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Abstract. Improvement of performance properties of heat-resistant nickel alloys remains
a pending issue for alloys operating in conditions of high-temperature salt corrosion. Within
this context our study examines the impact of hafnium on micro-structure and performance
properties of standard heat-resistant nickel alloy CM 104 which is widely used in construc-
tion of modern marine gas turbine engines. Through computational-analytical method it was
determined that the optimal level of hafnium addition shall amount to 1,4 % of the alloy
weight. The study included examination of the micro-structure of the alloys, their hardness,
plasticity, short-term and long-term strength at a temperature of 900 °C. It is shown first that
hafnium contributes to the grinding of the alloy structure CM104, it stretches the granules
boundaries and increases the amount of volumetric fraction of the y'- phase. Hafnium addi-
tion reduces hardness by 3...5 % on average and increases the plasticity of the alloy, it al-
lows to increase resistance to high-temperature salt corrosion while maintaining short-term
and long-term strength at 900 °C. It will allow to improve the performance properties of
heat-resistant nickel alloy CM 104 and positively impact its bond-ability.

Keywords: micro-structure; hardness; heat resistance; long-term durability; high-tempera-
ture salt corrosion.

Awnotanist. [TinBuIeHHs ekcIuTyaTaliiiHUX BIaCTHBOCTEH YKapOMIIIHUX HIKEJIEBHX CILIABIB,
SIKI TIPaLIOIOTh B YMOBaxX BHCOKOTEMIEPATYPHOI COJILOBOI KOPO3ii, € aKTyaJbHOIO IpodIIe-
Mo10. Y 3B’S13KY i3 M OyI10 ITOCTaBIIEHO JIOKAJIbHY 33/1a4y BU3HAYCHHS BIUIMBY TadHil0 Ha
MIKPOCTPYKTYpY Ta €KCIUTyaTaliifHi BIACTUBOCTI CTaHAAPTHOTO YKAPOMIITHOTO HiKEJIEBOTO
crtaBy CM104, sxuil mupoko BUKOPUCTOBYETHCS Ul BUTOTOBJICHHS CYyYaCHUX MOPCBHKHX
ra3oTypOiHHMX JBUTYHIB. PO3paxyHKOBO-aHAJITUYHUM METOJOM BH3HAUEHO ONTHUMAaJIbHUM
piBeHb steryBaHHs raduieM Ha piBHI 1,4 % mac. BukoHaHO TOCHTIIPKEHHST MIKPOCTPYKTYpH
CIJIaBiB, BU3HAYEHO IX TBEPJICTh, IIACTUYHICTh, KOPOTKOYACHY Ta JJOBIOTPHBAIYy MIIHICTH
3a temmeparypu 900 °C. Ymepmre mokaszaHo, mo radHill cpusie MOAPIOHESHHIO CTPYKTypH
crtaBy CM 104, 36ibIIye MPOTSDKHICTD TPAaHWIB 3€PEH Ta MiIBUINYE KUTBKICTH 00’ €eMHOT
yacTku y'-asu. [lomaTkoBe JieryBaHHs raHieM y cepeHbOMY Ha 3...5 % 3MeHIye TBep-
JUCTB 1 MiJIBUIIYE ITACTUYHICTD CILIaBY, TP 30epeKEeHHI KOPOTKOYACHOT Ta JIOBIOTPHBAIOT
MirHoCTi 3a Temmneparypu 900 °C 36iibUrye CTIHKICTH 10 BUCOKOTEMIIEPATypHOI COIBOBOT
Kopo3ii. TakuM 9rHOM, JOAATKOBE JIETYBaHHS TaHIEM >KapOMIIHOTO HIKEIEBOTO CILIABY
CM104 migBumrye HOro eKCIuTyaTaiiHi BIACTUBOCTI Ta MOYKE MaTH CIIPUATIMBUHN BIUIUB Ha
HOro 31aTHICTh 10 3BAPIOBAHHSI.

Ki1r040Bi c10Ba: MiKpOCTPYKTYpa; TBEPIICTh; JKaPOMIITHICTh; JOBIOTPUBAIA MIITHICTD; BH-
COKOTEMIIepaTypHa COJIbOBA KOPO3isL.

AnHoTanus. [ToBblIeHNe HYKCIUTyaTal[MOHHBIX CBOMCTB JKapONPOYHBIX HUKEIEBBIX CILIA-
BOB, KOTOpbIe paboTalOT B YCJIOBHAX BBICOKOTEMIICPAaTypHOW COJIEBOM KOPPO3WH, SIB-
nseTcs aKTyalbHOH mpobieMoil. B cBs3m ¢ 3TuM ObUTa MOCTaBJICHA JIOKANbHAS 3ajada
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OIIpe/IeICHUs BIMSHUSI TadHUs Ha MUKPOCTPYKTYPY M JKCIUTyaTallMOHHBIE CBOICTBA CTAHIAPTHOTO >KapoIpoy-
HOro HukeneBoro ciutaBa CM104, xoTOpell IIMPOKO HCHOIB3YETCS AJIS U3TOTOBICHHS COBPEMEHHBIX MOPCKHX
ra30TypOMHHBIX JIBUratenell. PacdeTHO-aHAIMTHYECKUM METOJOM OIPEAEiI€H ONTHMAalbHBIH ypPOBEHb JIETUPO-
BaHMs radHueM Ha ypoBHe 1,4 % Mmac. BhINOJIHEHO HcCiieoBaHUE MUKPOCTPYKTYPBI CIUIABOB, OIMPEAEICHBI MX
TBEPJIOCTh, IIACTUYHOCTh, KPATKOBPEMEHHAsI U JUINTeNbHasl MpouHOoCTh npu Temmneparype 900 °C. Bnepseie mo-
Ka3aHo, 4TO TapHHMH CHOCOOCTBYET W3MEIBbUYCHHUIO CTPYKTYphl cruiaBa CM104, yBenu4yuBaeT NPOTSIKEHHOCTH
TpaHMI] 3€PeH M MOBBIIIAET 00BEMHYIO JOJNIO Y'-(a3bl. JlOMONHHUTENBHOE JIeTUpOBaHKE raHUEM B CpeiHEM Ha
3...5 % ymeHbIIaeT TBEPJOCTb M MOBBIMIAECT MIACTUYHOCTH crutaBa CM104, npu coxpaHEHHH KpaTKOBPEMEHHOM
U ATIUTENbHOM mpouHocTu npu Temneparype 900 °C yBeInuuBaeT CTOMKOCTh K BEICOKOTEMIIEPATyPHOM COIeBOI Kop-
po3un. Takum 00pa3oMm, JOTOITHUATEIILHOE JICTHPOBAHUE Ta(HUEM KAPOPOYHOTo HUKEIeBOro crutaBa CM 104 moBsI-
IIaeT €ro HKCILTyaTaOHHBIE CBOMCTBA N MOKET OKa3bIBAaTh OJIATONPHUATHOE BIMSHUE Ha €r0 CBAPUBAEMOCTb.

KiroueBblie cj10Ba: MUKPOCTPYKTYpa; TBEPIOCTD; KAPOMPOIHOCTH; TOJITOBPEMEHHAs POYHOCTH; BBICOKOTEMIIEpa-
TypHast coyieBast KOPPO3Hs.
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Problem statement. The development of modern
shipboard gas-turbine construction is characterized by a
constant search for ways to increase the specific power and
efficiency of turbine engines, which certainly leads to the
need to increase the operating temperature at the turbine
inlet. The temperature of the first turbine stage can reach
950...1050 °C. In this regard, improving the performance
properties of heat-resistant nickel alloys is relevant.

Nickel-base superalloys are a heterophase precipita-
tion hardening alloys, the main structural components of
which are y-phase (austenitic matrix with BCC lattice)
and y'-phase (eutectoid intermetallic structure based on
Ni, (Al Ti), which is released from the gamma phase sol-
id solution). The solubility limit of the y'-phase changes
significantly with decreasing alloy temperature, which
leads to its active release in a dispersed form during a
special heat treatment [1]. The performance proper-
ties of heat-resistant nickel alloys increase significantly
with increasing volume concentration of the y’-phase to
50...65 %, while reducing their weldability [2, 3].

Latest research and publications analysis. It is
known that the addition of hafnium improves the per-
formance characteristics of nickel alloys due to a favor-
able change in the morphology of carbides of the type
M,,C,, as well as their resistance to oxidation and high-
temperature salt corrosion [4, 5]. In addition, hatnhium
increases the proportion of the eutectic y'-phase, which
optimizes the structure and increases the creep resistance
[1, 6]. For example, additional alloying with hafnium al-
loys MAR-M200 and DS200 to 2 % wt. improves their
performance properties [7]. A similar effect is observed
with additional alloying with hafnium of the ZhS3LS
alloy in an amount up to 0.9 % wt. [8-10]. The alloy-
ing of nickel superalloys with hafnium also contributes
to an increase in the thermal stability of the y'-phase by
increasing the temperature of its complete dissolution in
the y-solid solution by more than 70 °C [11]. However,
a change in the matrix alloying system of the alloy af-
fects the optimal concentration limits for alloying with
hafnium and is the subject of additional research.

THE ARTICLE AIM — determining the effect of
hafnium on the microstructure and performance proper-
ties of the standard heat-resistant nickel alloy CM104,
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which is widely used for the manufacture of modern gas-
turbine engines.

Methods, object and subject of research. We used
standard methods for studying the properties of metallic
materials: we measured the HRC hardness according to
ISO 6508-1: 2013; determined the characteristics of heat
resistance and limiting stress according to GOST 9651—
84 /Trans. 1: 2008 and GOST 10145-81 / Trans. 1: 2018;
investigated the electronic structure and determined the
chemical composition of the alloys by the method of mi-
cro-X-ray spectral analysis using the PEMMA 102-02 in-
stallation; measured their resistance to high-temperature
salt corrosion according to method [12].

The object of the research is the microstructure,
chemical composition, mechanical properties of alloys
at a temperature of 900 °C and their resistance to high-
temperature salt corrosion.

The subject of the research is the structure and op-
erational properties of heat-resistant nickel alloys.

Basic material. To determine the optimal concen-
tration of hafnium in the experimental alloy, an express
method of a comprehensive analytical solution method
(CASM) was used, which allowed with a sufficient de-
gree of accuracy to carry out preliminary calculations
for the main groups of operating parameters of the alloy
[13]. The calculation showed that an increase in the op-
erational properties of the alloy CM 104 is possible due to
the additional alloying with hafnium at an optimum level
of 1.4 % by weight.

In this regard, we have produced CM104 alloys (ba-
sic composition and an alloy with additional doping with
hafnium — further SM104HY). Using spectral analysis, it
was found that the concentration of alloying elements in
the experimental composition with hafnium is at the fol-
lowing level (% wt.): 21.2 Cr; 10.35 Co; 1.4 Hf; 2.64 Al
3.45 Ti; 0.66 Mo; 3.9 W; 0.3 Nb; 0.03 Mn; 0.1 Fe; 0.08
C; 0.008 Si; 0.003 S; 0.005 P; Ni — base. The basic com-
position is characterized by the absence of hafnium. The
characteristic structure of the alloys is shown in Figure 1.

X-ray studies have shown the absence of inter-
nal defects in castings. Castings underwent a stan-
dard full heat treatment cycle: homogenization

Fig. 1. The characteristic structure of the alloys CM104 (a) and CM104Hf (b)
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T'=1170 °C —3.5 hours; + hot quenching 7= 1050 °C —
3.5 hours; + aging 7'== 850 °C — 16 hours. The distribu-
tion of the average concentration of alloying elements in
the phase components of the experimental alloys is given
in Table 1.

Measurements of the hardness of samples of experi-
mental alloys showed that the hardness of the HRC al-
loy CM104 is within 35.4...36.5 units, with an average
of 35.8 units, and the alloy CM104Hf — 34.8...36.0 units,
with an average value of 34.7 units. Thus, the additional
alloying of the CM104 alloy with hafnium slightly re-
duces its hardness. To determine the characteristics of
heat resistance and limiting stress, samples were made
from experimental alloys according to GOST 9651-84
/ Per. 1: 2008 and GOST 10145-81 / Trans. 1: 2018 for
stretching at operating temperatures. The test results are
shown in table 2.

Another important factor, which also plays a deci-
sive role in the operation of marine gas turbine engines,
is the resistance of materials against high-temperature
salt corrosion. High temperature salt corrosion occurs in
the presence of sulfur compounds in products of com-
bustion of fuel, among which the most important role is
played by the compounds with sodium. Sulfur at com-
bustion forms oxides of SO, and SO,. The proportions
of NaCl salts deposited on the parts of the hot tract are
involved in the reactions of sulfidation. Numerous stud-
ies have shown that sodium sulfate is present in car-
bon generated on the blades of marine turbines, while
corrosion affects parts at temperatures 650...950 °C
[14]. In addition, sulfatochloride sodium melts con-
taining up to 70...80 % NaCl produce oxysulphidation
processes [15].

N°2 (10) 2018
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Thus, the mechanism of corrosion destruction in
most cases is associated with the dissolution of a pro-
tective film, which is on the surface of the alloy, in the
presence of Na,SO,. The amount of sulfides, of course,
affects the intensity of corrosion damage. To determine
the actual rate of corrosion the most informative are the
natural tests of gas turbine engines, however, their cost
and duration makes use of intermediate laboratory test
methods. The most common is the crucible test method
in the melt salts of 75 % Na,SO, + 25 % NaCl at the op-
erating temperature of the engines for 10 ... 20 hours, fol-
lowed by the calculation of the average rate of corrosion
by the formula V= m /S xt, where V, — average rate of
corrosion, mg/cm*hour; m,—mass loss, mg; S, — surface
area of the sample, cm?; ¢, — test time, hours [12].

According to this method, studies of resistance to
high-temperature salt corrosion of experimental alloys
CM104 and CM104Hf were conducted. Samples of test
alloys were kept in the molten salt of 75 % Na,SO, +25 %
NaCl at a temperature of 900 °C for 20 hours. The elec-
tronic structure of the surface layer of samples from the
CM104Hf alloy is shown in Figure 2. The distribution of
chemical elements in zones of corrosion destruction is
given in Table 3.

According to the results of the tests it was estab-
lished that the geometry of all samples practically did not
change. On the surface of the samples there is a small
amount of corrosive destruction products of dark green
color, which hold tight on the surface. Measurement of
the rate of high-temperature salt corrosion of experimen-
tal alloys confirmed that additional alloying with hafni-
um increases the corrosion resistance of the CM104 al-
loy. The average rate of corrosion of the CM 104 alloy is

Table 1. The distribution of the concentration of alloying elements in the phase components of the experimental alloys

All The average concentration of alloying elements, % wt.
0
Y Al | Si | Ti | C | Fe | Co | Ni | Nb | Mo | W | Hf
CML04 Solid solution 3,06 0,06 4,52 | 21,53 | 0,29 | 10,98 | 56,61 | 0,38 0,68 1,99 -
Hardening phase | 2,41 0,00 | 16,44 | 19,46 | 0,89 6,39 | 40,52 | 6,77 1,67 5,45 -
CMI104HF Solid solution 2,08 0,03 4,08 | 19,98 | 2,87 | 10,37 | 55,12 | 0,46 0,37 1,53 3,38
Hardening phase | 1,05 0,00 | 19,26 | 16,53 | 1,71 7,48 | 39,44 | 2,60 0,01 1,46 | 10,47
Table 2. Mechanical properties and limiting stress of experimental alloys at a temperature of 900 °C
Limiting stress Mechanical tensile properties
Alloy Sample number - - -
Weight, MPa | Time, hours Tensile Strength, MPa 5, % Y, %
1 200 50 646 14 30
CM104
2 200 50 642 8 21
3 200 50 592 20 37
CM104Hf
4 200 50 653 14 35
Table 3. Distribution of alloying elements in the CM104Hf alloy according to Figure 2
7 Average concentration of alloying elements, % wt.
n
oAl Si Ti Cr Fe Co Ni Nb Mo w Hf
1 2,15 0,00 4,52 19,35 3,25 10,53 52,81 1,69 0,24 1,62 3,83
2,03 0,43 2,03 14,28 4,92 11,67 58,54 1,02 1,99 1,41 1,66
3 1,64 0,96 10,95 70,70 1,19 2,71 6,37 1,85 1,05 0,32 2,27
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Fig. 2. The electronic structure of the surface layer of the
CM104Hf alloy after corrosion tests, x 400

V.=0.21 mg/cm?h, and for the CM104Hf alloy, this in-
dicator is much lower — ¥, = 0.12 mg/cm*>h. The total
average mass loss of the test alloy CM 104 is 0.19 %, and
the CM104Hf alloy is 0.12 %.

DISCUSSIONS. Analysis of the microstructure
showed (see Figure 1) that additional alloying with hafni-
um contributes to the fragmentation of grains, smoothes
their boundaries and increases the volume fraction of the
v'-phase, which fully coincides with the conclusions of
the works [1, 6].

The determined concentrations of the alloying ele-
ments according to the phase components of the alloys
shown in Table 1 show that the hafnium is unevenly
distributed in phases. It is predominantly predicted to be
part of the strengthening phases and stand out in the form
of minor eutectic inclusions along the grain boundaries,
which corresponds to the conclusions of the works [4, 6].

The results of tests of mechanical properties of al-
loys during stretching and their long-term durability at
a temperature of 900 °C showed (see Table 2) that the
additional alloying with the hafnium of the alloy CM 104
to a level of 1,4 % by weight. improves its mechanical
properties, with a slight decrease in hardness and in-
creased plasticity. This fact has a beneficial effect on its
welding ability, which is extremely important and is the
subject of additional research.
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An analysis of the microstructure of the samples
after testing their resistance to high-temperature salt
corrosion, as shown in Figure 2, and the distribution
of chemical elements in the zones of corrosion fracture
(see Table 3), gives a clear idea of the mechanism of de-
struction On the surface of the sample, a protective layer
(zone 3) is formed in which the concentration of nickel
and cobalt is sharply reduced due to their intense interac-
tion with the active medium, which leads to a significant
increase in the concentration of chromium (up to 70 %
by weight), which plays a major role in the containment
of corrosion destruction. At the same time, there is a
moderate increase in the concentration of titanium and
hafnium. The total concentration of these three elements
in the surface layer reaches about 85 %, which greatly
increases the stability of the alloy against high-temper-
ature salt corrosion. In the near-surface transition layer
(zone 2), on the contrary, there is a slight increase in the
concentration of nickel and cobalt in comparison with
the base metal (zone 1) due to the diffusion of the alloy-
ing elements on the surface.

In this regard, the results of the tests clearly prove
that the presence of hafnium in the surface layer plays
a positive role in the deterrence of corrosion fracture,
which is quite logical and coincides with the conclusions
of work [4].

Thus, the additional alloying with a hafnium of
a heat-resistant nickel alloy CM104 at a level of 1.4 %
by weight. increases its operational properties and may
have a beneficial effect on its welding ability, which is
extremely important and requires additional research.

CONCLUSIONS. Additional alloying hafnium al-
loy CM104 at 1.4 % by weight positively affects its ope-
rational properties:

1. Hafnium promotes the grinding of grains, ram-
parts their boundaries and increases the volume fraction
of the y’-phase.

2. An average of 3-5 % decreases hardness and
increases the plasticity of the alloy while maintaining
short-term and long-term strength at 900 °C.

3. The stability of the alloy against high-temperature
salt corrosion at a temperature of 900 °C increases quali-
tatively.
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