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THE INFLUENCE OF CORROSIVE AND AGGRESSIVE ENVIRONMENTS
ON THE CONTACT OF ALUMINUM AND TITANIUM ALLOYS WITH
CFRP UNDER VIBRATION LOADING CONDITIONS

A study of the influence of the corrosive environment of seawater and an aggressive
alkaline environment on the contact of the aluminum alloy D16T and the titanium
alloy Ti6AI4V in a pair with the composite material CFRP under the action of the
vibration factor is presented. Catastrophic destruction of the AI-CFRP contact in the
conditions of the alkaline environment KOH with pH 11 was established. It was
determined that the alloy D16T is very sensitive to changes in the environment.
When tested in a NaCl solution, its wear increased by 1.4 times. The wear of the
titanium sample decreased due to the presence of water and a humid environment in
the friction zone, which Ilubricated the friction surfaces in some places.
Temperatures of 20 °C did not allow the processes of hydrogenation of the titanium
alloy surface to occur, and as a result of the test, we record a decrease in wear by
1.09 times compared to the study in air. It has been established that the wear of the
D16T material in salt water is a complex phenomenon that combines chemical
corrosion and mechanical abrasion, which is often called three-component or
combined corrosion. Mechanical loads caused by vibration additionally accelerate
the destruction process, since the worn surface becomes even more susceptible to
the aggressive effects of salts. Titanium alloys are much more resistant to the marine
environment. It has been determined that high pH values actively affect the D16T
and Ti6Al4V materials, sometimes leading to the destruction of passivating oxide
films that naturally form on the materials. Catastrophic destruction of the D16T
alloy shows chemical degradation and dissolution in an alkaline environment, which
increases the wear of the material by more than 4 times.

Key words: vibration, conditionally fixed contact, D16T, titanium alloy, wear, carbon
fiber CFRP, damage, analysis, aggressive environments, corrosion.

Introduction. For aircraft operating in marine or oceanic environments,
maintenance requirements may be increased due to the aggressive effects of salt water
and high humidity. This is usually regulated by documents developed by aircraft
manufacturers, as well as international and national aviation regulatory authorities
such as EASA or FAA. Corrosion-related standards and recommendations, such as
ASTM, also play an important role.

Thus, when operating Antonov type aircraft near the coast of seas and oceans, the
regulations and regulatory documents of the aircraft developer provide for an increase
in the frequency of maintenance by 3-6 times, depending on the operating conditions
and type of aircraft [1]. A similar situation occurs for Boeing family aircraft, but the
frequency of maintenance there increases by 2-4 times, depending on the type of
aircraft [2]. The more new materials (titanium, composite materials) are used in
aircraft, the less the impact of the corrosive environment on the airframe structure and
the less often it is necessary to increase maintenance. Anti-corrosion treatment and
measures to slow down corrosion creep do not guarantee total protection [3, 4].

The places of contact of aircraft power structures with aluminum alloys are
especially damaged. This is another reason why in new developments and new types


https://doi.org/10.18372/0370-2197.4(109).20757

96 ISSN 03702197 Mpobaemu mepmsa ma 3HowysaHHsA, 2025, 4 (109)

of aircraft they are moving away from aluminum and steel parts, replacing them with
composite materials and titanium alloys [5].

Thus, in the work [6], the author, analyzing the damaged areas of the elements of
the Antonov family of aircraft, came to the conclusion that corrosion damage to the
elements of aircraft operated in marine and humid climates accounts for 70 % of all
defects. The most damaged are the aluminum power structures of aircraft located in
the middle of the fuselage and wing. Fig. 1 and 2 present photos of the destruction of
the power elements of the structures of Antonov aircraft in humid and marine climates

L2

Fig. 1. Topography (a) and metallography (c) of delamination corrosion failure of an

aircraft structural element made of B95T alloy in a tropical climate and the wing connector
profile (b) of an An-12 aircraft in a marine climate [6].

Fig. 2 Microrelief of fracture aIon D16T (a) and alloy 1933T3 on the surface of parts of
the An-24 aircraft, formed as a result of corrosion-fatigue fracture in a humid climate [6].
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The vibration factor, which is inherent in all aviation equipment, only increases
and accelerates the corrosive effect on the power elements of aircraft [7]. Thus, taking
into account the catastrophic damage of corrosion runoff to the aircraft structure, for a
complete understanding of the contact of composite materials with titanium and
aluminum alloys under vibration loading, it is necessary to conduct research in
aggressive environments.

The purpose of the work is to determine the damage of the contact of aluminum
and titanium materials with CFRP composite material under the action of vibration
loads in corrosive and aggressive environments.

Testing procedure. The study of the influence of aggressive and corrosive
environments on the contact of composite materials with aviation materials (Al, Ti)
was carried out with the assistance and within the framework of the contract No
2025/88/UA between LLC Airlines «kKCEHA» and the State University «Kyiv
Aviation Institute.

The test conditions were to simulate the use of aircraft over the sea and ocean
surface when using Antonov Au-32I1 aircraft to extinguish fires with the intake of salt
water from the Mediterranean Sea, as well as basing sites on the African continent
near the oceans in a tropical climate with salty sea air.

Analysis has shown that, as a rule, seawater consists of a solution containing 95-
96.5 % water and 3.5-5 % salts. The main component of these salts is sodium chloride
(NaCl), which accounts for about 85 % of the total amount of dissolved salts. The
remaining 15 % is accounted for by other salts and minerals, such as magnesium
sulfate, calcium and potassium. Normal seawater contains the salts NaCl, MgCl.,
Na,SO4, CaCl,, KCI, NaHCO3, KBr, HsBO4, SCl,, NaF, which are taken in a certain
proportion. In general, 99.99 % of the salt composition of seawater is accounted for by
these ions.

Analyzing the ASTM standards for testing materials in a corrosive environment,
we can focus on testing in a 5% NaCl salt solution in water. It is the ASTM B117
standard that offers such a test in salt fog. But this standard is not the only one for
testing in a corrosive environment. If materials that are more resistant to corrosion are
used (titanium and composite materials), then other more aggressive standards are
used that also include testing in alkaline environments. Standards such as 1SO 9227,
JIS Z 2371 and ASTM GB85 offer more aggressive testing conditions compared to
ASTM B117. So, since in our case we are interested in the contact of titanium alloys
with composite materials, it is advisable to also use research in an elevated pH
environment - an alkaline environment. The ASTM D543 standard specifically
includes testing the resistance of plastics to chemical (alkaline) reagents.

Alkaline environments can occur inside aircraft structures operating near the
coasts of seas and oceans for several reasons.

Firstly, minerals such as carbonates, silicates, oxides and hydroxides of alkali and
alkaline earth metals (Na*, K*, Ca?", Mg?") get into the aircraft structure along with sea
air, dissolve and release alkali ions into the water. This process, known as leaching,
increases the content of hydroxide ions (OH") in the solution, which contributes to an
increase in pH and the transformation of water into an alkaline solution.

Secondly, in arid climatic conditions with intense evaporation, water loses part of
the solvent, and the remaining alkaline salts (for example, carbonates and bicarbontes)
are concentrated. As a result, certain areas are formed in aircraft structures with a high
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content of alkaline components, in which pH can reach values of the order of 9-11 [4,
8].

And thirdly, microorganisms that live in such places on aircraft change the pH
value due to waste products.

So, the following conditions for conducting research were determined for testing
the influence of aggressive environments on the contact of composite materials with
aviation materials:

1. Environments: air, 5% NaCl solution in water and alkaline KOH solution with
a pH value of 11.

2. Test temperature 20-25 °C.

3. Amplitude of mutual movement of samples 125 pum.

4. Load 6 MPa.

5. Oscillation frequency 30 Hz.

6. Test base 300 thousand cycles.

7. Sample materials: D16T and Ti6Al4V with CFRP.

The samples were made standard without surface treatment. The counter sample
was metal, onto which the corresponding composite material processed on lathes and
grinding machines was glued. Wear was determined using a vertical optimeter by
taking readings from eight equivalent areas according to the method [9].

Analysis of the results of tests on the wear resistance of aviation materials in
aggressive environments under vibration conditions. The test results are presented
in Fig. 3. Analyzing the test results of aviation materials in combination with CFRP
composite material made of carbon fiber in corrosive environments, it can be stated
that the D16T alloy is very sensitive to changes in the environment. When tested in
NaCl solution, its wear increased by 1.4 times, despite the fact that the wear resistance
tests were carried out in an agueous solution. The more resistant titanium alloy
Ti6Al4V did not react at all to the salty environment. On the contrary, the wear of the
titanium sample decreased due to the presence of water and a humid environment in
the friction zone, which lubricated the friction surfaces in some places. The low test
temperatures of 20 °C did not allow the processes of hydrogenation of the titanium
alloy surface to occur, and as a result, we record a decrease in wear by 1.09 times
compared to the study in air.

Saltwater wear of D16T material is a complex phenomenon that combines
chemical corrosion and mechanical abrasion, often called three-component or
combined corrosion. In a saltwater environment, chlorine ions play a key role,
provoking localized corrosion processes (pitting), which leads to a violation of the
integrity of protective films on the surface of the material. Mechanical loads caused by
vibration additionally accelerate the destruction process, since the worn surface
becomes even more susceptible to the aggressive effects of salts. Titanium alloys are
much more resistant to the marine environment, as evidenced by the test results.

When testing aviation materials in an alkaline KOH solution, the situation is
somewhat different: the high pH value actively affects D16T and Ti6Al4V materials,
sometimes leading to the destruction of passivating oxide films that naturally form on
the materials. In the presence of abrasive particles formed during friction and
additional mechanical abrasion, this protection is destroyed, which in turn accelerates
the degradation processes of materials. Catastrophic failure of the D16T alloy shows
chemical degradation and dissolution in an alkaline environment, which increases the
wear of the material by more than 4 times.
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Fig. 3. Linear wear of aviation materials with carbon fiber CFRP depending on the
corrosive environment during vibration tests.

When aluminum interacts with alkali, the following reaction occurs: aluminum
dissolves in an aqueous solution of alkali with the formation of complex salts, for
example, tetrahydroxoaluminate (with a lack of alkali) or hexahydroxoaluminate (with
an excess of alkali), and the release of hydrogen [10]. The general reaction of the
destruction of an aluminum alloy in an alkaline KOH solution can be written as
follows:

2Al + 2KOH + 6H.0 = 2K[Al(OH)4] + 3H: 1.

Due to the formation of alkaline environments and catastrophic destruction of
aluminum-based alloys in aircraft power elements and increase the frequency of
maintenance [2]. Particular attention is paid to the so-called tribocorrosion [11], where
mechanical vibration loads and aggressive chemical effects of the environment act
simultaneously. Such a synergistic effect requires engineers and materials a special
approach when choosing structural materials and protective coatings. Often used
methods of anodizing, chrome plating or applying special polymer layers, as well as
the use of alloys (titaniums and composite materials) with increased corrosion
resistance to minimize the total volume in such environments.

Titanium alloy Ti6Al4V has high corrosion resistance in many environments,
including dilute alkali solutions. This is due to the formation of a strong oxide film on
the titanium surface, which protects the metal from further interaction with the
alkaline environment, as evidenced by the wear results that increased by 1.12 times.
Although titanium alloys are resistant to most alkalis, one should take into account the
concentration, temperature and presence of fluoride ions in the solution. For example,
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an increase in temperature by 10-15 °C increases the chemical reaction by 2 times. An
important factor influencing the Ti6Al4V alloy is the chemical composition of the
environment and the duration of its action. Thus, in work [12], the authors, conducting
a study of the influence of a corrosive environment on titanium alloys, established the
processes of destruction of surface films of the VT6 titanium alloy after prolonged
exposure to an aggressive environment, even a 3.5% NaCl solution (Fig. 4).

Fig. 4. Topographies of the surfaces of the VT6 alloy after corrosion in a 3.5% NaCl
solution under anodic polarization conditions at 1.5 V (a) (x10) and the microstructure of the
alloy fractures in an alkaline solution after 25 days (b) [12].

Regarding the influence of the corrosive environment on composite materials, the
scenarios may be different. When using GFRP material with glass fibers and an epoxy
matrix in alkaline environments, the reaction does not occur at all. That is, the friction
process can occur without affecting the glass fiber. However, when using the CFRP
composite material with carbon fiber, the aggressive effect of the corrosive
environment can affect only the carbon reinforced fibers themselves with their
destruction. This primarily depends on the type of fiber and the chemical composition
of the environment. When AI-CFRP was in contact with a 3.5% NaCl solution under
vibration loading conditions, the corrosive environment did not affect the CFRP at all,
on the contrary, when Ti-CFRP was in contact, the friction surfaces were lubricated
with water. When tested in an alkaline KOH environment, the situation did not
change. The reason here may be either insufficient temperature or a short duration of
the tests or the chemical environment.

However, in [13] the authors claim that with prolonged exposure to high
concentrations of alkalis (sodium or potassium hydroxide) on carbon fiber, the so-
called alkaline hydrolysis can occur. This is a process in which alkali interacts with
the surface of the fiber, destroying its structure and reducing mechanical strength.
Increasing the temperature significantly accelerates the process of alkaline hydrolysis.
At high temperatures (90-100 °C), even weak alkaline solutions can negatively affect
carbon fiber. Summarizing the analysis of the influence of the corrosive environment
on carbon fiber, we can say that although carbon fiber is resistant to alkalis in most
cases, it is necessary to take into account possible negative consequences when
working in conditions of high concentrations and temperatures, especially in elements
of aircraft power structures, where high material strength is required.

Conclusions. Thus, the conducted tests of the influence of the corrosive
environment on the wear resistance of aviation lightweight materials show us the
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absolute advantage of titanium alloys over aluminum alloys when used in nominally
fixed joints of aircraft power structures with composite materials under vibration loads
[14, 15]. The high resistance of the Ti-CFRP contact to the marine and humid climate
ensures reliable and long-term use of aircraft structures while maintaining the
periodicity of maintenance. At the same time, the contacts of Al-CFRP materials in
the marine climate and alkaline solution environment show a sharp increase in the
wear of aluminum materials, up to catastrophic wear and destruction of aircraft
structural elements. This is evidenced by the increase in the frequency of maintenance
for Antonov family aircraft and the use of a number of means to slow down and
prevent the corrosive escape of the environment onto the aircraft structure.
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AM. XIMKO

BILIMB KOPO3IMHOI'O TA ATPECUBHOI'O CEPEJIOBHII] HA KOHTAKT
AJIIOMIHIEBUX TA TUTAHOBHUX CIIVIABIB I3 CFRP B YMOBAX
BIGPALIIMHOI'O HABAHTAXKEHHS

KoposziiiHi Ta arpecuBHi cepelIoBHINA SKi BUHUKAIOTh Ha MMOBEPXHAX MOBITPSHUX CYJICH,
0 eKCIUTYaTYIOThCS O y30epesxoks MOpIB Ta OKEeaHiB HETaTHMBHO BIUIMBAaE HAa pPeECype
IUTaHEpy Ta OCOOJMBO Ha JAETali CHJIOBOI KOHCTPYKIIi €IEMEHTIB JIiTaka sIKi 3HaXOIATHCS B
YMOBHO HEpyXOMOMY KOHTAKTi Ta MalOTh BILJIMB BiOpaIliifHMX HAaBaHTaXXCHb IiJ Yac MOJBOTY.
B poborti mpencTaBieHO aHai3 MOIMIKOIKEHb JeTajed Ha JliTakaX AHTOHOB SIKi IPAIIOIOTh
017151 OKeaHiB.

[IpencraBneHo JOCHiIKEHHS BIUIMBY KOPO3IHHOTO CEpeloBHINAa MOPCHKOI BOAM Ta
arpecUBHOrO JIY)KHOTO CEpeJOBHIIA HAa KOHTAKT ajroMiHieBoro cmuiaBy JI16T ta TuTaHOBOTO
crwiasy Ti6Al4V B mapi i3 kommosuniiinum wmatepiamom CFRP mix miero BiGpariitHoro
dbakropy. BeranoBneno katactpodiune pyiinysanus konTakty Al-CFRP B yMoBax J1y»HOTO
cepenoBuiia KOH i3 pH 11. Pe3ympTaté MHOPIBHIOKOTHCA i3 MOMIOHUMH qociimamMu 0e3
arpecHBHUX cepenoBHIl. BusHaueHo, mio cmwias 16T ayxe uyTiuBUil 10 3MIHUA CEPEIOBHUIIIA.
[pu BumpoOyBanHsaX B po3unHi NaCl fioro 3H0c 30unpmmnBesS B 1,4 pasu. Bimpmn crifikimmid
TuTaHoBUH cmmaB Ti6Al4V B3arani He 3pearyBaB Ha COJIOHE cepemoBmiie. HaBmaku, 3HOC
TUTAHOBOTO 3pa3Ka 3MCEHIIMBCS 3aBIJKH HASBHOCTI BOAM Ta BOJIOTOTO CEPEIOBHINA B 30HI
TEPTSI, IO B AEAKUX MICIIIX 3MallyBaJlo HOBEpXHi TepTs. HeBenuki TemMnepaTypu BHIpoOyBaHb
B 20 °C He 103BONSIIM BiIOYyBaTHCH IIpoIecaM HABOJHEHHS IOBEPXHI THTAHOBOTO CIUIABY 1 B
pe3ynbTati MH (ikcyeMo 3MeHIIeHHS 3HOCcY B 1,09 pasu B MOpIBHSAHHI 3 JOCHTIKCHHSM Ha
HOBITPI.

BcraHoBieHo, 1110 3HOIIYBaHHs B COJIOHIHN Boji MaTepiany J[16T e ckinagHuM sSBUIEM, IO
MOE/IHYE XIMIUHY KOPO3it0 1 MeXaHiYHe CTHPaHHs, L0 4acTO Ha3HBaIOTh TPUKOMIIOHEHTHOO
a00 KOMOIHOBaHOIO KOPO3i€r0. Y CepeloBHIIl COJIOHOI BOJM KIIOUOBY POJb BiJIrparTh 10HA
XJIOpY, IO MPOBOKYIOTh JIOKAJII30BaHI IMpOHEecH KOpo3il (MITTHHIY), W0 NPHU3BOAUTH [0
MOPYIICHHS IIUTICHOCTI 3aXMCHUX IUTIBOK Ha TOBEpXHI Marepiany. MexaHiuyHi HaBaHTa)KEHHS,
3yMOBJICHI BiOpaIli€l0 JOAATKOBO INPHCKOPIOIOTH MPOIEC PYHHYBAaHHS, OCKUJIBKH 3HOIICHA
MIOBEPXHS CTA€ € CNPHHHATIMBIIIOI /10 arpeCHBHOTO BIUIMBY cosieil. THTaHOBI craBi €
Ha0arato CTIHKIIIMMH 10 MOPCHKOTO CEPeOBHUIIIA.

Busnaueno 1o, Bucoke 3HadeHHs pH akTrBHO BIumBae Ha Marepianu 16T Ta Ti6Al4V,
1HOZII TPU3BOASYM 10 PYHHYBaHHS NMAacCHBYIOUMX OKCHIHMX IUTIBOK, SIKi, IPUPOJHUM YHHOM
(GhopMyIOTECS Ha MaTepianax. 3a HasBHOCTI aOpa3sWBHUX YACTHHOK sIKi YTBOPIOIOTHCS ITiJ[ Yac
TEPTS Ta JOAATKOBOTO MEXAHIYHOTO CTHUPAHHs, LI 3aXUCT PYHHYEThCS, IO Y CBOIO 4epry
MPUCKOPIOE TpoIlecH jerpanamii matepiamiB. Karactpodiune pyiiHyBanHs cruiaBy (16T
MOKa3ye XiMiYHy AETPafalilo Ta PO3YMHEHHS B JIY’)KHOMY CEpEIOBHINi, IO 301IbIIye 3HOC
MaTepiary Oipire yuM B 4 pasm.

Kuarouosi cioBa: giopayis, ymoeno nepyxomuii konmaxm, 16T, mumanosuii cnias, 3Hoc,
syeneyege 6010kH0 CFRP, nowKo0sicenHs, anaiis, azpecusti cepedosuiyd, KOpo3is.
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