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Features of extending the service life of transport and technological machines
in mountain and foothill conditions

B. Ibragimov'®?, N.K. Tursunov?, W. Shao?
1Tashkent state transport university, Tashkent, Uzbekistan

Abstract: When transport and technological machines are operated in mountain and foothill conditions, their bodies
and parts are more susceptible to corrosion, which leads to premature failure and a sharp decrease in the
reliability of joints and main load-bearing parts. Multifunctional anti-corrosion coatings with high
physicochemical properties are therefore needed to extend the service life of bodies and units of such
machines. The aim of the study is to propose an epoxyurethane anti-corrosion coating based on ED-16
epoxy resin modified with cyclocarbonate and a method for estimating the effect of the coating
reapplication interval on the corrosion-limited service life of vehicle units operated in mountain
conditions. In a preliminary screening test in 10% HCI, the mass changes of coated copper, steel and
aluminum alloy specimens did not exceed 0.0003 g. Coating deterioration observed in operation is
approximated by a power law of mileage, and the predicted service life of the unit is reported with 95%
confidence intervals, the assumptions of the model and the limitations of the available data.
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1. Introduction

Mountain roads cross ridges and ranges through passes
at high altitudes (1500-2000 m above sea level). Such roads
have a number of unfavorable features: steep longitudinal
gradients (up to 10-12%), serpentines (sharp hairpin turns,
up to 10 per 1 km of road), a large number of small-radius
(8-10 m) curves (15-18 per 1 km of road), insufficient width
of the carriageway and roadbed, pavement deformation and
poor visibility. Some road sections are damaged during
heavy rains and downpours.

In addition, the weather in high-mountain areas is
unstable, with large temperature fluctuations during the day.
For example, in summer the temperature in the sun can reach
+30...+40 °C in the daytime and drop to £5...£10 °C at
night. In winter, avalanches and icing are frequent [1].

These factors affect the reliability of vehicles, hinder
traffic, reduce speed, increase operating costs and are a
major cause of road traffic accidents.

The specific nature of mountain conditions is associated
with a number of features of vehicle operation. For example,
for every 1000 m above sea level, engine power decreases
by 12% on average owing to the lower air density and the
reduced mass of the cylinder charge, fuel consumption
increases, and the performance of air-actuated brakes
deteriorates.

The complexity and tortuosity of the vertical profile of
mountain roads affect the operating mode and energy
loading of vehicle braking systems. On mountain roads, the
number of brake applications reaches 10-19 per 1 km, and
on some sections the temperature of the friction surfaces
reaches 460-490 °C in the rear brake mechanisms and 270—
290 °C in the front ones [2-5].

Tires wear intensively because the driving wheels
transmit high torques when climbing, because of frequent
braking on long descents, and because of the large number
of small-radius turns.

a2 https://orcid.org/0009-0003-5965-5933

The condition of the road network and the complexity of
the road profile adversely affect vehicle reliability. During
driving, the engine and brakes operate under heavy loads,
their reliability decreases, and fastening and adjustment
mechanisms often fail. All this leads to rapid wear of parts
and assemblies, fatigue phenomena in them and, ultimately,
to failures.

In mountain conditions, especially in regions with a
subtropical climate, increased air humidity causes rapid
corrosion of electrical wiring terminals, parts, units and
assemblies of vehicles, and especially of the cab, body,
fenders and other panels.

All this shows that particular attention must be paid to
the technical condition of vehicles operated in mountain
conditions.

Polymer protective coatings are widely studied as a
means of improving the durability of transport and
technological machines [6]. Among them, coatings obtained
by the reaction of cyclic carbonates with amines (non-
isocyanate, hydroxyurethane systems) are of interest
because they are formed without toxic isocyanates and
combine good adhesion with chemical resistance [7, 8].
However, quantitative data relating the protective
performance of such coatings to the service life of vehicle
units in mountain operation remain scarce.

The aim of this study is to develop an epoxyurethane
anti-corrosion coating based on ED-16 epoxy resin modified
with cyclocarbonate, to evaluate its resistance in laboratory
tests, and to estimate, using operational observations and a
power-law deterioration model, how the coating
reapplication interval affects the corrosion-limited service
life of vehicle units operated in mountain conditions.

2. Research methodology

Corrosion of metals proceeds in stages, and five stages
of corrosion have been identified. In the first stage, small
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blisters form and rust spots appear. In the second stage, iron
oxide Fe20s forms and general rusting develops. In the third
stage, the coating layer completely detaches from the
substrate and corrosion proceeds at a high rate; this is the
stage against which coatings protect the metal. In the fourth
stage, deep cavities form and pitting corrosion occurs. In the
fifth stage, large through-holes form, and corrosion proceeds
intensively on both sides of the substrate.

(@) uniform

(c) pitting (deep localized)
Fig. 1. Types of corrosion

The term “corrosion” applies to many metals (including
non-ferrous metals) and alloys, as well as to concrete and
some plastics, whereas rust is a product of the corrosion
process. The latter term refers only to the iron contained in
steel and cast iron: when steel is said to rust (or corrode), this
means that the iron it contains rusts (oxidizes).

Fig. 2. Corrosion damage observed on transport and
technological machines

The extent of corrosion is assessed by the number of
corrosion sites (the corrosion site index kp). The corrosion
depth kr (mm/year) is the average or maximum depth of
corrosion damage of the metal over a given period of
operation of the product. The corrosion susceptibility ke
(hours or days) is the period of operation before the onset of
corrosion; the onset of corrosion is defined as the moment
when the corroded area reaches 1%, and it depends on the
condition of the metal surface. The change in metal mass
during operation due to the loss or accumulation of corrosion
products is denoted k: (g/(m?-h)). In addition to the mass loss
(gain) index, an important indicator of mechanical strength
is the change (%) in the ultimate strength of the metal during
operation.

Accelerated test methods reproduce the main factors of
the operating conditions. However, the corrosion process
must not be accelerated by changing its mechanism, for
example by introducing a more aggressive component of a
different nature. The test regime must be chosen so as to
ensure a high corrosion rate throughout the entire test period
[3,4,9]

The standard O‘z DSt 9.101-98 “Unified System of
Protection against Corrosion and Ageing. Basic Provisions”
establishes the main indicators of corrosion and corrosion
resistance (chemical resistance) of metals and alloys and the
methods for their determination for general, pitting,
intergranular, exfoliation and spot corrosion, corrosion
cracking and corrosion fatigue [10].

Paint and varnish coatings are the most widespread
means of protecting transport and technological machines
against corrosion. They are relatively inexpensive and easy
to apply, damaged coatings are easy to restore, and they can
be combined with other protection methods.

Proper selection of materials and of the method of
applying these coatings in the atmosphere and in a number
of corrosive media ensures sufficiently reliable corrosion
protection of metal structures. A continuous film forms on
the metal surface, which prevents the aggressive action of
the environment and protects the metal from degradation.

The protective properties of composite polymer coatings
are superior to those of paint coatings. The specific
properties of composite polymer materials have enabled
their use in various industries, in particular for the corrosion
protection of metals [6, 11].

Plastics and resins exhibit high corrosion resistance in
many aggressive media.

Pentaplast is a polymer material used to protect pipes,
collectors for draining hydrochloric, nitric and other acids,
and pump housings and impellers against corrosion [12, 13].

Thus, anti-corrosion coatings provide good adhesion to
metal surfaces, mechanical strength and chemical resistance.

In addition, polymer coatings protect parts from
mechanical damage; their possible vibration- and noise-
damping effect is beyond the scope of this study.

3. Results and discussion

To develop the coating, the thermosetting oligomer ED-
16 epoxy resin was selected as the base. Dibutyl phthalate
(DBP) and dioctyl phthalate (DOP) were used as plasticizers
to impart flexibility to the cured film [14]; polyethylene
polyamine (PEPA) was used as the hardener, and the
cyclocarbonate-modified oligomer obtained by reactions
(1)-(2) served as the urethane-forming component. A
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titanium-containing filler was introduced into the
composition.

Special additives—both organic and inorganic fillers—
are introduced into polymer materials to increase their
mechanical strength, to improve their dielectric and
frictional (or, conversely, antifriction) properties and
thermal stability, to reduce shrinkage and to lower cost. In
many cases, fillers determine not only the mechanical
properties of polymer materials but also the type of coating.

The use of hardeners increases the water resistance of the
coating and improves the casting of the resin. Polyethylene
polyamine and some other amines, added to the resin in an
amount of 5-10%, are the most commonly used hardeners.

The present work is limited to the selection of the
components and the synthesis route of the coating;
optimization of its quantitative composition and application
parameters (surface preparation, curing regime, dry film
thickness) is the subject of further study. Here the coating is
considered as a protective system whose effect on the service
life of vehicle units is evaluated.

The epoxyurethane binder was synthesized in two
stages, the cyclocarbonate component being obtained from
local raw materials.

The epoxyurethane coating was obtained as follows.

1. Cyclocarbonates were obtained by reacting epoxy
compounds with carbon dioxide:

CHZ—/CH— + COp — C|H2—$H—

() (o)
\ﬁ/
o)

1
Epoxy oligomers were used as the starting materials.
2. The epoxyurethane coating was synthesized by the
reaction of diamines with cyclocarbonates:

R (I‘.H—(I.‘Hx + HyNRNHy; —> _ﬁmH;CHRCHCH,mNHhNH—
I
O\C}) 0O OHOH © n

Bl 2

The reaction of cyclic carbonate groups with primary
amines yields hydroxyurethane fragments without the use of
isocyanates [7, 8].

The anti-corrosion properties of the coating were
evaluated in a preliminary laboratory screening test in 10%
hydrochloric acid (HCI) with reference to O‘z DSt 9.101-98
[10]: coated specimens of copper, steel and aluminum alloy
AL-9 were weighed before and after exposure. The results
are given in Table 1.

A 10% HCI solution was used as a severe chloride-
containing screening medium: chloride ions are the main
corrosive agent of the de-icing salts (NaCl, CaClz) applied
on mountain roads in winter, and the acidic medium strongly
accelerates the attack [3, 4]. Because acid exposure may
differ in mechanism from atmospheric corrosion under de-
icing salts, the test is used only to rank the barrier properties
of the coating; it does not reproduce the combined action of
humidity, temperature cycling, road salts, abrasion and
ultraviolet radiation. Transfer of the laboratory result to
operating conditions is therefore qualitative; neutral salt-
spray tests according to 1SO 9227 [9] and cyclic climatic
tests are required to quantify it.

Table 1
Mass of coated specimens before and after exposure to
10% HCI (preliminary screening test)

Sample Mass, g Mass Note
Before After loss, g
test test

Copper M | 5.1072 5.1069 | 0.0003 | Resistant
Steel D | 10.8331 | 10.8330 | 0.0001 | Resistant
Aluminum | 2.0691 | 2.0690 | 0.0001 | Resistant
AL-9

The recorded mass changes (0.0001-0.0003 @)
correspond to one to three units of the last reported digit, i.e.
they are at the resolution limit of the weighing. Since these
results are not supported by replicate specimens or by
comparison with uncoated controls, they are regarded only
as qualitative evidence that the coating does not undergo
noticeable degradation under the test conditions; the
designation “Resistant” in Table 1 is used in this sense.

Operational observations of the coating were carried out
on trucks and special technological machines used for road
construction and winter snow clearing on the Qamchiq pass.

The coating deterioration U (%) recorded at mileages of
60-240 thousand km is given in Table 2; U = 100%
corresponds to complete loss of the protective function of the
coating on the observed surface.

Studies to determine the dependence of the service life
of units and systems on the coating application interval were
carried out using the following method.

In mountain and foothill conditions, the service life of
transport and technological machines largely depends on the
interval at which the anti-corrosion coating is applied. This
dependence is expressed by the following function:

Ly = ¢(Lo) @A)
where L, is the service life of the object, thousand km;
L is the coating application interval, thousand km.

The change in the condition of the object surface with
mileage during operation is given in Table 2.

Table 2
Change in the condition of the coating on the object
surface with mileage

Mileage, thousand Coating deterioration, %
km Experimental Theoretical
60 10 9.989
120 25 25.025
180 40 42.824
240 65 62.695

The change in the coating condition on the object surface

with mileage is described by a power function:
U=B-1% 4)
where U is the coating deterioration, %; L is the mileage,
thousand km; B is a scale coefficient, %-(thousand km)™; a
is a dimensionless exponent.

The parameters were estimated by the least-squares
method after linearization, In U = In B + o In L, using the
four mean values of Table 2 (n = 4, two degrees of freedom).
This gave

B = 0.044, a = 1.325

The 95% confidence interval of the exponentis o =1.10-
1.55 and that of the coefficient is B = 0.015-0.129 (the two
estimates are strongly correlated). The coefficient of
determination in logarithmic coordinates is R? = 0.997; the
deviations of the fitted values from the experimental ones are
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+0.01, —0.02, —2.82 and +2.31 percentage points (Table 2),
i.e. the maximum relative deviation is about 7%. Because
only four points are available, the intervals are wide, and the
model is regarded as an empirical approximation valid
within the observed mileage range of 60240 thousand km.

Thus, the theoretical value of the coating deterioration is
determined by the formula

U = 0.044 - [1325 (5)

The theoretical values calculated with this formula are
given in the third column of Table 2.

The experimental and theoretical dependences of the
coating deterioration on mileage are shown in Figure 3.

)

SoabingQBet&Fiodtiod, 98 S

(
&
2 —theoretical
T ® 1-—experimental
60 120 180 240

Mileage L, thousand km
Fig 3. Change in the deterioration of the coating applied
to the object with mileage: 1 — experimental; 2 —
theoretical

If the coating is applied to the object surface once and is
not reapplied, the service life of the object is determined by

the formula
1/a

Uch
b = () ©
where Uch is the limiting (critical) value of coating

deterioration, %. In this work Ucn = 100% is taken: the
protective function of the coating on the inspected surface is
considered exhausted when the entire surface is affected,
after which the base metal of the unit is exposed to direct
corrosion. Accordingly, Lp denotes the corrosion-limited
service life of the unit, i.e. the mileage over which the unit
remains protected by the coating, rather than its mechanical
failure.

Otherwise, during operation the coating is reapplied with
interval i (Figure 3). In this case, the condition Lg; < Ly is
satisfied, and the change in the coating condition AU = AU,
depends on the interval. It is determined as follows:

AUq; = B~ Ly @)

If the coating is applied to the object with interval i, its
service life L,,; is determined by the formula

Uch
Lyi= AUq: Lo (®)
As a result, the service life of the object is determined as
Uch
= 5 Ta-1 9
14 B- in 1 ( )

Expressions (8)—(9) rest on the following assumptions:
(i) each reapplication fully restores the protective layer, so
that deterioration accumulates identically in every interval
according to (7); (ii) no irreversible damage of the base metal
occurs between reapplications, since Lqi < Lpi; (iii) the
parameters B and « do not change after repeated application;

(iv) the unit is considered to have reached its limit state when
the accumulated deterioration equals Ue. Under these
assumptions the values below are calculated predictions for
the observed operating conditions, not experimentally
established service lives. The overall durability of transport
components also depends on mechanical loading, which is
assessed by separate analytical and numerical models [15-
17].

With Uen = 100%, formula (6) gives a predicted
corrosion-limited service life of the unit with a single coating
application of about 341 thousand km (95% confidence
interval 287411 thousand km, obtained by propagating the
uncertainty of B and «).

The predicted service life for different coating
reapplication intervals is given in Table 3.

Table 3
Predicted corrosion-limited service life of the unit for
different coating reapplication intervals
Coating application 30.00 40.00 60.00
interval (L),
thousand km
Change in coating 3.99 5.84 9.99
condition per interval
(AUg), %

Service life (L), 752.46 | 685.30 | 600.69

thousand km

Under the stated assumptions, regular reapplication of
the coating increases the predicted corrosion-limited service
life to about 752, 685 and 601 thousand km for intervals of
30, 40 and 60 thousand km (95% confidence intervals 536—
1074, 517-922 and 491-747 thousand km, respectively).
The width of these intervals reflects the small number of
observations; it must be reduced with further operational
data before the model is used for maintenance planning.

The present results have the following limitations. The
laboratory test is a screening test in an acid medium without
replicate and control specimens; only four values of U are
available for fitting the deterioration model; the mechanical,
adhesive and damping properties of the coating were not
determined. Further work will therefore include salt-spray
tests according to ISO 9227 [9], assessment of coating
degradation according to 1SO 4628 [18], determination of
adhesion, hardness, flexibility, impact and abrasion
resistance, comparison with industrial reference coatings,
and accumulation of operational data to validate the service-
life model.

4. Conclusion

1. An epoxyurethane anti-corrosion coating based on
ED-16 epoxy resin modified with cyclocarbonate and
plasticized with DBP and DOP has been formulated for the
protection of transport and technological machines operated
in mountain and foothill conditions.

2. In a preliminary screening test in 10% HCI, the mass
changes of coated copper, steel and aluminum alloy
specimens did not exceed 0.0003 g, which is at the resolution
limit of the weighing. This result is qualitative and requires
confirmation by replicate, salt-spray and cyclic climatic tests
with uncoated controls.

3. Operational observations on the Qamchiq pass
showed that coating deterioration increases with mileage
according to the power law U = 0.044-L2%? (L in thousand
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km; R? = 0.997 in logarithmic coordinates; o = 1.10-1.55 at
95% confidence).

4. A calculation method relating the coating
reapplication interval to the corrosion-limited service life of
a unit is proposed. With Uch = 100%, the predicted service
life is about 341 thousand km for a single application and
about 752, 685 and 601 thousand km for reapplication every
30, 40 and 60 thousand km, respectively; these values are
model predictions valid under the stated assumptions and
within the observed mileage range.

5. The quantitative composition of the coating, its
mechanical and adhesive properties, and the validity of the
service-life model on an extended set of operational data are
to be established in further work.
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