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INVESTIGATION OF CORROSION RESISTANCE OF WELDED FLEXIBLE
COMPENSATION ELEMENTS FROM AUSTENITIC STEELS OPERATING IN
AGGRESSIVE ENVIRONMENTS

The main characteristics of welded flexible compensating elements made of austenitic
steels AISI 304 and AISI 316 are considered, and an analysis of the types of corrosion
arising during their operation is carried out. Metallographic studies and studies to assess
the resistance to pitting and intergranular corrosion have been carried out. Research has
been carried out on the chemical composition of materials for the manufacture of metal
hoses and bellows expansion joints, as well as research on resistance to corrosion crack-
ing. As a result of the experiments carried out, the effect of heat treatment and the degree
of deformation on the corrosion resistance of austenitic steels AISI 304 and AISI 316 in
various environments has been determined.
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Mopeau @.B., Ieanoe B.IL., Conioop H.A. /ocnioycennsn Kopo3innoi cmiiikocmi 36ap-
HUX ZHYYKUX KOMREHCAUIUHUX eJIeMEHMIE 3 ayCMmeHImHuX cmaineil, Wio eKcniyamy-
wmusca 6 azpecugnux cepeoosuwiax. Po3zenanymo ocHOGHI Xapakmepucmuxu 36apHUxX
SHYUKUX KOMReHCayitinux enemenmie 3 aycmeHnimuux cmaneti AISI 304 i AISI 316 i 30itic-
HEHO aHani3 6udié KOposii, Wo euHUKarmb npu ix excnayamayii. B axocmi naibinvu
ULMOBIPHUX NPUYUH NPOABY MICUeB0i KOpo3ii po3eniaHymi HeOOHODIOHUU HANPYICeHUli
CMaH i CK1a0 Kopo3iliHo20 cepedosuiyd, 8 AKOMY 30IUCHIOEMbCA 30epieantsa 1 eKCniya-
mayisi 6Upodie. 3anpPonOHOBAHO BUKOPUCTHAHHS MePMIuHOi 00pobKU AK egheKmugHo2o
CnOCOOy 3HUMNICEHHS. PIGHSL 6HYMPIWHIX Hanpyicens. TIposedeno memanoepadiuni docni-
00ICeHHsL | OOCTIONCEHHS 3 OYIHKU CMIUKOCE 00 NIMMUH208O0I I MIJCKPUCMATIMHOL KOPO-
3ii. IIposedeno 00cniodiceH s XIMIYH020 CKAAdY MAmepianie 0Jisi U2OMOGIEHHL MEMAal0-
PYKABI8 I CUNb@DOHHUX KOMNEHCAMOPIB, d MAKONC OOCAIONCEHHS CMIUKOCMI RPOMuU KOpO-
3iliH020 po3mpicKyeanHs. Bcmanosneno, wo 6 ymosax GUCOKUX NOKA3HUKIE 801020CHI i
emicmy xaopudy nampiio 6 ammocgepi cmanv mapxu AISI 316 mae binvu sucoki nokas-
HUuKu cmivxocmi 00 micyegoi koposii, a cmitkicmo cmanei AISI 304 i AISI 316 0o xopo-
3iIHO20 PO3ZMPICKYBAHHA BUABUNACA 3a008i1bHON. [Iposederi docniodcenHs wooo 8NIUBY
mepmMooOpoOKU HA KOPO3IUHY CMIUKICMb 3pA3KI8 36APHUX SHYUKUX KOMNEHCAYIUHUX elle-
menmie 6 60%-my pozuuni xaopudy Hampiio. Bcmarnoeneno 6 pesynomami, wo 6i0nycmxa
npu memnepamypi 550°C 0ns 6cix nonepednvo degpopmosanux spaskie cmaneu AlSI 304
i AISI 316 npuzsodumv 00 3HUIMCEHHA IHMEHCUBHOCMI KOPO3IUHUX Npoyecis, uwo
N08 a3aH0 31 3MEHUIEHHAM PiGHA GHYMPIWHIX HANPYdCceHb 8 Memani. B pesynomami npo-
BE0CHUX eKCNEPUMEHNIB BUBHAYUEHO NaApAMempu ONMUMATLHO20 PENCUMY MepMiuHoi 00-
POOKU HA KOPO3IUHY CMIUKICIMb 36APHUX SHYYKUX KOMNEHCAYIUHUX elleMenmis i3 aycme-
HIMHUX cmaret, Wo eKCIyamyombCs 8 aepeCusHUX cepedosuiyax.

Knrouoei cnosa: enyuxi KoMneHcayitini elemMenmu, Hepacasioua Cmaib, Memaioepapiuni
00CHI0HCEHHS, KOPO3IUHA CMIUKICMb, MIKPONIA3MO8€ 36aPI0BAHHSL.

Mopeaii @.B., Heanos B.I1., Conuoop H.A. Hccnedosanue Koppo3uoHHOii CHOUKOCmU
CBAPHBIX ZUOKUX KOMNEHCAUUOHHBIX INEMEHMO6 U3 AYCHEHUMHBIX cmaeil, IKCHLy-
AMUPYIOWUXCA 68 AZPeccusHbIx cpedax. Paccmompenvi ocnosnvle xapaxmepucmuku
CBAPHBIX 2UOKUX KOMNEHCAYUOHHLIX dlemeHmos u3z aycmenumusix cmanet AISI 304 u
AlSI 316 u ocywecmenen ananusz 6u006 KOppo3uu, BOHUKAIOWUX NPU UX IKCHAYAMAYUL.
IIposedenvt memannoepaguueckue UCCre008aHUS U UCCIEO08AHUS NO OYeHKe CIMOUKOCU
K NUMMUH2080U U MENCKPUCMATIUMHOU Kopposuu. TIposedensvl ucciedosanus Xumuye-
CKO20 COCTABA MAMEPUANos OISl U320MOGIEHUS MEMALIOPYKABO8 U CUNbDOHHBIX KOM-
NeHCamopos, a Maxice UCCIed008anUs CMOUKOCMU NPOMUE KOPPOZUOHHO2O0 PACMPECcKU-
sanus. B pesynomame npogedenHbix d9KCRepUMEHMO8 Onpedeielbl GIUSHUE MEePMULECKOU
obpabomxu u cmenenu oeghopmayuu Ha KOPPOIUOHHYIO CHOUKOCMb AYCHMEHUMHbBIX Ca-
net AlSI 304 u AISI 316 6 paznuunvix cpedax.

Knrouesvie crosa: cubkue KOMNEHCAYUOHHbIE INEMEHMbL, HEPHCABEIOWAs CIMATb, Me-
manioepaghuieckue uccied08anusl, KOPPO3UOHHAS CIMOUKOCHb, MUKPONIAIMEHHASL CEAap-
Ka.

Description of the problem. Austenitic chromium-nickel steels are one of the main materials in
the manufacture of flexible compensating elements (FCE), where aggressive technological environ-
ments prevail.

Despite the extensive a priori information, the reasons for the corrosion processes of chromium-
nickel steels and metal of welded joints that occur in chloride and alkaline media, both without and
with temperature-force action, have not yet been sufficiently clarified, which complicates the devel-
opment of recommendations for reducing the degree of equipment destruction and devices.

A feature of austenitic chromium-nickel steels is their tendency to pitting corrosion, especially
under conditions of exposure to chlorine ions (i.e., in a maritime climate). In addition, the surface con-
dition has a great influence on the corrosion resistance of steels. The presence on the surface of the
steel of traces of cleaning, scratches, rough marks, traces of raster and other defects reduces the quality
of the passive film, which is responsible for the corrosion resistance of steels, and facilitates the for-
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mation of foci of corrosion and their further development during operation. The best type of pro-
cessing is surface polishing, during which the smallest irregularities of the surface are smoothed,
scratches are removed, the shine is sharply increased and the decorative and presentation of the prod-
ucts is improved.

Analysis of recent research and publications. It is known that the tendency of steel structures
to fracture in aggressive technological solutions is mainly due to the properties of the metal, the
stressed state of the product, and the activity of the medium [1, 2]. The composition and structure of
the heat-affected zone of the welded joint depend on the thermal deformation and thermomechanical
welding cycles. In this case, zones with different properties appear in the metal [3, 4]. In addition, an
unfavorable change in the stress state of the metal is also a factor that enhances the effect of a corro-
sive environment [5].

FCE are manufactured using microplasma welding and subsequent deformation into a corruga-
tion of a given diameter. The nature of corrosion damage and their location (far from the welded seam
and HAZ) allow us to conclude that no unfavorable changes occur in the weld metal and the near-weld
zone during welding. Damage is observed not over the entire surface of the product, but in the most
defective areas with a high level of residual stresses between stiffeners (corrugations). It is known that
defective areas of crystals (high- and low-angle boundaries, dislocations), the electrode potential of
which is underestimated, are anodes and are destroyed by corrosion [6]. Previous studies have shown
that austenitic steel grade AISI 316 has higher resistance to local corrosion, and the resistance of steels
AISI 304 and AISI 316 to stress corrosion cracking was found to be satisfactory [2, 6]. In addition,
studies of finished products have shown that there is accelerated corrosion of metal hoses from the
outside, which is already detected during storage of products in the warehouse of the enterprise. It
should be noted that the air in the storage room contains an increased salt content and is characterized
by high humidity. At the same time, condensate settles in the depressions of the metal hoses, which
enhances the pitting corrosion of products.

Purpose of the article — development of measures to improve the technology of manufacturing
welded flexible compensating elements made of austenitic stainless steels, allowing increasing the op-
erational resistance of products when operating in various environments and loading conditions.

Presentation of the main material. One of the most probable causes of local corrosion (spots,
pits, ulcers) of the products under consideration is the inhomogeneous stress state and the composition
of the corrosive environment. The stress state affects the corrosion behavior of the metal due to the
following phenomena:

a) imparting additional energy to the metal, which causes a decrease in its thermodynamic sta-
bility; the deformed metal has a lower work function, i.e., the bond is weakened and, consequently, it
is easier for the Me + ion to leave the lattice in comparison with an undeformed metal,

b) violations under the influence of deformation of the continuity and protective properties of
surface films; the film formed on a stressed or deformed metal at the initial moment of the action of
the electrolyte contains more cracks and a larger size than on an undeformed metal, as a result of
which the potential can be flattened,;

¢) an increase in the degree of inhomogeneity associated with the appearance of crystal lattice
defects and new anode phases under the action of deformation.

The voltages applied in the concentrators shift the electrode potential to the negative side and
increase the rate of anodic dissolution of the metal.

In general, the danger of the effect of the stress state on corrosion is not an increase in general
corrosion, but a change in its nature, in its transformation from uniform to local. Local anodic areas
and corrosive paths can be divided into initial ones, which are already present in the metal without a
stressed state, and arising under the action of a stressed state.

The first group includes microstructural and chemical inhomogeneities of the alloy, grain
boundaries, lattice and structure defects (dislocations, their accumulations, micro-enrichment of dis-
solved atoms on crystal defects), local disturbances of the film, and initial microcracks.

The second group includes moving lattice defects (deformable metal) at the crack tip, mi-
crosegregations of atoms of the dissolved component on moving lattice defects at the crack tip, new
corrosion-unstable phases that arise during deformation at the crack tip, areas under film breaks
formed during metal deformation.

One of the most effective ways to reduce the level of internal stresses in alloys is heat treatment.
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In this connection, the work carried out research on the effect of heat treatment on the corrosion re-
sistance of stainless steel of the austenitic class AISI 316 in 60% sodium chloride solution. After tests
for electrochemical corrosion in a salt solution, the weight loss of the AISI 316 steel samples without
heat treatment was 0.027 g.

Samples of AISI 316 steel were tempered at a temperature of 200°C in order to reduce internal
stresses. The heating exposure was 30, 60, 90 and 120 minutes. After the tempering, cooling was car-
ried out in calm air. All the samples under study after heat treatment were checked by the magnetic
method, as a result of which the presence of magnetic phases was not detected. Then the samples were
subjected to electrochemical corrosion in a 60% aqueous solution of sodium chloride (NaCl).

In the course of the research, it was found that the corrosion resistance of AISI 316 steel sam-
ples after low tempering at different holding times in the range from 30 to 120 min changes ambigu-
ously (Fig. 1).
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Fig. 1 — Corrosion resistance of AISI 316 steel specimens versus low tempering holding
time (NaCl 60%)

Thus, a decrease in the intensity of corrosion destruction of AlISI 316 steel was observed after
tempering at 200°C for 60 min, and the intensification of corrosion processes was observed at expo-
sures of 90 min or more, which is confirmed by the indicators of changes in the mass of the samples
under study and by studying their macrostructure.

As a result of the research, the features of the macrostructure of the studied samples from AlSI
316 steel were studied. The macrostructure of the studied samples after electrochemical corrosion in a
saline solution is shown in Fig. 2.

It has been found that AISI 316 steel samples are less susceptible to electrochemical corrosion
after tempering at a temperature of 200°C (7, = 60 min). This is probably due to the fact that, at a giv-
en temperature and holding time, internal stresses obtained as a result of preliminary deformation are
completely removed in steel, and corrosion proceeds at the lowest rate.

According to the data obtained, with an increase in the holding time over 60 min, an increase in
the corrosion rate of the steel under study occurs, which is probably due to an increase in the concen-
tration of impurities near dislocations. In this case, upon reaching the solubility limit near the disloca-
tion core, dispersed precipitates of the second phase (carbides) can form, which are anodes and pro-
voke the activation of corrosion processes [6]. At the same time, on the surface of the metal, the for-
mation of a large number of small disconnected lesions (pits) is observed, which merge in some plac-
es, forming ulcers. The formation of pits on the surface of stainless steels occurs mainly near particles
of non-metallic inclusions, primarily oxides and carbides, as well as accumulations of dislocations and
defects in machining. Pitting begins with the initiation of a groove near the inclusion, as it increases,
separation occurs first, and then gradual destruction of the inclusion. The pitting surface dissolves in a
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corrosive environment at a rate of several thousand monolayers per second, in contrast to the adjacent
metal area. It should be noted that pitting corrosion is extremely dangerous, since at low weight loss,
the metal is exposed to deep lesions, in a short time leading to through defects.

Teem = 200°C

30 min 60 min

Tem = 200°C Tiem = 200°C

90 min 120 min
Fig. 2 — Appearance and microstructure of samples after testing

Based on the data obtained, for metal hoses made of steel of the austenitic class AlSI 316, in or-
der to reduce the tendency to corrosive destruction (pitting corrosion), it is recommended to carry out
tempering to relieve internal stresses at a temperature of 200°C for 60 min. Heat treatment (tempering)
of AISI 316 steel at a temperature of 200°C was carried out in an electric muffle furnace
FEM-0.05/1100 (Fig. 3). The furnace is equipped with a TM-403 thermostat and a chromel-alumel
thermocouple. The holding time of the samples was 30, 60, 90, and 120 min. Cooling of steels after
tempering was carried out in calm air.
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Fig. 3 — Schematic diagram of the heat treatment regime for AISI 316 steel (a) and the
appearance of samples (b) during tests for electrochemical corrosion (c)

The simplest and most accessible method for determining the corrosion resistance of metals in
electrolytes is the open vessel test (Fig. 3), which allows you to investigate most of the corrosion indi-
cators.
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Electrochemical corrosion tests were performed according to GOST 9.514-99 in 60% sodium
chloride (NaCl) solution. A photo of the tests is shown in Fig. 3, c. The main test parameters: voltage
U=3V,current | = 1.5 A. After testing, the samples were washed with water, dried, degreased and
weighed. The determination of the weight loss of the samples was carried out every 5 minutes of testing
by weighing the samples using an electric equal-arm balance model VLR-200 (TU 25.06.1131-75). The
total test time was 10 minutes. In fig. 4 shows a graph of the change in the weight loss of the samples
of the studied steels depending on the degree of deformation.
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Fig. 4 — Effect of the degree of deformation of AISI 304 and AISI 316 steels on their cor-
rosion resistance

Also, the work investigated the effect of tempering at a temperature of 550°C, carried out after
stretching the samples with various degrees of deformation, on their corrosion resistance in a sodium
chloride solution. The research results are shown in Fig. 5.
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Fig. 5 — Corrosion resistance of samples of steels AISI 304 and AISI 316, pre-tensioned
with different degrees of deformation, after tempering at 550°C

The research results indicate the ambiguous influence of the degree of deformation of the FCE
samples on the corrosion resistance of the studied steels. In the investigated range of the degree of de-
formation in both cases, a local maximum was found for a value of 40%, above which the resistance of
the samples to electrochemical corrosion increased to 60%. A further increase in the degree of defor-
mation predictably led to a repeated decrease in the corrosion resistance of the samples of the studied
steels, both without heat treatment and after tempering.
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Despite this circumstance, research results have shown that tempering at a temperature of 550°C
for all pre-deformed samples of AISI 304 and AISI 316 steels leads to a decrease in the intensity of
corrosion processes, which is associated with a decrease in the level of internal stresses in the metal. It
was found that the favorable effect of thermal tempering on corrosion resistance was more pronounced
for steel AISI 304 than for steel AISI 316.

Conclusions

1. In the course of the study, it was found that as a result of the combined action of the stress
state and the influence of the environment, flexible compensating elements made of austenitic steels
AISI 304 and AISI 316 exhibit instability to pitting corrosion. The main destabilizing factors that
promote pitting and other local types of corrosion are grain boundary carbide deposition and twinning
during liner fabrication and operating conditions.

2. The effect of tempering at a temperature of 200°C with different holding times for 30, 60, 90
and 120 min on the corrosion resistance of stainless steel of the austenitic class AISI 316 in a 60% so-
dium chloride solution was investigated. It has been established that the corrosion resistance of
AISI 316 steel samples varies ambiguously. Thus, the minimum rate of corrosion destruction is ob-
served in the samples after low tempering at a holding time of 60 min, and the maximum rate at a
holding time of 90 minutes or more. A decrease in the rate of corrosion destruction of AISI 316 steel
after tempering at 200°C for 60 min is due to a decrease in the elastic-plastic inhomogeneity of the
metal and a decrease in the level of internal stresses.

3. Based on the data obtained for metal hoses made of steel of austenitic class AISI 316, in or-
der to reduce the tendency to corrosive destruction (pitting corrosion), it is recommended to conduct
tempering to relieve internal stresses at a temperature of 200°C for 60 min.
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WAYS OF INCREASING THE DENSITY, STRENGTH AND
TRIBOTECHNICAL CHARACTERISTICS OF ANTIFRICTION POWDER
COMPOSITIONS

The article considers the issues of obtaining high-density powder compositions by reduc-
ing the amount of process lubricant in the charge or its complete exclusion from the
charge. It is shown that when technological grease is introduced into the charge under
conditions of high pressing pressure, it prevents compaction of the powder charge. This
is due to the negative effect of lubrication on the evacuation of air in the press. Lubrica-
tion enveloping the particles of metal powders at high sealing pressures closes the air
outlets from the area of the compaction seal. In the case of applying grease to the die
wall, the negative effect of lubrication at high pressing pressures is reduced to zero. The
introduction of lubricant into the powder charge is justified only in the case of pushing
the press out of the matrix, the lubricant reduces the pushing force. Reducing the amount
of lubricant (zinc stearate) to a reasonable minimum at high compression pressures con-
tributes to the compaction of the charge, i.e. dp/dp remains a positive value. Experi-

mental data show that the use of a minimum amount of lubricant helps to increase the
density of the presses, and hence all the mechanical properties of the sintered powder
compositions. To increase the competitiveness of powder compositions with cast materi-
als of similar composition, it is necessary to use the technology of double pressing and
sintering. However, double pressing technology doubles the product production cycle.
Therefore, further extensive research is required to fully solve the problem of obtaining
non-porous powder compositions by single pressing and sintering.

Keywords: density, strength, tribotechnical characteristics, powder composition, com-
paction pressure, the lubricant, the sealing performance.

Abacee 1.1. lInaxu nioguwienna winpHocmi, MiyHOCMI Ma MPUOOMEXHIUHUX XAPAK-
mepucmuK aHMU@PUKYILHUX NOPOUWIKOGUX KOMRO3UUil. Y cmammi po3enaoaomscs
NUMAHHA OMPUMAHHA BUCOKONJIOMHUX NOPOUKOBUX KOMNOSUYIU WLIAXOM 3HUINCEHMSA
KIIbKOCMI MEXHONI02IYHO20 MACMULA 8 WUXMI ab0 NO6HO20 BUKOUeHH: iT 3 wiuxmu. 1lo-
KA3aHo, W0 Npu 88e0eHHi 8 WUXMY MEeXHON02IYH020 MACMULA 8 YMOBAX NOJIOHCEHHA GU-
COKO20 MUCKY Npecy8aHHs, 0HA NEPEeuKO0HCAE VWINTbHEHHIO NOPOwKo8oi wuxmu. Lle
NOSACHIOEMbCS He2AMUBHUM 8NJIUBOM MACMUNLA HA e8aKYAYir0 NOGIMPS, U0 3HAXOOUMbCS
6 nopowky. Macmuno, ocopmaroyy yacmxu mMemanesux NOPOUIKI8 Npu GUCOKOM) MUCKY
VWINTbHEHHS, 3aKPUBAE WIAXY BUX00Y NOGIMPsL 3 0OaACi YWinbHeHHs npecy8ants. ¥ pasi
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