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EFFECT OF TEMPERATURE ON THE WEAR RESISTANCE TI6AL4V-
CFRP/GFRP CONTACT UNDER VIBRATION CONDITIONS

A study of the influence of temperatures from minus 50 to plus 50 °C on the contact
of TIGALAV-CFRP/GFRP materials under the influence of the vibration factor is
presented. It was determined that at temperatures of minus 50 °C the wear resistance
of composite materials increased by 20-25%. When the temperature decreases, the
epoxy resins that make up the matrix change their mechanical characteristics towards
increasing hardness, mechanical strength, creep, etc. It was found that GFRP with
glass fibers showed less results in increasing wear resistance at negative
temperatures, since glass fibers are more sensitive to low temperatures than carbon
fibers in CFRP. Increasing the brittleness of glass reinforcing fibers allowed to
increase wear resistance by 20% overall. While materials with carbon fibers
demonstrate an increase in wear resistance by 25%.

It was found that the wear resistance of the Ti6Al4V alloy during testing almost
does not change. A slight increase in wear up to 3-5% on the one hand may indicate
an error in the research during measurement, and on the other hand, the influence of
the environment on the friction process.

The studies established the stability of the contact and the balance of wear of the
power elements of the structures in the TIGAL4V-CFRP/GFRP contacts under
vibration action and changes in the temperature conditions of the tests from minus 50
to 50 °C. An increase in wear resistance up to 25% of materials based on epoxy resins
and carbon and glass fibers is noted due to changes in the physical and mechanical
properties of the matrix at negative temperatures up to minus 50 °C.

Key words: temperature, impact, titanium alloys, vibration, composite materials, wear,
structure, fiberglass, carbon fiber.

Introduction. Modern aircraft operate in various locations around the globe.
Temperatures can range from minus 60 °C in the Arctic Circle to plus 60 °C in the
equatorial African continent [1]. In addition, temperatures can vary significantly during
aircraft operation. At an altitude of 10,000-12,000 meters, which is the norm for modern
aircraft, the temperature ranges from minus 56 °C to minus 60 °C. At the same time,
when an aircraft lands at Kuwait International Airport, where the air temperature in July
is 56°C, the aircraft and its structure are exposed to significant temperature effects.

However, when aircraft are parked and waiting at airports under the influence of
sunlight, the temperature on the surfaces of wings, fuselages, landing gear, etc. can reach
80-100 °C. There are also contact points near aircraft engines where exhaust and
infrared radiation from the combustion chamber can also significantly raise the
temperature of contact points of titanium alloys and composite materials up to 200 °C
[2-3].

Therefore, to determine the temperature effect of the contact points of titanium
alloys with composite materials of the GFRP and CFRP types, it is necessary to conduct
appropriate tests.

As is known, the temperature conditions of operation of titanium alloys are
significantly higher than those of aircraft operation. Thus, highly loaded parts and
structures made of the Ti5AI5V5Mol1CrlFe alloy, which are manufactured by the
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deformation method, are capable of long-term operation at temperatures up to 350-
400 °C [4], and large-sized power structures of the airframe (spars, wing panels, ribs,
stable landing gear) at temperatures up to 250-300 °C.

The titanium alloy Ti6Al4V has even higher temperature strength characteristics.
For stamped and welded parts made of this alloy, the operating temperature can be 400-
450 °C, and for large-sized welded and prefabricated aircraft structures operating under
internal pressure, the operating temperature ranges are from minus 196 to plus 450 °C
[5].

For composite materials, the temperature range is usually lower and limited by the
matrix composition. However, depending on the purpose and filling of the matrix
material with additional elements in the form of metal powder, carbon nanotubes, or
special ceramic materials with heat-resistant resins, it is possible to achieve operating
conditions up to 400 °C. But in general, the operating range of most GFRP and CFRP
composite materials with epoxy binders is usually in the range from minus 50 to 250 °C.
For GFRP, the operating temperature is somewhat lower and is in the range from minus
50 to 150 °C. Also, considering that these are polymer composite materials, according
to [6] they are less temperature-resistant materials than metals, due to poorer heat
removal from friction zones.

Therefore, taking into account the above information and analysis of the operating
conditions of aircraft and the joints of parts made of titanium alloys with a structure
made of GFRP and CFRP composite materials in accordance with contracts No.
2024/139/UA, No. 2025/88/UA, No. 2025/101/UA, we will determine the conditions
for conducting research in the range from minus 50 to plus 50 °C. Research at negative
temperatures was carried out with the assistance and within the accordance of report
No. 2025/88/UA between Airlines LLC «KCEHA» and the State University «Kyiv
Aviation Institutey.

The purpose of the work is to determine the wear resistance of titanium alloy
Ti6AI4V and composite materials GFRP/CFRP in contact under vibration loads at
temperatures from minus 50 to plus 50 °C.

Testing procedure. The methodology for conducting studies of the influence of
temperature on the contact of titanium alloys with composite materials was in
accordance with [7]. The methodology allows testing at negative temperatures on
standard samples using liquid nitrogen. Since the temperature factor has a greater effect
on polymer composite materials than on titanium alloys, only the Ti6Al4V alloy was
determined for our studies, in accordance with the customer's conditions. This alloy is
the most common structural material for aircraft power elements for manufacturers such
as Boeing and Airbus.

The samples were made standard without surface treatment, with a nominal contact
area of 1 cm?. The counter sample was metal, onto which the corresponding GFRP and
CFRP composite material was glued and processed on a lathe and grinding machine.
The studies were performed with a constant load of 6 MPa, an amplitude of mutual
displacements of 125 um and a test base of 300000 cycles. The oscillation frequency
was 30 Hz and the test temperature was minus 50 and plus 50 °C.

The samples were cooled by supplying cooled nitrogen gas to the friction zone
according to the method described in [7]. To prevent snow from sticking to the samples
and to conduct research in water and ice environments, as well as simulating real
operating conditions of joints in aircraft, the samples were first brought into contact at
a temperature close to room temperature, the unit was started, and cooled air was
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supplied at the same time to reduce the temperature. The temperature was monitored by
a remote-type thermometer. The temperature decrease graph from the start of the tests
is shown in Fig. 1. The samples were heated using a construction hair dryer with the
ability to adjust the temperature. To compare the test results, the samples were also
heated simultaneously with the start of the fretting-corrosion machine. The temperature
increase graph is also shown in Fig. 1. This test algorithm was determined from the
analysis of the operating conditions of the aircraft's power structural elements, since the
operation of the unit begins at takeoff at temperatures close to room temperature and
decreases to negative temperatures at an altitude of 10-12 thousand meters. All other
test conditions were the same as those described in the article [8].
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Fig. 1. Dependence of the rate of volumetric heating and cooling of titanium samples on the
number of operating cycles during testing under vibration conditions.

From the graph (Fig. 1) it is seen that the temperature reduction to minus 50 °C
occurs at a number of cycles equal to 70 thousand, which corresponds to approximately
40 minutes of testing. This time was determined based on the analysis of the aircraft
structure during operation. When the aircraft is on the ground, the temperature
corresponds to a conditionally 20 °C. When the aircraft takes off, the vibration action of
the power elements of the structures begins at the ambient temperature. The aircraft
reaches the operating level (9-12 thousand meters) approximately 20-30 minutes after
the start of the flight, where the temperature corresponds to a conditionally minus 50
°C. However, the parts and assemblies of the aircraft have a certain inertia and retain
primary heat for some time (about 40 minutes) and only then level off in temperature.
Therefore, based on the real operating conditions of the aircraft, such a scheme for
cooling samples during tests under vibration conditions was implemented. The heating
of the samples to the required temperature occurred much faster, about 25-30 thousand
cycles, which corresponds to 13-15 minutes from the start of the tests. The heating rate
is accelerated by the fact that during the tests, a certain temperature is released during
friction, which helps in heating the samples.

Analysis of wear resistance test results at temperatures under vibration
conditions. The test results are presented in Fig. 2, 3. Analyzing the wear resistance of
materials at different temperatures, we can say that, as a rule, at negative temperatures,
the wear of materials decreases [9], which is associated with a change in physical and
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mechanical properties. The hardness and resistance to damage during friction increase.
However, in our case, when titanium alloy and composite materials GFRP and CFRP
are in contact, this is partially manifested, but not for all materials.
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Fig. 2. Wear resistance of material combinations during testing under vibration conditions at a
temperature of 50 °C.
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Fig. 3. Wear resistance of material combinations when tested under vibration conditions at a
temperature of minus 50 °C.

Analyzing the wear resistance of GFRP and CFRP composite materials, it can be
stated that at temperatures of minus 50 °C their wear resistance increased by 20-25%.
When the temperature decreases, the epoxy resins that make up the matrix change their
mechanical characteristics towards increasing hardness, mechanical strength, creep,
etc., which positively affects the wear resistance of composite materials in general.
Usually, in any epoxy material there is a limit where the materials become so strong that
they begin to collapse from mechanical stress during friction. In our case, the
temperature of minus 50 °C is not a critical temperature for the matrix used to create
aircraft structures, therefore, the indicators that characterize wear resistance increase.
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From literary sources [9] it is known that the operating range for aviation composite
materials GFRP and CFRP starts from minus 80-60 °C. Therefore, the critical limit
where the destruction of composite materials increases will be lower than minus 50 °C.

The presence of reinforced fibers, both carbon and glass, only strengthens the
mechanical performance of the epoxy matrix. Since the operating temperature range for
reinforcing fibers is much wider than for the binder. It should be noted that the GFRP
material with glass fibers showed less results in increasing wear resistance at negative
temperatures, since glass fibers are more sensitive to low temperatures than carbon.
Increasing the brittleness of glass reinforcing fibers allowed to increase the wear
resistance of the GFRP material by 20 % in general. While the material with carbon
fibers CFRP demonstrates an increase in wear resistance by 25 %.

The data are confirmed by the authors [9, 10] who conducted research on the
influence of water and ultraviolet on composite materials based on carbon fiber. The
authors determined the positive effect of negative temperatures on the wear resistance
of the CFRP material to a certain limit, as well as a slight decrease in mechanical
properties in the temperature range of 170-200 °C due to changes in the properties of
the binder in the composite material. But of course, the final tribological characteristics
and the effect of temperature on them will depend on the chemical composition and
structural filling of the matrices in the material.

In [10], it is shown that the properties of the CFRP material during thermal cycling
are preserved in the range of 83-95 % of the primary properties of composite materials.
Thus, with a regular change in temperature from minus 60 to 160 °C, the mechanical
properties of composite materials are preserved at the level of 91-95 %. And during
thermal cycling in the temperature range of 150-200 °C, the preservation of properties
occurs at the level of 83-90 %.

The wear resistance of titanium alloy Ti6AI4V during testing almost does not
change. Titanium alloys have much wider operating temperature ranges and do not
change their properties as much as composite materials at negative temperatures. A
slight increase in wear up to 3-5 % on the one hand may indicate an error in the research
during measurement, and on the other hand may indicate the influence of the
environment [11] on the friction process of titanium alloys.

During research at negative temperatures, the samples during the friction process
were covered with frost and ice, which condenses on the metal surfaces of the sample
and definitely gets into the friction zone (Fig. 4). Here, on the one hand, there is an
influence of the air environment on the testing process, and on the other hand, there is
a process of moisture and water entering the friction zone with its decomposition into
hydrogen and oxygen, which accelerate reactions under fretting corrosion conditions.

Thus, in article [12] the author notes a decrease in wear and an increase in the
friction coefficient during tests of titanium alloy VT3-1 in a nitrogen environment due
to blocking the chemical oxidation reaction which is the main one during tests in fretting
corrosion conditions. The author also notes a decrease in wear in an environment of
inert gases helium and argon and an increase in wear in an oxygen environment.

In works [13-15] the authors note an increase in wear of titanium alloys due to
hydrogenation of the surface with hydrogen and, as a result, an increase in the fragility
of its surface during friction. However, tests at a temperature of minus 50 °C slow down
the hydrogenation processes.
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Fig. 4. Photos of samples during testing under vibration conditions at temperatures of
minus 50 °C at the beginning (a) and at the end (b) of the tests.

Thus, during the friction of titanium alloys with GFRP/CFRP composite materials,
there is a relationship between the processes: increasing the mechanical properties of
the alloys due to a decrease in temperature; processes of hydrogenation of titanium
alloys due to the formation of oxygen and hydrogen in the friction zone; processes of
blocking oxidation by nitrogen gas supplied to the friction zone; processes of oxidation
of titanium alloys during fretting corrosion tests; and of course the mechanical and
chemical effect of the products of destruction of composite materials on the friction
process of titanium alloys. All these processes are probably in balance with each other,
as evidenced by the change in wear of the titanium alloy up to 3%.

The total wear of the Ti6AI4V-GFRP/CFRP friction pair at different temperatures
deserves special attention. The total wear resistance of the samples practically did not
change both during studies at negative temperatures and during studies at 50 °C. In the
contact of composite materials and titanium alloy, due to the greater wear of the titanium
alloy and the reduction in wear of the composite materials, the total contact remained
constant in the Ti6Al4V-GFRP contact and decreased by 1,8 % in the Ti6Al4V-CFRP
contact.

Conclusions. The conducted tests show the stability of contact and the balance of
wear of the power elements of structures made of composite materials of aircraft in
contact with titanium alloys under vibration and changes in temperature conditions of
tests from minus 50 to 50 °C. An increase in wear resistance of up to 25 % of composite
materials based on epoxy resins and carbon and glass fibers is also noted due to changes
in the physical and mechanical properties of the matrix at negative temperatures up to
minus 50 °C.
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AM. XIMKO, O.B. IIOIIOB, M.C. XIMKO

BILIMB TEMIEPATYPH HA 3HOCOCTIMKICTh KOHTAKTY TIGAL4V-
CFRP/GFRP B YMOBAX BIBPAIIII

CyuacHi JiTaky B CBOi KOHCTPYKIISIX MacOBO BUKOPHUCTOBYIOTh KOMIIO3UIIHHI MaTepiain
U TOTO 1100 3pOOHUTH IDTaHEP SIK MOYKHA JISTIIHM 1 SIK HACIIAOK IiJBUIIUTH JIFOTHO-TEXHIYHI
xapakTepucTuku. Jlo Takux marepiaiiB BimHOCATHCS Byrieruiactukun CFRP Ta ckiomractuku
GFRP. Jlerami Ta By3/1H NEpeIOBHX MHOBITPSIHUX CYICH BHUTOTOBIAIOTH i3 CIDIABIB MarHiio,
aIFOMiHIIO Ta TUTaHy. TuranoBuii criaB TIOAL4V 3aiimae ocoOnmuBe MicIie B aBiaOyayBaHHI Ta
BHKOPHUCTOBYETHCS MACOBO B KOHCTPYKIIii CHIIOBHX JIeTalleli TIaHepiB JiTakiB. AHAJI3 MOKa3ye
mo koHTakT MarepianiB TI6AL4V-CFRP/GFRP noBomi po3moBcrokeHHE a poOoTa Ix
MarepiaiiB mij Ai€ro BiOpaii, ska € HeBil’€MHOIO YaCTHHOIO BCIX JITaKiB, Ta TEMIEPATypPHUX
KOJIMBaHb IPU3BOJUTD 10 MOLIKOKECHb IUX 3’ €JJHAHb.

IIpencraBiaeHo OOCHIKEHHS BILTUBY Temmeparyp Bix Minyc 50 go miroc 50 °C Ha KOHTaKT
marepianiB TIGAL4V-CFRP/GFRP nin nieto BiOpauiiinoro ¢akropy. Busnaueno, 1mo mnpu
temrepatypax Minyc 50 °C 3HOCOCTIHKICTh KOMITO3ULIHHUX MaTepiatiB miaBuimiack Ha 20-25
%. Tlpu 3HIDKEHHI TEMIEPaTypH, CMOKCHIHI CMOJIU 3 SIKUX CKJIAaJAEThCS MATPHIIS, 3MIHIOIOTh
CBOI MEXaHIYHI XapakTepUCTUKH y OIK WiABHIICHHS TBEPIOCTi, MEXaHIYHOI MIITHOCTI,
MOB3YYOCTI Ta iH. 1[0 MMO3UTHBHO BIUIMBAE HA 3HOCOCTIHKICTh. HasiBHICTh apMOBaHUX BOJIOKOH
SK BYIJICHEBHX TaK 1 CKISHMX JIMIIEC 3MII[HIOE MEXaHIYHI MOKa3HHKH EMNOKCHIHOI MaTpHIIi.
Bcranosneno, mo GFRP i3 ckIgHUMH BOJOKHaMHM MOKa3aJId MEHII pPE3yJIbTaTH MO
i ABHUIICHHIO 3HOCOCTIHKOCTI MPH BiJl’ €MHHX TEMIEpPaTypax, OCKIIBKHU CKJISTHI BOJIOKHA OiTBIT
YyTJIMBI 10 HU3BKUX Temrieparyp HiX ByrieneBi y CFRP. IlinBuUIeHHS KPUXKOCTI CKIISTHHX
apPMYIOUHX BOJIOKOH JTO3BOJIHIIO B I[JIOMY KOMIIO3HUIIIHHI MaTepiaiu MMiJBUIIUTH 3HOCOCTIHKICTh
Ha 20 %. B Toii yac sik mMarepianu i3 BYIJICLIEBUMH BOJOKHAMHU JEMOHCTPYIOThH IiJIBUIICHHS
3HOcocTi#iKOCTI Ha 25 %.

BcranoBieHo, mo 3Hococrtiiikicts cmaBy Ti6Al4V npu BUnpoOyBaHHSX Maike He
3MIHIOETbCS. BinOyBaeTbcsi B3a€MO3B’SI30K  MiXK TpOLEcaMH: ITBHIICHHS MEXaHIYHUX
BJIACTMBOCTEH CIUIaBiB 3a pPAaxXyHOK 3HIDKCHHS TEMIIEpaTypu; IpolecaMd HaBOJHEHHS
TUTAHOBUX CIUIABIB 3a PaXyHOK YTBOPEHHS KHCHIO Ta BOAHIO B 30HI TEpTs; IpolecaMu
OJI0KyBaHHsSI OKMCHEHHS ra3oM a30TOM IO MOJA€ThCsS B 30HY TEPTS; MPOLECAMH OKHCHEHHS
TUTAaHOBUX CIUIABIB B IpoOIeci BUMPOOYBaHb MpH BiOpalisx; Hy i 3BHYAHO MEXaHIYHHU Ta
XIMIYHUA BIUIMB TPOMYKTIB PYHHYBaHHS KOMIIO3HWIIHHUX MaTepialiB Ha TIPOLEC TepTs
TUTAaHOBUX CIDIaBiB. Bcei i mpomecn mMaOyTh 3HAXOIAThCS B OalaHCi MiX co00I0 IMpo M0
CBIIYMTH 3MiHA 3HOCY TUTAHOBOI'O CILIaBy 10 3 %.

JlocitipKeHHSIMU BCTAHOBIICHO CTJIICTh KOHTAKTY Ta PIBHOBAry 3HOCY CHJIOBHX €JIEMEHTIB
KOHCTPYKIIH i3 KOMIO3UIIMHNX MaTepiajiB MOBITPSHHUX CYAEH B KOHTAKTaX i3 TUTAaHOBUMHU
CIUTaBaMU IpH BiOpaniiHoOi ii Ta 3MiHHM TeMIIepaTypHUX yMOB BHIIpoOyBaHb Big MiHyc 50 10 50
°C. BigMiuaeTbcst 301IbIIIEHHS] 3HOCOCTIMKOCTI 110 25 % KOMMO3UIIIMHUX MaTepialliB Ha OCHOBI
€MOKCHIHUX CMOJI Ta BYTJICIEBUX i CKITHUX BOJOKOH 33 PaxXyHOK 3MiHM (Di3MKO-MEeXaHI9HUX
BJIACTMBOCTEH MaTpHI ITPpH Bil’€MHUX TemriepaTypax 1o Minyc 50 °C.

KalouoBi ciaoBa: mewmnepamypa, enaus, mumanogi cniagu, 6iopayis, KOMNO3UYIUHI
Mamepianu, 3HOULYEAHHA, CMPYKMYPA, CKIONIACMUK, 6Y2NleNnlacuK.
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