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Abstract

Welded joints with corrosion-resistant steels and heat-resistant alloys requiring different modes of heat treatment
to achieve the level of mechanical properties specified in the design documentation are used to manufacture parts
and components of the rocket engine turbo-pump unit.

For the manufacture of parts and assemblies of liquid-propellant rocket engines at the machine-building enterpris-
es of Ukraine there was a necessity of replacement of half-finished products because of certain difficulties at deliv-
ery of materials from EU countries.

First of all, it was necessary to replace flat products from high-alloy XH67MBTIO and 06X15H6MB®B with one alloy
that would possess the necessary set of physicomechanical characteristics. In the work, as a replacement for the
used heat-resistant alloys, the Inconel 718 alloy welded to 316L steel was chosen. As a result of comparative studies
of the intercrystalline corrosion resistance of welded joints of the heat-resistant Inconel 718 alloy with stainless
steel, after testing various heat treatment conditions, the low-temperature heating conditions were recommended
for soldering at a temperature of 950 °C. Samples of welded joints, processed according to the recommended mode,
showed increased corrosion resistance.

Keywords: heat-resistant alloy; corrosion resistance; intercrystalline corrosion; welding; structure; soldering.

BIIJIUB TEMIIEPATYPU TEPMIYHOI OBPOBKH HA CTIMKICTh J10
MDKKPUCTAJITHOI KOPO3II 3BAPHHX 3'€IHAHDb

Hataunia €. Kaninina,! Jliana b. I'ymikosa,? €sren 0. [xyp,! Ceprii . Xoaupes,2 Bacuas T. Kaninin,3
Cepriii A. [lonimko?!
1/Tninposcobkuli HayioHaabHUll yHieepcumem imeHi Onecst [onvapa, np. lazapina, 72, [lHinpo, 49010, Ykpaina
3HayioHaabHa memasypeitina akademis Ykpainu, np. I'azapina, 4, JHinpo, 49600, Ykpaina
2Xapkiscbkull HaYioHaAbHUL a8MOMO6IALHO-00p0XCHIl yHIBepcumem, 8y. SfIpocaasa Mydpozo, 25, Xapkis, 61002, Ykpaina

AHoTalis

JJ1s1 BUTOTOBJIEHHA JeTaJsied i By3/iB TYp6GOHACOCHOIO arperaTty pakeTHOIro ABUI'YHA 3aCTOCOBYIOThCS 3BapHi 3'eA-
HaHHA 3 KOPO3iMHOCTIIKMMHU CTa/JIAAMM i )KapOMilJHUMU CIlJIaBaMy, Ki BUMarawThb Pi3HUX pe>KUMiB TepMidyHOi 06po-
6KM JJ1sl JOCATHEHHS PiBHA MeXaHiYHUX BJIACTUBOCTEM, 3a3HaY€HUX B KOHCTPYKTOPChKOI JOKyMeHTaIlji.

IIpu BUroTOBJIeHHI AeTasiell i By3/iB PiiJUHHUX paKeTHHUX ABUTYHIB, y 3B’I3Ky 3 I€eBHUMH TPYAHOILAMHU NPHU NOCTA-
4YaHHi MaTepiaiB 3 KpaiH €C, Ha MalIMHOGYAiBHUX NiANPUEMCTBAX YKpaiHU BUHUK/Ia HEOOXiAHICTh 3aMiHU HamiB-
daGpukariB. B nepmy yepry morpi6Ha 3aMmiHa JIMCTOBOro HMpOKaTy i3 BucOKosieroBaHux cmiaBiB XH67MBTIO i
06X15H6MB®b Ha oaMH cI/IaB, AIKUH BOJIOJIB 64 HeO6XiJHUM KOMIIJIEKCOM (i3MK0-MeXaHiYHMX XapaKTepUCTHK. Y
poGOoTi B IKOCTi 3aMiHM 3aCTOCOBYBaHMX »KapOMIIHUX CIJIaBiB 06paHuii ciiiaB Inconel 718 y 3BapHOMYy 3'€jHaHHI 3i
crasunio 316L. Y pe3y/ibTaTi NOpiBHAJIBHUX AOCAiJKeHb CTIKOCTI 40 MDXKKpHCTa/lIiTHOI KOpOo3ii 3BapHUX 3'€HaHb
»kapominHoro cniaBy Inconel 718 HepxkaBiwouoi mic/is pisHUX pexKUMiB TepMi4HOI 06POGKU peKOMeHA0BaHMH pe-
»KUM HU3bKOTEeMIepaTypHOro HarpiBy npm naiini npu remnepatypi 950 °C. 3pa3ku 3BapHUX 3'€JHaHb, 06p06JIeHi 3a
pPeKOMeHA0BaHUM PeKUMOM, NOKa3a/Iy NiABUILLEeHY KOPO3iiHy CTilKiCTb.
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AHHOTan Mg

JJIs1 UI3TOTOBJIEHUA JeTajlei U y3/10B TYPGOHACOCHOI'0 arperata pakeTHOro JABHUraTeJ/is IPUMEHSAIOTCA CBapHbIE CO-
eJMHEHUS] C KOPPO3MOHHOCTOMKUMHM CTa/IIMM U KapONPOYHbIMHM CIUIaBaMH, TPeGyoliye pa3/IMYHbIX PEeXHUMOB
TepMHYeCcKOH 06paGOTKH AJIA AOCTHKEHHUs YPOBHS MeXaHHYeCKHX CBOMCTB, YKa3aHHBIX B KOHCTPYKTOPCKOM AOKY-
MeHTaLMH.

IIpu U3roToB/JE€HNH JeTajlel M y3JI0B »KUAKOCTHBIX PAaKeTHBIX JABUraTeJsel, B CBA3HU C onpeje/ieHHbIMU TPYAHOCTS-
MM IIpH NIOCTaBKe MaTepua/ioB U3 cTpad EC, Ha MallMHOCTPOUTE/BHBIX NPeJNPHUATUAX YKpauHbl BO3HUK/IA He06-
XOAUMOCTb 3aMeHbl N0/1y$pa6puKaToB. B nepBylo oyepeAb He06X04UMa 3aMeHa JIMCTOBOrO NMPOKaTa U3 BbICOKOJIe-
rupoBaHHbIX cmiaBoB XH67MBTIO u 06X15H6MB®BF Ha O0AMH CIUIaB C BBICOKHM KOMILIEKCOM (QH3UKO-
MeXaHH4YeCKUX XapaKTepUCTHK. B pa6oTe B KayecTBe 3aMeHbl NPUMEHSEMbIX >KaPONPOYHBIX CIJIABOB BBIGPaH
ciiaB Inconel 718 B cBapHOM coeAUHEHUH €O cTasbio 316L. B pe3ysbTaTe CpaBHUTEIbHBIX HCC/I€A0BAHUI CTOMKOC-
TH K MEXKPHUCTA/VIMTHOH KOPPO3MHU CBapHBIX coeJUHEHHMH >Kaponmpo4yHoro cmiasa Inconel 718 c¢ HepxkaBelomei
CTa/Ibl0 MOC/Ie Pa3/JINYHbIX PeXKUMOB TEPMUYECKOH 06PaGOTKM PEKOMEHAOBAH pPeXUM HM3KOTeMNepaTypHOro Ha-
rpeBa npu naiike npu temneparype 950 °C. O6pa3ubl CBApHbIX COeJUHEHUH, 06paGoTaHHbIEe IO PeKOMEHA0BaHHO-
MY peKHUMY, IOKa3aJI1 NOBbILIEeHHYI0 KOPPO3HUOHHYI0 CTOMKOCTD.

Katouegbie csn08a: »aponpoyHbIN CIJIaB; KOPPO3UOHHAsK CTOHKOCTb; MEXKPHUCTAUIMTHAsA KOPPO3Us; CBAPKa; CTPYKTYPa;

namka.

Introduction

The main operational properties of turbo-
pump engine parts and units (TPA) are heat re-
sistance, long-term durability and corrosion re-
sistance [1-3]. These requirements are achieved
by selection of materials, technology of their pro-
duction and subsequent processing. Thermal in-
fluences during welding and heat treatment affect
the alloy structure and change performance
properties. Therefore, the effect of thermal influ-
ences on the corrosion resistance of welded joints
of the main combinations of materials used in the
missile carrier manufacture was studied during
the work. Since most parts and assemblies of TPA
are soldered and welded in different sequences,
the soldering of heat-resistant alloy using band
solder after corrosion-resistant steel welding was
considered. This work was carried out to study
various thermal influences of the soldering pro-
cess on a welded joint to simulate the conditions
for manufacturing real assemblies.

Problem Overview

Corrosion is a spontaneous redox process of
destruction of metals and alloys due to interac-
tion with the environment. When multi-
component alloys come into contact with an elec-
trolyte (which can be water adsorbed from air),
many micro-galvanic pairs appear on the metal
surface. In these pairs, atoms of a more active
metal (usually Fe) play the role of an anode, and
atoms of a less active metal play the role of a
cathode. At the cathode, there is a reduction pro-
cess of O, molecules in neutral and alkaline me-

diums, or of H* ions in an acidic medium
[5; 6; 8; 9].

Iron oxides Fe,03; form a loose film does not
prevent the penetration of air oxygen and corro-
sion. Corrosion resistance of steels is achieved by
alloying steels with chromium or chromium and
nickel [4]. Corrosion-resistant steels can be clas-
sified by structural class as ferritic, pearlitic, mar-
tensitic and austenitic - depending on the struc-
ture after heating the steels in the austenite field
and cooling in air [9-13].

Nickel is the basis of the Inconel 718 alloy; it
has an FCC crystal lattice similar to the Fcy lattice.
Therefore, nickel doping broadens the austenite
field [27] (Fig. 1).

The most widely used steels are nickel-
chromium steels of 12X18H9 and 12X18HOT
grades. The structure of these steels is austenitic,
both at room temperature and upon heating, i.e.
they do not undergo polymorphic transformation.
Products made of these steels are subjected to
heat treatment, but not for the purpose of hard-
ening (this is impossible, since recrystallization
does not occur with a change in temperature),
but to increase corrosion resistance due to the
chromium enrichment of solid solution [14-17].
Presence of carbon means that chromium car-
bides are present in the structure of the annealed
steel, which means that not all chromium is in
solid solution. Quench hardening at a ~1000°C
temperature allows to dissolve the chromium
carbides in austenite and to prevent their precipi-
tation during quenching.



36

Journal of Chemistry and Technologies, 2020, 28(1), 34-41

[
H
[450H0
I e — ="
LADD —
120
{4 f
SiH
= * 3 when heating
"'b, [~
ﬁu{, n .
MWNH
1||'.Il =~ /1 o
ONTEF F
2ue \ .r".f =
a VNS '
o "' _.:-._F_u + ¥ when cooling —
: I Y |
10 4 o 20 30 A0 30 60 FO B0 W I0H

— I, S

Fig. 1. System Status Chart "Fe - Ni" [27]

Materials and Methods

The Inconel 718 heat-resistant austenitic alloy
of the Fe-Cr-Ni system and the 12X18H10T and
SLS 316L corrosion-resistant steels were selected
as the materials for the study. Inconel 718 alloy is
a heat-resistant nickel alloy of the Fe-Cr-Ni sys-
tem and is used in rocket engineering for the
manufacture of rocket engine combustion cham-
ber jackets, parts of turbopump assemblies and
other critical duty products [18-22]. The alloy is
used in the temperature range from -252.8 °C to
+704.4 °C, and is stable in chemically active gase-
ous environments at the temperature of up to
+980 °C [23-26].

316L steel is austenitic structural cryogenic
steel. This steel is resistant to corrosion in ag-
gressive environments, as well as to most exter-
nal influences, it has the ability to maintain the
structure integrity during an increase or decrease
of temperature [26; 28]. The studied samples of
316L steel were obtained using powder raw ma-
terials and additive technology [29].

The studied materials and chemical composi-
tion are given in Table 1.

Table 1
The chemical composition of the investigated alloys
Semi- Chemical composition, %
fabrica-
Alloy  ted ) ) )
product, C Mn Si S p Cr Ni Ti Mo W \Y Al Cu Fe
mm
§h1e7et 0.03 0.08 0.08 0.0001 0.008 18.24 53.53 097 299 - B-0.002 0.51 0.07 17.9
Inconel
718 Filler
wire 0.04 0.06 0.07 0.001 0.008 18.7553.44 098 288 - B-0.004 058 0.11 17.8
d1.6
'112())(%81—[ gh(;aet 0.05 0.57 0.59 0.002 0.029 17.58 9.05 03 0.1 0.023 0.029 - 0.22 Basis
Sheet .
316L 30 0.03 2.0 1.0 0.003 0.045 16.0 14.05 0.5 3.1 0.023 Basis

Tests and studies were performed on the
equipment of a machine-building enterprise. The
ICC tests were carried out using the “AM” method
in accordance with GOST 6032-89 [30]: the weld-
ed samples were boiled for 24 hours in a sulfuric
acid solution with the addition of copper sulfate
and copper chips, then the samples were bent by
90 degrees. The bending point was controlled by
visual inspection and metallographic method us-
ing MBC and Neophot-2 microscopes with magni-
fication up to 200 times. 5x10 mm samples for
the manufacture of metallographic specimens

were cut from the bending sections. Heat treat-
ment was carried out in a CII-1300 heat-
treatment silit furnace, I'70HX soldering was
simulated in accordance with soldering condi-
tions and a standard process, welding was per-
formed with a CAHE-2M welding machine.

Discussion

Weld preparation. Before welding, each work-
piece underwent geometry control, magnet check
and visual inspection for the presence of oxide
scabs and nicks. In accordance with OST 92-
1152-75, before welding, each weld edge was
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cleaned of oxide films formed during heat treat-
ment and degreased with a petroleum solvent.

Welding process. Welded assemblies were
welded by manual argon-arc welding in accord-
ance with the recommendations of the Nicrofer
manufacturer: I = 140 A, argon consumption: 15
1/min for protection, 5 1/min for blowing. During
shielded arc welding, grade 1 argon was used
(volume fraction of argon - 99.90%, oxygen -
0.005%, nitrogen - 0.10 %, water vapor at 760
mm Hg - 0.03 g/m3).

Weld joint treatment. To remove the oxide film
and oxidation tint, the surface of the weld joint
and the weld-affected zone was treated to a Rz 40
roughness parameter and all welded joints un-
derwent X-ray control for welding defects. Ac-
cording to the manufacturing process, after weld-
ing workpieces were sent for '70HX band solder-
ing (the solder contains Mg 70 %, as well as
additional components - nickel, chromium).

Soldering was carried out in two modes:

— heating to 950£10 °C, holding for 30 minutes
from the moment of loading into the furnace,
cooling to 300 °C in the furnace, then in the air.

— heating to 1200+10°C, holding for 20
minutes from the moment of loading into the fur-
nace, cooling to 300 °C in the furnace, then in the
air.

Determination of ICC resistance. To determine
the ICC susceptibility, either welded samples or

samples after special ICC provoking heat treat-
ment are tested. The provocative treatment con-
ditions depend on the structural class of steel.
Standard test methods and standard steels are
specified in GOST 6032-89. For new non-
standardized steels, the MCC control method is
selected taking into account the environment for
which the steel is intended.

The study of welded samples of Inconel 718-
stainless steel alloy for ICC resistance was carried
out on the steel side. The 316L steel surface in the
weld zone was examined in the as-received con-
dition (condition of supply), without surface con-
ditioning. The results of the study are given in
Table 2.

Etching treatment was carried out using a rea-
gent of the composition: water — 1000 cm3, cop-
per sulfate - 130.0 g, sulfuric acid - 120.0 g. In
accordance with the GOST requirements, the
sample is considered resistant if the ICC depth
does not exceed 0.03 mm. Increased etchability is
not considered a defect, but it indicates a tenden-
cy for the material to corrode (Table 2). When
identifying ICC using structural etching, it should
be noted that grain boundaries are thermody-
namically more active and etched more strongly
than the rest of the grain surface. Therefore,
etched grain boundaries can be mistaken for ICC.

Table 2
The results of research on intercrystalline corrosion
Sample Material Heat' . treatment ICC depth, mm Conclusion
No. conditions
Soldering imitation
132 o . No ICC
.STS 316L - 950 C.+ aglng - (increased etchability to a 0.33 mm  Resistant
133 inconel 718  Soldering imitation depth)
1200 °C+ aging P
151 After soldering: 0.24
141 12X18H10T- Soldel;mg 1m1tat10n 0.17, (increased etchability to a .
inconel 718 1210 °C+ aging 0.23 mm depth) Not resistant
2 Soldering imitation 0.07, (increased etchability to a

950 °C+ aging

0.14 mm depth)

Before ICC susceptibility testing, a visual in-
spection and a metallographic study (with a
welded sample surface magnification up to 200
times) on the 316L steel side were performed. It
was established that the surface of the samples
from the initial side is rough with the presence of
recesses and protrusions of oblong and round
shape, the other side is smooth and slightly rough
after mechanical cleaning.

During microexamination of sections of the
samples No. 132 and 133 intercrystalline corro-
sion was not detected. From the surface to a
depth of 0.33 mm, increased etchability of grain
boundaries was observed due to the precipitation
of various oxide inclusions. During visual inspec-
tion, recesses up to ~0.08 mm were found (Fig. 2)
in sections on the initial surface side of samples
No. 132 (Fig. 2a) and No. 133 (Fig. 2b).
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Increased etchability
area

Increased etchability
area

Fig. 2. Increased etchability of grains from the sample surface from the side of steel STS 316L, x200

Increased etchability of the grain boundaries
of 316L steel indicates the ICC susceptibility of
the alloy, but it is not definitive. When increased
etchability of grain boundaries is detected in the
steel structure study, it is important to note its
depth. Increased etchability of grain boundaries
near the edge of the sample also occurs during
electrolytic etching due to the higher current
density at the edge.

When examining samples that were soldered
at a 1200 °C temperature, it was found that they
are less resistant to ICC than those that have been
soldered at a 950 °C temperature. Intercrystalline
corrosion on 12X18H10T steel samples is shown
in Fig. 3. The occurrence of susceptibility to cor-
rosion damage of boundaries when steel is ex-
posed to a corrosive environment is obviously
associated with the occurrence of new grain
boundary phases or segregations that differ in

\\V

PITY

composition from the average chemical composi-
tion of steel.

Fig. 3. Intergranular corrosion on steel samples
12X18H10T, x200

Grain corrosion areas are clearly visible in Fig.
3, which indicates that 12X18H10T steel is not
[CC-resistant after soldering at a 1200 °C temper-
ature.

The etching pattern of the steel grain bounda-
ries during the ICC testing is shown in Fig. 4.

5

Fig. 4 Etching microstructure of steels:
a - ICC; b - grain boundary etchability

ICC susceptibility occurs as a result of struc-
tural heterogeneity of grain boundaries, second-
ary phase precipitation, depletion or enrichment
of adjacent sections of the a-solid matrix solution
of alloying elements, formation of submicro- and

micro-cavities through the drainage and coagula-
tion of vacancies.

Conclusions
1. A comparative study of the ICC susceptibil-
ity of Inconel 718-stainless steel alloy welded
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joints at various soldering temperatures was car-
ried out.

2. The study of welded samples of heat-
resistant alloy with stainless steel for ICC re-
sistance showed that it is not advisable to use

welded

joints of Inconel 718 alloy with

12X18H10T steel and 316L steel when soldering
in aggressive environments at a 1200°C tempera-
ture.

3. Recommended heat treatment conditions:
heating to 950 + 10 °C, holding for 30 minutes,
cooling to 300 °C in the furnace, then in the air.

Welded samples of Inconel 718 alloy with
316L steel, treated in accordance with the rec-
ommended heat treatment conditions, showed
high ICC resistance.
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