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KOMIIO3ULIOHHbIE MaTepuaJibl.

KOppo3us. HaHOMaTepHaJbl.

To improve the reliability and durability of oil and gas equipment. it is promising to use micro- and nanostructured metals and
alloys. as well as metal-matrix composites. Conventional and nanostructured samples of aluminum. copper. BrA9ZhZL bronze.
AMg6 alloy. and alumina-matrix dispersion-reinforced composite containing 6.3 wt % titanium were studied. Structuring
treatment of metal materials was carried out in the liquid phase. The aluminum matrix composite was synthesized by powder
metallurgy. A model electrolyte solution without forced circulation containing 30 g/L NaCl and an addition of acetic acid to
pH = 4.0 was used as a corrosive medium. The test base was 144 h. the temperature was +22 °C. the volume of the solution in the
cell with three samples was 500 ml. The relative calculated error of the tests was 5 %. For all the studied samples. a continuous
uniform distribution of corrosion damage to the metal surface is observed. At the same time. the corrosion rate (P. mm/year) of
nanostructured samples of metals and alloys is approximately 11 % less than the corrosion rate of samples of the same metals and
alloys that were not subjected to structuring treatment. For the aluminum matrix composite. it was noted that the dispersed
reinforcement of aluminum with titanium provides an increase in the corrosion resistance of the matrix metal by 9.6 %. The results
of the studies performed indicate an increased corrosion resistance of nanostructured metallic materials and an aluminum matrix
composite. which is important when they are used as part of equipment operating in a corrosive environment.

JIJ1A NOBHIIEHUA HAJ@XKHOCTU U OJITOBEYHOCTH PabGoTH HedTerazonmpoMBICIOBOTO 060py/JOBaHNUsA ABJIAETCA NepCHeKTUBHBIM
OpUMeHeHHe MHUKPO- U HAHOCTPYKTYPUPOBaHHBIX METaJ/UIOB M CIUIABOB. a TaKXXe MeTa/UIOMATPUYHBIX KOMIIO3UTOB.
HccnenoBanu OOBIYHBIE M HAHOCTPYKTYPHPOBaHHBIE 00pasIpl aJlOMUHHA. Mean. O6poH3bl BpA9XK3JI. crutaBa AMr6 u
QIIOMOMATPUYHBIN AWUCIIEPCHO apMHPOBAHHBIM KOMIIO3UT. cofepxamuii 6.3 % (Mac.) TuraHa. CTpyKTypUpYIOLIyl0 06paboTKy

MeTa/UINYeCKUX MaTepHaioB NMPOBOAMJIA B XUAKOGA3HOM COCTOAHUU. ATIOMOMATPUYHBIEI KOMIIO3UT CHHTE3UPOBAJIU
METOAOM IOPOIIKOBOI MeTA/UTyprui. B KadecTBe KOPPO3HOHHOH Cpefibl HCIOJIb30BAIM MOJEIBHBIN PAcTBOP BJIEKTPOJIUTA Ge3
MPUHYAUTEIbHON HUPKyIAnun. comepxamuit 30 r/n NaCl u no6aBky ykcycHoi kuciaoTel o pH = 4.0. Basa ucnsiTaHuit
cocraBuna 144 4. temmeparypa +22 °C. o6beM pacTBopa B f4erike ¢ TpemA o6pasmamMu — 500 mu. OTHOcUTesbHAA
pacueTHas IOTPEIIHOCTb WCIBITAaHWil cocTaBmwia 5 %. [l BCeX HM3yYeHHBIX OOpasLoB HaGJIOJAETCA CIUIONIHOE PaBHOMEPHOe
pacrpejieJleHre KOPPO3UOHHOTO MOPaXeHUsA MeTaJIJINuecKoil moBepxHocTH. IIpu a3ToM ckopocTs kopposuu (II. MM/rox)
HaHOCTPYKTYPUPOBAHHBIX 00Pa3IioB METAJLJIOB U CIUIABOB NMPHMepHO Ha 11 % MeHble. 4eM CKOPOCTh KOPPO3UH 00pasLioB TeX Xe
MeTaJUIOB U CIUIAaBOB. He MOJBEpPraBUINXCA CTPYKTypHUpylomeil o6paboTke. J[JiA aJlOMOMaTPUYHOIO KOMIIO3UTA OTMEYEHO.
YTO AMCIEPCHOEe apMUpOBaHHe aTIOMHHHA THTAHOM OOecIedyrBaeT MOBHIIIEHNE KOPPO3HOHHOI CTOMKOCTH MAaTPUYHOTO
MeTaula Ha 9.6 %. Pe3yspTaThl NPOBEJEHHBIX HCCIENOBAHUI CBHUAETEIBCTBYIOT O IOBHIIIEHHON KOPPO3MOHHOH CTOMKOCTH
HaAHOCTPYKTYPUPOBAaHHBIX METAJUINYECKUX MaTepUaJioB M aJIOMOMATPUYHOTO KOMIIO3UTA. YTO BaXHO IPU UX NPHMEHEHUH B
cocTaBe 060py/JOBAaHUA. SKCIUIyaTUPYEMOro B KOPPO3MOHHO-aKTHBHOM cpeje.
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Introduction

The oil and gas industry plays a significant role in the
Russian economy and accounts for 15-25 % of GDP (in
2022, 20 %) (Fig. 1). In other countries, the share of the
oil and gas sector in GDP is, for example, 50 % in Saudi
Arabia, 30 % in the UAE, 14 % in Norway, 13.3 % in
Kazakhstan, less than 10 % in Canada, and 8 % in the USA
(RBC:thttps://www.rbc.ru/economics/13/07/21/60ec40
d39a7947f74aeb2aae).

Metallic equipment and structures in the oil and
gas industry come into contact with crude oil, natural
gas, petroleum products, solvents, water, soil, and the
atmosphere. Oil and petroleum products contain a
significant amount of aggressive components (chlorides,
hydrogen sulfide, carbon dioxide, bacteria, etc.),
which complicates the operation of oil extraction and
transportation [1-4].

Equipment corrosion during oil and gas extraction
is inevitable and is caused by water, carbon dioxide
(CO,), and hydrogen sulfide (H,S). This process can be
exacerbated in wells where high temperatures
combined with H,S create additional corrosion issues
and lead to the formation of iron sulfide (FeS) deposits
[4, 5]. Therefore, corrosion of petrochemical
equipment is one of the factors affecting the safety
processes and the sustainability of the petrochemical
industry [3, 6-8].

Acids and gases, sulfur oxides and organic vapors
corrode materials and cause damage. The removal of
various gases from the flow can be achieved through
absorption, electrostatic separators, and adsorption
[9-11]. The wastewater contains various chemicals,
which needs treatment to protect the environment.
Organic and inorganic impurities (such as phenol,
acetic acid, and organic compounds) can be removed
using various chemical and biological methods [2, 5,
10]. The removal of impurities helps reduce corrosion,
and some of these chemicals can be reused after water
separation from [5, 7, 8]. The combination of numerous
factors makes petrochemical equipment vulnerable to
various corrosion phenomena, which can lead to
significant losses and accidents.

Large losses due to corrosion are typical for all
countries with petrochemical and oil refining
industries (Table 1).

Almost 80 % of accidents and equipment failures at
oil extraction and refining enterprises in Russia result
from corrosive damage. For example, the specific
failure rate of pipelines (units/km/year) due to
corrosion for oil companies such as PJSC Gazprom Neft,
0OJSC Dagneft, PJSC LUKOIL, PJSC OC Rosneft, LLC
RN-Yuganskneftegaz, JSC Samaraneftegaz, LLC RN-
Sakhalinmorneftegaz, and LLC RN-Stavropolneftegaz
significantly exceeds the allowable reliability standards
for field pipeline systems. At the wells operated by LLC
"LUKOIL-Komi," LLC "RNS Stavropolneftegaz," OJSC
"Tomskneft" EOC, and others, the service life of the
pump-compressor pipes suspension does not exceed
4-6 months [1, 2, 9, 10].

Corrosion-related accidents increase the costs of
both scheduled and unscheduled repairs of oil field
equipment and reduce its depreciation periods. In
Russia, metal losses due to corrosion account for up to
12 % of the total mass of metal assets, which is
equivalent to a loss of almost 30 % of the metal
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Fig. 1. Oil and gas sector in the Russian economy
(Rosstat, Ministry of Finance, Federal Customs Service, Bank of
Russia, BP company:
https://www.rbc.ru/economics/13/07,/2021/
60ec40d39a7947f74aeb2aae):

o — the share of the oil and gas sector in Russia's GDP, %
— share of oil and gas revenues in the federal budget, %
— the share of oil and gas in commodity exports of Russia's
GDP, %
— average prices for Brent oil, USD per barrel

Table 1

Corrosion losses [3-7, 9, 10]

Total losses . .
Corrosion protection

Country from C(I)JrgoDs/i;:;rmillion costs, million USD,year
England 440
USA 500
Japan 575 340
Russia 390 370

produced by the metallurgical industry in a year.
However, the main damage from corrosion is not the
loss of metal as a material, but rather significant costs
for repairing corrosion-damaged equipment as well as
losses due to plant downtime during oil and gas
extraction. In many countries, the total losses from
corrosion amount to 30 % of the oil and gas production
costs or 4-6 % of national income [1, 4, 5, 12].

Corrosion protection

Corrosion is one of the most serious problems
faced by oil production companies and refineries. The
annual costs for corrosion protection are estimated in
the billions of dollars, which lead to development of
new corrosion-resistant materials and protective
measures [2-4, 14-17]. The importance of the issue is
confirmed by 1,887 studies published from 2000 to
2020 on search resourses as WOS SCIE, SSCI, A & HCI,
and CPCI-S [2-4, 7, 13].

To protect equipment from corrosion, various
methods are used: corrosion inhibitors and modern
materials, cathodic protection and the application of
protective coatings. Each method has its own features,
advantages and disadvantages.

Corrosion inhibitors are commonly used to reduce
the corrosive effects of metals [14-17]. However,
most inhibitor compounds have harmful effects on the
environment, and are also expensive and toxic.
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Therefore, there is a growing need to replace
petroleum inhibitors with environmentally friendly
ones [17-20].

Steel and aluminum are widely used in almost in
all sectors of the oil and gas industry. Carbon and
low-alloy carbon steels are the first alternative to
consider when selecting a material, not only for their
cost but also due to availability. Therefore,
significant efforts are made to improve the corrosion
resistance of carbon and low-alloy steels. When the
environment is too aggressive for carbon steels, one
of the ways to reduce corrosion is to use inhibitors.
However, in highly aggressive environments and
high temperatures, more expensive materials such as
corrosion-resistant alloys may be required [21-23].
Another key factor is the steel purity, as inclusions
can serve as nucleation sites for cracks. Additionally,
the content of phosphorus (P) and sulfur (S) must be
minimized

The production of stainless steels and alloys is
associated with significant consumption of scarce and
expensive materials and components. Consequently,
all industrially developed countries are not increasing
the production of these materials but use modern
coating technologies and enhancing the corrosion
resistance of components. Also, they conduct research
aimed at developing and creating corrosion-resistant
and cost-effective materials.

To reduce the impact of aggressive environments,
various anti-corrosion and wear-resistant coatings
along with nanocoatings are applied [27, 28].

The challenge of using specialized passive metals
and alloys lies in the relatively narrow range of
protective film characteristics. With a slight change in
operating conditions, the film is destroyed, leading to
breakthroughs of localized corrosion at the site of the
film rupture [24].

The oil and gas industry imposes high requirements
on materials due to aggressive environments, high
temperatures, pressures, and other factors. Functional
nanostructured and metal matrix composite materials
significantly meet these demands. In recent decades,
substantial progress has been made in enhancing
composite materials with matrices made from
lightweight metals for their use in the most critical
applications [29-31]. A significant part of these
materials are composites based on copper, aluminum,
and their alloys. The dispersion of functional fillers
within the metallic matrix allows for achieving
property levels to develop materials for specialized
applications [32-35].

In many studies, the corrosive behavior of
aluminum matrix composites reinforced with carbides
[29], refractories [34], graphite [31], and other fillers
[30] has been described.

Research methodology

In this work, we studied the effect of structure
parameters on the corrosion resistance of aluminum,
copper and their alloy compositions. We tested
conventional and nanostructured samples of
aluminum, copper, BrA9ZhZL bronze, AMg6 alloy and
Al-Ti alloy containing 6.3 % (wt.) titanium. The
following metal powders were used to synthesize the

composite of primary aluminum (brand AO), copper
M1 and technical titanium (VT1-00). The metal
powders were ground in an agate mortar until
homogeneous state during batching. The batch
homogeneity was monitored using an optical
microscope. The melting of metals and alloys was
carried out in zirconium dioxide crucibles in a
reducing atmosphere of an electric resistance furnace
with a graphite heater. The structural processing of
the studied metallic materials was carried out in the
liquid phase according to a previously developed
methodology [36]. The nanocrystalline nature of the
metal and alloy samples was recorded using a ZEISS
CrossBeam AURIGA dual-beam electron-ion
microscope and atomic force microscopy (AFM) using
a NEXT scanning probe microscope with an NSG30
cantilever.

Comparative corrosion resistance tests were
conducted on three samples of the synthesized
nanostructured and composite material, as well as
three samples of aluminum grade AOQ and copper grade
M1 with similar geometric dimensions. The tests were
carried out under static conditions, without forced
circulation of the corrosive medium. A model
electrolyte solution was used as the testing corrosive
environment, containing 30 g/L of NaCl, with the
addition of acetic acid to adjust the pH to 4.0. The
final corrosion rate values were calculated as the
arithmetic mean of the results of three corresponding
tests with a relative error not exceeding 5 %. Before
testing, cylindrical samples were polished to a mirror
finish, rinsed with ethanol and, after drying, weighed
with an accuracy of = 0.0001 g. Then, three samples
of the same metal or alloy with the same processing
history were placed in one cell, ensuring complete
immersion in the solution and preventing contact
between the surfaces of the samples. Synthetic thread
made of synthetic material was used to secure
(suspend) the samples.

After test completion, the samples were removed
from the cell, washed with warm distilled water water
and ethyl alcohol, dried and weighed. Additionally,
the appearance of the samples was recorded, and an
assessment of their surface condition was conducted.
The test period was 144 h, at the temperature of + 22
°C, with a solution volume of 500 mL in the cell
containing three samples.

The final corrosion rate values were calculated as
the arithmetic mean of three corresponding tests with
a relative error not exceeding 5 %.

In case of continuous uniform corrosion of metallic
materials, corrosion resistance is characterized by such
quantitative parameters as mass loss per unit area of
surface and corrosion penetration depth. Accordingly,
the rate of mass loss and the linear corrosion rate are
calculated [37].

The rate of mass loss is the value V., which is the
ratio:

4 _w, 1)
St

where m;, m, are the mass of the sample before and

after corrosion, respectively, g; t is the corrosion

destruction time, h; S is the sample surface area, m.
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Table 2

The results of the study on the corrosion resistance of copper, aluminum, and metal-matrix composite materials

No Material Sample V,, g/(m*h) P, mm/g I, mm/g
1 0.1318 0.4279

1 Al 2 0.1371 0.4415 0.4397
3 0.1377 0.4496
1 0.8251 2.7514

2 Al/Ti 2 0.1232 0.3812 0.3974
3 0.1321 0.4089
1 0.8251 2.7514

3 AMg6 2 0.8011 2.6582 2.729
3 0.8377 2.7775
1 0.2045 0.2005

4 Cu (M1) 2 0.1964 0.1926 0.1983
3 0.2061 0.2019
1 0.0760 0.0878

5 BrA9ZhZL 2 0,0741 0.0855 0.0875
3 0.0772 0.0893

Mass losses due to corrosion can be converted into
corrosion rate, expressed in mm/g:

p BTV, -

p

where P is the corrosion rate, mm/year; p — metal
density, g/cm?® V., - corrosion rate, g/(m?h);
8.76 — coefficient.

The density of metallic materials for use in
corrosion rate calculations was determined by hydrostatic
weighing.

Results and Discussion

The results of the corrosion resistance studies of
aluminum, copper, their alloys, and the metal-matrix
composite Al/Ti are summarized in Table 2.

It has been established that all studied samples
exhibit uniform, continuous corrosion, characterized
by an even distribution of damage on the metallic
surface (Fig. 2).

Based on the obtained corrosion rate, it is
possible to assess the corrosion resistance of metals
using a ten-point scale according to All Union State
standard 9.908-85 "Unified system for corrosion and
aging protection. Metals and alloys. Methods for
determining corrosion parameters and corrosion
resistance" [37].

The corrosion resistance of C95200 bronze samples
is rated at 4 points, while aluminum samples are rated
at 5 points. At the same time, the corrosion rate
(II, mm/year) of metals and alloys that underwent
flow processing in a molten state is approximately
11 % less than of the same metals and alloys that did
not undergo processing.

It is worth noting that the highest calculated value
of the relative error in the corrosion tests, which is
4.8 %, was obtained for the aluminum-magnesium
alloy 518.0 that underwent flow processing (Fig. 3).

At the same time, dispersed reinforcement of
aluminum with titanium provides an increase in the
corrosion resistance of the matrix metal by 9.6 %,
which is significant when using the composite as a
metal structural material.

Pure aluminum demostrates good corrosion
resistance but poor mechanical properties; therefore, it
is alloyed with other elements to enhance its strength.
Solution hardening, dispersion strengthening, grain
refinement, and work hardening are the main
mechanisms for strengthening aluminum alloys. However,
the processes of obtaining and work hardening lead to
electrochemical inhomogeneities that cause localized
corrosion. Consequently, there is a trade-off in Al alloys
between mechanical and corrosion properties. The
characteristics of the matrix and secondary phases (i.e.,
composition, amount, morphology, and distribution)
play a crucial role in determining the corrosion
characteristics.

The corrosion resistance of cast aluminum alloys
has been studied by many researchers, for example,
[39-41]. In terms of the corrosion process kinetics,
aluminum alloys behave as a short-circuited system of
multi-electrode elements [42]. The metal surface
contains areas with different potential values. Surface
areas that have reached the breakdown potential
exhibit increased adsorption activity and electrical
conductivity. Active ions adsorb in these areas,
displacing oxygen and forming a "metal-anion"
complex that enters the solution. Since the solubility
of most alloying elements in aluminum is quite
limited, the formation of secondary phases leads to

HEAPOMOJIb3OBAHUE
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Al-Ti

BrA9ZhZL

Fig. 2. Samples' surface after corrosion resistance tests ( X 200)
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Fig. 3. Relative corrosion resistance of samples

localized corrosion, which is inevitable when using
traditional processing methods. For instance, Al-5 at.% Cr
and Al-5 at.% Ti alloys produced by casting exhibited
large intermetallic crystal formations and high
corrosion rates without a significant increase in
strength. Therefore, non-traditional methods of alloy
production that increase the solubility of alloying
elements in the solid state are desirable. Techniques
such as impulse electrodeposition or spraying may
provide such benefits. Research on Al-5 at.% M,
powder alloys obtained through cold pressing in 0.01 M
NaCl, demonstrated good corrosion resistance of the
alloy, which was attributed to the simultaneous
influence of grain boundaries and solid solution
strengthening [34]. Testing of AMg6 alloys, D16-T,
and steel 08X17 in seawater showed 100 % surface
corrosion damage but no intergranular corrosion and
minimal mass loss [43]. The study of cast aluminum
alloys revealed low corrosion resistance in alkaline
salt and acidic environments. Pitting, uniform, fatigue,

and intergranular corrosion were observed in Al-Mg
alloys [39, 44].

The study of corrosion resistance of copper and
bronze in a 3.5 % NaCl solution showed that bronze
had an average corrosion resistance of 0.43265 mm/g,
which was higher than that of brass and copper, both
also at 0.43265 mm/g [44, 45].

The research has been conducted on the interaction
between titanium and aluminum, where alloys were
obtained through various methods, including reinforcing
aluminum with a titanium matrix and reinforcing
titanium with an aluminum matrix [29, 34].

Studies on the effects of relative humidity,
temperature, precipitation, and pH on atmospheric
corrosion indicated that pH has the most significant
contribution to the overall corrosion process [21, 34,
43, 46].

Conclusion

The necessity for timely measures to improve the
corrosion resistance of materials is confirmed by the
reduction in the number of emergency situations and
the increase in the stable operational lifespan of oil
and gas field equipment. Aluminum matrix materials
allow for an extended service life of components
without using expensive and scarce metals.

To assess the condition of oil and gas field
equipment, regular corrosion monitoring is essential.
To minimize costs, the monitoring should be
conducted only in areas most susceptible to corrosion
damage.

The growing demand in the oil and gas industry
for materials with unique physical, mechanical, and
chemical properties is expanding the application areas
for composite materials.
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