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Taking into account the various forms of fretting-corrosion manifestation,
on the example of the contact of titanium alloy BT8 with structural alloys
based on Al, Cu, Mg and Fe and with the same material, an attempt is made to
develop a complex approach to the selection of compatible materials of fric-
tion pairs. According to the research results, the quantitative indicators of
fretting wear of friction-pair materials are defined, and the regularities of
mutual influence of the nature and properties of the materials on the fric-
tion-wear parameters of the tribosystem are analysed. For tribosystems,
where the loss of functionality is associated with the accumulation of wear
products, a calculation method for determining the compatibility of materi-
als based on the volume-increment coefficient of the materials within the tri-
bocontact zone is proposed.

Key words: tribomechanical system, friction pairs, fretting corrosion, wear
resistance, wear products.

3 ypaxyBaHHAM pisHUX (hopM IposaBy GHpPeTTUHI-KOPO3ii, Ha MpuUKIaxi KOHTA-
KTy Tutanosoro crony BT8 i3 xkoHcTpyKIifiHuMu cromamu Ha ocHoBi Al, Cu,
Mg, Fe Ta B ogHOTIMeHHi mapi 3AificHeHO cIIPo0y KOMIIJIEKCHOTO ITiIX0y II10-
0 BUOOPY CyMicHUX MaTepiAniB map TepTsa. 3a pesyabTaTaMU JOCIiIKEeHDb BU-
3HAYEHO KiNbKicHI mOKa3HMKY (hPETTHUHT -3HONTYBAHHA MaTePiAIiB nap TepTs,
IPOaHAaJIi30BaHO 3aKOHOMIPHOCTI B3AEMHOT'O BILJIMBY IIPUPOJM Ta BJIACTHUBOC-
Tel MaTepiAsiB HA GPUKIiFAHO-3HOIIYBAJIBHI TapamMmeTrpu Tpubocucremu. g
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TpubocucTeM, B SAKUX BTpAaTa MPAIe3JaTHOCTU IOB’si3aHA 3 HAKOMWMYEHHAM
IIPOAYKTIB 3HOIIIYBAHHA, 3aIIPOIIOHOBAHO PO3PAXyHKOBUI METO]| BUSHAUYEHHHA
CYMiCHOCTH MaTepiaaiB 3a KoeillieHTOM IPUPOIEHHA 00’ €My MaTepiAIy B 30H1
TPUOOKOHTAKTY.

Karouosi ciioBa: TpubomexaHiuHa cucTteMa, mapu TePTA, PPETTUHI-KOPO3id,
B3HOCOCTifKiCTBb, IPOLYKTH SHOIIYBAaHHS.
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1. INTRODUCTION

Taking into account the general tendency to decreasing material con-
sumption, reducing structural stiffness, increasing workloads and re-
quirements for the economic efficiency of using machines, the issues of
increasing their reliability and durability are becoming extremely im-
portant. In solving them, one of the key places belongs to ensuring a high
level of wear resistance and the duration of the period of trouble-free op-
eration of parts and components of tribomechanical systems. In aircraft
structures, as well as in the structures of other dynamically loaded ma-
chines, among the tribomechanical systems with the most limited dura-
bility, there are tribosystems of low-motion and nominally immobile
nodes and joints, the parts of which are damaged by fretting corrosion.

In engineering practice and tribological studies, fretting corrosion
is considered one of the most destructive, unpredictable and dangerous
types of wear [1-3]. Moreover, the negative consequences of the devel-
opment of fretting corrosion can be caused by not only physical wear of
parts but also the wedging effect of wear products, which due to small
amplitudes of mutual movements remain mainly in the contact area. It
is obvious that, under such conditions, the selection of materials for
friction pairs should be based on a comprehensive assessment of their
compatibility, taking into account the characteristics of the change in
the tribosystem state for each of the specified forms of fretting corro-
sion. An attempt to implement such an approach on the example of
choosing a favourable combination of materials in a friction pair with
titanium alloy BT8 was the task of this study.

2. EXPERIMENTAL/THEORETICAL DETAILS

To solve this problem, comparative wear tests were carried out under
fretting-corrosion conditions, when combining the BT8 alloy in a pair
of the same material and with bronze BpA#9-4, steel X18H10T, hard-
ened steel 45, aluminium alloy 116 T and magnesium alloy MJI5 is per-
formed. The materials selected for the study were alloys based on dif-
ferent metals, had different chemical and physical-mechanical proper-
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ties and different properties of their oxides. In general, such a selec-
tion of friction pair materials made it possible to analyse the relation-
ship of the fretting resistance parameters of the tribosystem with both
the properties of the friction pair materials themselves and the proper-
ties of their wear products.

The tests were carried out on the M®K-1 installation [2] in accord-
ance with TTOCT 23.211-80 in air at room temperature with the follow-
ing fretting parameters: specific normal load of samples P =19.6 MPa,
relative displacement amplitude A=125um, oscillation frequency
f=25-30 Hz and test base N = 5-10° cycles. In each friction pair, sam-
ples of the BT8 alloy were immobile, and counter-bodies from the
abovementioned materials were movable. After the test, the average
linear wear of the samples and the mass loss of the counter-bodies were
determined, according to which and the contact area and the material
specific mass data, their total volumetric wears were calculated. At the
same time, during the test, the moment of friction was recorded, the
coefficients of friction were determined, and the topography of the
surface of the friction tracks and the distribution of chemical elements
on them were studied using an SEM microanalyzer POM-200.

3. RESULTS AND DISCUSSION

The obtained values of the volumetric wear of the samples, counter-
bodies and the total volumetric wear of the materials of the friction
pairs are compared in Fig. 1. As seen, under the studied fretting condi-
tions, the least intense wear of the BT8 alloy occurs during friction in
pairs with the magnesium alloy and bronze. At the same time, the
magnesium alloy paired with the titanium one wears out much more
intensely than bronze.

Electron microscopy studies of the friction track surface in the
BT8-BpAiK9-4 pair revealed signs of seizure with the bronze material
transfer to the titanium alloy surface (Figs. 2, 3).

Based on the analysis of the change in the friction coefficient of this
pair (Fig. 4, curve 2), we can conclude that the process of intense sei-
zure, which is characterized by a high friction coefficient, develops in
the period from 10-103 to 70-102 fretting cycles. Herein, the destruc-
tion of the seizure centres is not accompanied by deep damage, which
indicates a small depth of spread of deformation hardening of bronze
under the action of cyclic contact loads in the actual contact areas. The
relatively small wear of the materials of this pair can be due to the
formation of a specific protective layer on the friction surfaces of com-
pressed highly dispersed wear products, in the composition of which,
in view of much greater volumetric wear of bronze, relatively soft cop-
per oxides may dominate. The formation of such protective structures,
firstly, will prevent the further development of adhesion, and, second-
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Fig. 1. Diagram of volumetric wear of samples, counter-bodies and total wear
of metals of friction pairs during the wear test under fretting-corrosion con-
ditions. Friction pairs (sample—counter-body): 1—BT8-MJI5, 2—BT8-
BpAiK9-4, 3—BT8-I116T, 4—BT8-BT8, 5—BT8-steel X18H10T, 6—BT8-
steel 45.

ly, it reduces the intensity of destruction of contact surfaces by the
mechanisms of corrosion-fatigue and abrasive wear.

In the friction pair BT8—-MJI5, there are no characteristic signs of
intense adhesion. After 103-152 cycles of fretting, the friction coeffi-
cient decreases sharply and quickly acquires a stable and relatively low
value (Fig. 4, curve 1).

The results of the electron microscopy study of the friction track

20.00kV. ~ x126 500

Fig. 2. Surface topography of the friction tracks on the BT8 alloy sample (a)
and BpA#K9-4 counter-body (b) after wear tests under fretting-corrosion con-
ditions.



METHODOLOGY FOR SELECTING COMPATIBLE METAL MATERIALS 641

(@ Magallanes - (EDS noname.spe] & Hroopmauns o] L-[DIx
Bl Pain EDS Crenrp Yuacrex Jmaas Onger Ok Nossoass Kigeisn =8l
-8 [B8&@ |emafalc- - E@lﬂFEi?JEMfJ

1 | L L | L | | 2210000

B[ XCC|@ 1% wad mam 505 v 3’:"“"‘

T3 Orowne B e a7 e 200058
w Kk [mm 7
m 73 189

Fig. 3. Results of the analysis of the percentage content of chemical elements
on the microsection of friction surface of the BT8 alloy paired with bronze
BpAK9-4 after wear tests under fretting-corrosion conditions.

surface evidence that, similar to the friction in the pair with bronze,
the BT8 friction in the pair with the magnesium alloy is accompanied
by the formation of specific thin-film protective structures from com-
pressed wear products on its surface, the composition of which in-
cludes mainly magnesium monoxide (Fig. 5, a, Fig. 6). On the friction
surface of the magnesium alloy, characteristic signs of pitting corro-
sion-fatigue and grooved abrasive wear are revealed (Fig. 5, b).

The low disposition of materials of the BT8—MJI5 pair to seizure can
be explained by the fact that the mutual solubility of metals in the Ti—
Mg system is practically absent [5]. According to ideas about the diffu-
sion nature of seizure [1, 6, 7], the lack of mutual solubility and the
ability of metals to form solid solutions is considered one of the main
factors that prevents the formation of strong metal bonds in a friction
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Fig. 4. Dependence of the friction coefficient on the number of fretting cycles.
Friction pairs: 1—BT8-MJI5, 2—BT8-BpAK9-4, 3—BT8-1116T.
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Fig. 5. Surface topography of the friction tracks of the sample from BT8 alloy (a)
and counter-body from MJI5 alloy (b) after wear tests under fretting-
corrosion conditions.

pair and prevents adhesion. In addition, the presence of few slide sys-
tems (planes) in the magnesium crystal lattice prevents the formation
of active dislocation centres with a high concentration of point defects
in the places of actual contact and the creation due to plastic defor-
mation of a crystallographic arrangement of shear planes, which is fa-
vourable for seizure. Given the leading role in the development of fret-
ting corrosion in corrosion-fatigue and abrasive processes, the abnor-
mally low fretting resistance of the magnesium alloy compared to the
other studied alloys can be explained by its low mechanical strength
and low corrosion resistance.

Taking into account the essential role of electrochemical processes
in the development of fretting corrosion [2, 8], the electrochemically
high corrosion activity of magnesium and its alloys can be a significant
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Fig. 6. Results of the analysis of the percentage content of chemical elements
on the friction surface microsection of BT8 alloy paired with magnesium alloy
MUJI5 after wear tests under fretting-corrosion conditions.
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factor determining the high wear intensity of the magnesium alloy and
the low wear intensity of the titanium alloy in the BT8—-MJI5 pair.

In the BT8-16T friction pair, the development of fretting corro-
sion is characterized by strongly pronounced signs of seizure. The rela-
tively long duration of the period of intense adhesion and the high fric-
tion coefficient corresponding to this period (Fig. 4, curve 3) indicate a
high strength of adhesive friction bonds. Adhesion is obviously facili-
tated by the low hardness of the aluminium alloy, high ability of the
metals of this pair to form juvenile surfaces and the ability of titanium
to form solid solutions with aluminium. As a result of the occurrence
and destruction of seizure centres, deep local damage was revealed on
the surface of the aluminium alloy (Fig. 7, a), whereas on the surface
of the titanium alloy, there were areas formed from separated and
transferred metal from the counter-body (Fig. 7, b).

Simultaneously, the friction surfaces of both the [I16T and BTS8 al-
loys, lying outside the seizure centres, undergo corrosion-fatigue and
abrasive wears. Herein, the wear of the titanium alloy is higher than in
the pairs with magnesium alloy MJI5 and bronze BpA#9-4, whereas
the main contribution to the total wear of the BT8—I[16T pair is made
by the aluminium alloy.

The deep destruction of the I[16T alloy in a pair with the BT8 alloy
can be attributing to its lower fatigue strength and tendency to strain
hardening. Since the cyclic contact stresses acting in the contact zone
decrease, the volumes of metal close to the plane of the welding bridges
experience the greatest hardening. Accordingly, the destruction oc-
curs in places further away from the surface where cyclic stresses ex-
ceed the fatigue strength of the material [9].

[EDS noname.ss
& - [mmagalo -
T T T T IR
B! XCC|® |5 wunt tusb Jux v
=

E

PR e 7 T e : T
20.00kV_ x60.0 ] T | e

Fig. 7. Topography of the surface of the [I16T counter-body friction track (a)
and the results of analysis of the percentage distribution of chemical elements
in the BT8 sample microsection (b) after wear tests under fretting-corrosion
conditions.
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In the friction pairs BT8—steel X18H10T and BT8—steel 45, the ti-
tanium alloy wears more intensely. Herein, the amount of wear of the
BT8 alloy is greater than in the pair with the same material, whereas in
the pair with the BT8 alloy, the relatively soft low-strength steel
X18H10T wears less than hardened steel 45.

When analysing the friction tracks of samples and counter-bodies in
friction pairs BT8-BTS8, BT8—steel X18H10T and BT8-—steel 45, the
identity of the nature of destruction of their surfaces is revealed,
which corresponds to the signs of mainly corrosion-fatigue and abra-
sive wears. Obviously, under such conditions, the fretting resistance
of friction pair materials is determined by the competition of such fac-
tors as hardness, cyclic strength and corrosion resistance. In this case,
the lower fretting resistance of the BT8 alloy paired with steels can be
explained by the high susceptibility of titanium and its alloys to the
chemical interaction with oxygen, low strength of secondary oxide
films and the tendency to flood in the fretting-corrosion process [10],
whereas the higher fretting resistance in the same-named pair—Dby a
less intense development of electrochemical corrosion processes. Given
that in the process of fretting corrosion, as a result of deformation and
tribochemical reactions, the surface layers of the metal undergo signif-
icant changes both at the structural and substructural levels [2, 8, 11,
12], then, the corrosion activity of the titanium alloy in galvanic pairs
will be determined by its values acquired under the action of fretting
rather than by the initial value of its standard electrode potential.

The results presented above make it possible to establish a favoura-
ble combination of materials in a friction pair in view of their mutual
influence on frictional wear characteristics. This approach may be val-
id for a tribosystem, where the specified tension is lost due to wear of
parts (joints with guaranteed tension), or the performance of the tri-
bosystem is impaired by an increase in the clearance between the parts
(joint with guaranteed clearance). Such tribosystems include relatively
open tribosystems, where the volume of wear products formed in the
contact zone (V) can be compensated by the total volumetric wear of
tribocouple materials (V%) and the volume of wear products removed
from the contact zone (V'):

i<y, (1)

In closed tribosystems, where the wear products do not have a free
exit from the contact zone and relation (1) is not valid, the accumula-
tion of wear products can cause an additional increase in the specific
pressure coupling. The consequence of the development of fretting
corrosion in such tribosystems is most often the loss of joint mobility
(jamming) and premature fatigue failure of the part [13—15]. In this
case, the criterion of assessment when choosing friction pair materials
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can be the volume increment coefficient of the material:
A=KV'/V1 (2)

where K is a coefficient that takes into account the packing density of
powdered wear products.

Given that the products of fretting corrosion of metal alloys are, as a
rule, oxides of the base metal, the volume of wear products formed by
each element of the tribosystem can be determined by the relation

Vi, = VP, (3)

where V,; is the volumetric wear of the i-th element of the tribosys-
tem, P is the Pilling—Bedworth coefficient, which characterizes the
ratio of the volume of the oxide formed during oxidation to the corre-
sponding volume of the metal [16].

Considering a closed tribosystem as a closed volume where wear
products undergo pressure with simultaneous application of vibration,
by analogy with the vibration pressing of powder materials [17], the
physical value of the coefficient K in Eq. (2) may be defined as the abil-
ity of the powdered wear products to be compacted under vibration
pressing.

The volume of the powder green body changes under pressure due to
the displacement of individual powder particles, which, thus, achieve a
denser arrangement, as well as due to the deformation of the powder
mass particles. The ability of powder materials to be compacted is de-
termined by such physical characteristics as the granulometric compo-
sition, the size and shape of the powder particles and the ability of the
powder material to undergo plastic deformation. Compaction under
pressing of powder materials can be determined from the pressing
equation:

Y=y, - Ko g, 0
o

where y is the density of the compacted powdered mass, v, is the condi-
tional ultimate density of the material under sufficiently high pres-
sure, p is the applied pressure, K, is the initial pressing coefficient at
p =0, aisthe coefficient of loss of compressibility, which characterizes
correlation the decrease in the compression coefficient K with increas-
ing the pressure by one unit. The constants in Eq. (4) are characteris-
tics of powder materials and can be determined experimentally.

For brittle low-plastic powder materials, such as powders of titani-
um boride and titanium carbide, the density of compacts during vibra-
tion pressing, even at relatively low pressures and a short duration of
vibration, can increase by 1.4—1.5 times[17].
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Since at normal temperatures, metal oxides are brittle and low-
plastic as well [16], due to repeated grinding in the contact zone, they
acquire approximately the same shape and size, the coefficient K in
equation (2) can be determined as the reciprocal of the coefficient of
increase in the density of green bodies during vibration pressing and,
with some approximation, be taken equal to K=1/1.5=0.66.

Based on the above analytical study of volume changes occurring in
closed tribosystems during the development of fretting corrosion, the
calculation of the volume increment coefficient of the material was
made. The initial data for the calculations and the obtained coefficient
values are given in Table 1. The coefficient A is a characteristic of a
tribosystem that shows how many times the volume of wear products
formed during fretting corrosion becomes larger or smaller than the
volume of the worn materials of the friction pair. It is obvious that un-
der the condition of minimizing the coupling pressure and simultane-
ously preserving the parameters of the previously applied tension, the
value of the coefficient A is to be ideally close to 1. As seen from Table
1, the most favourable in this case are combinations of titanium alloy
BT8 with aluminium alloy 116T, bronze BpA#9-4 and the same alloy.
In pairs with steel X18H10T and hardened steel 45, despite their rela-
tively higher wear resistances, due to the high Pilling—Bedworth coef-
ficient of iron oxides, a significant increase in pressure is possible. A
particular intense increase in pressure can be expected at the early
stage of fretting corrosion, when oxide y-Fe;03; with the highest Peel-
ing—Bedworth coefficient among the iron oxides can be predominantly
formed in the wear products.

In the friction pair of the BT8 alloy with the MJI5 magnesium alloy,
due to the low Pilling—Bedworth coefficient of magnesium oxide and
the high wear intensity of the magnesium alloy, the calculated value of
the volume increment coefficient is significantly less than 1. In this
case, the loss of tribosystem functionality may be due to intensely re-
ducing the tension and increasing the clearance rather than to increas-
ing pressure in the coupling.

4. CONCLUSION

Taking into account the peculiarities of the change in the tribosystem
state under different forms of fretting corrosion, the compatibility of
some structural alloys for the combination in a friction pair with tita-
nium alloy BT8 was determined. It was established that to prevent deep
destruction from seizure and minimize wear of the friction pair, the
combination of BT8 alloy with BpA#K9-4 is most favourable, and the
least favourable is to make a pair with aluminium alloy JI16T. When
choosing materials for the friction pair titanium alloy—steel, prefer-
ence should be given to less hard stainless steels rather than highly
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TABLE 1. Initial data for calculation and calculated values of the volume in-
crement coefficient for friction pair materials studied.

. Total volume
Friction . . Volume
. Volumetric | Oxide o of wear prod-|.

.. pair sam- . . Pilling— increment
Friction wear of pair [phases in ucts from . .
No . ple— . Bedworth . L. . |coefficient

pairs materials wear . . friction pair .
counter- il 3 coefficient P . of materi-
Vi » mm? | product materials V1,
body i N alA
mm
_ BT8 0.19 TiO 1.76
1 BT8 ’ 2.52 0.57
MJI5 MJI5 2.7 MgO 0.81
BT8— BT8 0.25 TiO, 1.76
2 DBpAK9- R 1.48 1.15
4 BpAfcg 0.6 Cu0 1.74
BT8 0.5 TiO, 1.76 3.95 0.91
g BT~ 0-Al03 1.28 ' ’
A16T  116T 1.85
v-Alz0; 1.45 3.56 1.0
BT8 0.75 TiO, 1.76
4 BT8-BTS8 2.81 1.16
BT8 0.85 TiO, 1.76
BT8 1 TiO, 1.76
2.5 1.22
FesOq 2.10
5 BT8— magnetite
X18H10T
X18H10T 0.35 FezOg‘ 2.14 2.51 1.93
haematite
v-Fez03 2.45 2.62 1.28
BT8 1.25 TiO, 1.76
Fes0, 3.77 1.25
BT8- magnetite 2.10
6 steel 45 gteel 45 0.75 Fe.0
hardened hardened : e2s 2.14 3.81 1.26
haematite
v-Fez03 2.45 4.04 1.33

hardened non-corrosive steels.

For tribosystems, the efficiency loss of which is associated with the
accumulation of wear products in the contact zone, the determination
of a favourable combination of materials in the friction pair should be
performed taking into account the material volume-increment coeffi-
cient as proposed in this work. It was established that the most optimal
in terms of such coefficients are combinations of titanium alloy in a
pair with bronze, alloy I116T and the same alloy.
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