
about 5 + 1 mg/cm’. The tests were conducted
with 1100 °C temperature, and the calx quantity
in crucibles (fig. 4).

The results of the research showed us, that
the coverages may be set in the following se-
quence from the resistance (change of the ap-
pearance) up to corrosion (in descending order):
NPH, CCA, HA (fig. 4). The samples were
weight along with the crucibles in purpose of
estimation by calx quantity in a crucible. There
was a insignificant white-coloured calx quantity
in NPH crucible. Apparently, this is a crumbled
salt with a insignificant quantity of corrosion
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Fig. 4. Surface structure and general appearance of samples from the alloy ZhS6U with protective coatings: a — HA,
b — CCA, ¢ — NPH after salt corrosion for 100 hours at a temperature of 1100 °C

products. There is more dark and large size calx
in CCA and HA coverage crucibles.

The research confirms the above-mentioned
(formula 8 and 9) sodium natrium impact on pro-
tective coverage. Implication of about 10% of
chrome allows to increase its resistance to gas
corrosion, due to Cr,0; protective oxide slick
cycling, along with aggressive combustion prod-
ucts resistance.

Conclusions

1. It is possible to increase GTE turbine
blade working capacity, working in an aggres-
sive gas flow for a long time, using the protec-
tive coverage, allowing to decrease their tenden-
cy to corrosion. The working capacity of cover-
ages on the blades depends on many factors and
first of all on their pattern.

2. The mechanism of protective coverage
and metal destruction due to dilution and diffu-
sion of sulfur, invading the turbine blade protec-
tive coverage from fuel, in the coverage depth is
presented according to the conducted research.

3. The laboratory tests allowed us to deter-
mine the impact of sodium natrium in the air,
invading the turbine blade surface along with the
combustion products, on the corrosion destruc-
tion of the protective coating.

4. The presence of sulfur, sodium natrium
and vanadium in combustion products leads to
corrosion rate increase.
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5. Chrome alloy addition to coverage in-
creases corrosion resistance, consequently, al-
lowing us to increase their longevity while work-
ing with aggressive combustion products.
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