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EXPERIMENTAL DETERMINATION OF THE SYNERGISTIC COMPONENTS OF TRIBOCORROSIVE
WEAR OF Ni-Cu-Mo-AUSFERRITIC DUCTILE IRON

The paper presents results of a two-stage study on the tribocorrosive wear of ADI alloy cast iron containing Ni and Cu. In
the first stage of the wear tests with use test rig type pin-on-plate, there were determined the parameters of the process of tribo-
corrosion of the ADI cast iron in 3.5% NaCl solution. In the second stage, the tests were carried out on a test rig simulating real
operating conditions of chain wheels used in armoured face conveyors. The purpose of this study was to demonstrate the impact of
the combined action of corrosive agents (water and NaCl) and quartz abrasive on the wear of the wheels tested. As part of the test,
the abrasive wear in the presence of the abrasive material alone and in the presence of a mixture of the abrasive material, water
and NaCl was determined. The microstructure and the hardness of the surface layer as a function of the distance from the surface
were also determined. During the study it has been found that regardless of the type of test there is a synergy between the effects
of corrosion and friction which led to an increase of the resulting wear by 30%.
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1. Introduction

At present, the most important problems determining the
further development of the methods of forecasting the tribocor-
rosive wear include the experimental and analytical identification
of probable wear mechanisms in the entire available space of
operating excitations as well as the preparation of formulas for
calculating the effects (i.e. wear) of those different processes. This
study constitutes the first stage in achieving this comprehensive
goal (experimental cognition) in a situation where the wear of the
components is determined also by the abrasive material and the ag-
gressive corrosive medium in addition to mechanical excitations.

In the case of friction pairs of machines, the wear of indi-
vidual elements often occurs as a result of a simultaneous action
of friction and corrosion — i.e. tribocorrosion. Tribocorrosion is
a wear process caused by the simultaneous action of mechani-
cal excitations and corrosive environmental factors [1-5] which
generally constitutes a significant operational problem. Tribocor-
rosive wear occurs most often in tribological systems composed
of two or three bodies that move in relation to each other. In the
real conditions, where friction and electrochemical processes
occur at the same time, there is observed a synergistic effect of
the impact of the both processes which significantly greater than
the sum of their individual impacts [6,7].

The essence of the process is the removal of the protective
layer of passive oxides or the disruption of its continuity by the
action of mechanical factors (e.g. hard abrasive) which results

in its restoration in the form of a new layer of passive oxides
on the exposed surface as a consequence of electrochemical
process. The removal of the passive layer of oxides caused by
tribological processes accelerates the corrosion, because there
takes place a rapid digestion of the surface underlying the layer
that has been removed. Another factor intensifying the tribocor-
rosive wear is intense abrasive action of hard particles coming
from the oxide layers being removed. Processes of removing
and restoring the oxide layers occur cyclically along with each
action of a mechanical factor. The intensity of tribocorrosion
depends primarily on the characteristics of the materials, of
which the elements of the friction pairs are made, as well as on
the conditions of excitations [1].

Currently, a number of industries, particularly those related
to power engineering and mineral extraction, use machines and
equipment at risk of damage due to abrasive wear and tribocor-
rosive wear [8,9]. This issue is particularly important consider-
ing the sustainable development of the industry which assumes
conservation of energy and natural resources [10]. An example
of elements subjected to a combined action of mechanical fac-
tors (abrasive grains) and corrosive factors are chain wheels of
armoured face conveyors (Fig. 1) which are used for example
in coal handling systems of power plants and combined heat
and power plants, as well as in underground, surface and tunnel
mining. Armoured face conveyors are often used for transport of
mineral and energy resources. During the transport, hard grains
of these materials and aqueous electrolyte solutions penetrate
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to the zone of mating between the driving wheel and the chain
(Fig. 2). In[11], based on an analysis of the operational damage
to chain drums of armoured face conveyors, it has been estimated
that the abrasive and tribocorrosive wear accounted for over 45%
of the damages leading to removal of chain drums of armoured
face conveyors from service.

Fig. 1. An example view of tribocorrosive wear of a chain wheel in an
armoured face conveyor

Fig. 2. An example view of a fragment of an armoured face conveyor
with sand and water contamination in the discharge zone

Manufacturers and users have high expectations associ-
ated with the use of ADIs which offer a number of advantages
[12,13] as compared with surface hardened alloy steels. One of
the most important factors predisposing these materials for the
use in harsh operating conditions is that ADIs are resistant to
wear almost in the entire cross section of the cast.

Austempered ductile irons are used as materials for ma-
chines operating in harsh operating conditions, although their
use is not very widespread. This may result from a complex
technology used in the production of these materials, which is
characterized by the necessity of determining a large number
of parameters affecting their functional properties. It should
however be noted that there are almost no studies on operating
properties of the corrosive and abrasive factors with respect to
ADIs, in particular on their synergistic action, which could have
also affect the decisions of users as to the use of these cast irons.

Advantageous performance characteristics of austempered
ductile iron are observed after properly conducted heat treatment
that consists of austenitization and isothermal quenching. The
conditions of the austenitization process determine the content
of carbon in austenite, while the parameters of the ,,process win-
dow* of the isothermal transition shape ultimately the ausferritic
microstructure composed of bainitic ferrite and austenite. The
combination of parameters of the isothermal transition tempera-
ture and the process duration is important for the diffusion of
carbon into austenite and its further stabilization.

A characteristic feature of ADlIs is their ability to strengthen as
aresult of the phase transition of austenite into strain-induced mar-
tensite caused by an increase in the stress or strain [14]. A number
of authors, including Hayrynen et al. [12,13], Schissler at al. [15],
Owhadi at al. [16], Myszka and Wieczorek [17,18] confirmed a
positive impact of the phase transition on wear properties of ADIs.

Corrosion properties of the austempered ductile irons were
analysed in a number of research studies. Prasanna et al. [19]
reported a loss of mass by approx. 33% caused by corrosion (for
ductile iron after austempering as compared with the same ductile
iron without heat treatment). Hsu and Chen [20] tested nodular
cast irons and ADIs in the presence of 3.5% NaCl solution and
confirmed an improved resistance of cast irons to corrosion after
isothermal quenching and a favourable effect of 4% nickel content
on anti-corrosive properties. Banerjee et al. [21] have found that
an increase in the amount of graphite inclusions in the structure of
ADIs increased the rate of the corrosion wear and that the copper
content had a favourable effect on an increase in the corrosion
resistance of these cast irons. Hsu and Lin [22] also demonstrated
a favourable effect of copper on the corrosion resistance of ADIs,
but they conducted their tests on cast irons containing 1% of Cu.

Cai eta al. [23] examined the resistance of ADIs to fatigue
damage depending on the ambient humidity and they found that
this resistance was lower in an atmosphere containing water.
As a reason for this phenomenon they indicated the formation
of corrosion pits in graphite inclusions, which initiated local
cracks of the ADI matrix. Krawiec et al. [24] found dependence
between the corrosion resistance and the microstructure of ADI.
In particular they showed that the microstructure of upper ausfer-
rite had a higher resistance as compared with lower ausferrite.
Myszka et al. [25] demonstrated the possibility of increasing the
corrosion resistance of ADIs by simultaneous austenitizing and
nitriding or austenitizing and carbonitriding.

2. Synergetic components of the tribocorrosive wear process

The main purpose of this study was to identify the man-
ner of wear of ADIs containing Ni, Cu and Mo in conditions
of simultaneous action of friction and corrosion in a sliding
pair. The authors focused particularly on assessing the effect
of synergy between the mechanical and corrosive impacts. It
has been assumed that this objective will be achieved through
laboratory tests and controlled operating tests reproducing the
real conditions of operation of the chain wheels.



In the case of the laboratory tests, it has been assumed that
the total loss of the material Vt in complex conditions of excita-
tions will be the sum of the following elementary components
[7,26-29]:

V=V +V,, + AV (1)
where:
V; — wear caused by friction (without the participation of
corrosion),
V.o — corrosive wear only (without the participation of fric-
tion),
AV — summary effect of the synergy of friction and corro-
sion.

The AV factor characterizing the effect of synergy of fric-
tion and corrosion can be determined by the following relation-
ship:

AV =(AV, +AV,,) )
where:
AV, — increase in the wear resulting from the synergistic
effect of corrosion on friction,
AV,,. — increase in the wear resulting from the synergistic

effect of friction on corrosion.
After taking into account the relationship (2), the equa-
tion (1) will take the following form:

cor cor

Vt:(V/-+AVf)+(V +AV,,,) 3)

Equation (3) allows determining the increase in the wear
associated with the synergistic effect of corrosion on friction in
the following form:

AVf:I/;—(Vf+V +AV, ) 4)

cor cor

One of the most effective methods of estimating the wear
component resulting from friction (/) is to conduct tests in
a corrosive environment in the conditions of cathodic polariza-
tion [26,27]. The cathodic polarization ensures protection of the
material against aggressive action of the environment. At the
same time, the test conditions take into account the impact of
the electrolyte as a substance lubricating and cooling the friction
pair. The method described constitutes a more reliable manner of
estimating the wear component resulting from friction (V) than
examining the loss of the material during dry sliding friction [7].

The wear component resulting exclusively from the corro-
sive action of the environment can be determined based on the
Faraday equation for the corrosion current density (icor). The
corrosion current density is determined by approximating the
polarization curve with the use of Tafel equations. This method
can be used to estimate the sum of the components (V,,,, +AV,,,)
[27,29]. The polarization curve determined for the conditions of
the wear test should be used for this purpose. Consequently, the
AV, component can be determined from the formula:

AV, = (Voo + AV,

cor cor cor

= f (icor_without_wear ) - f (icor_with_wear ) (5)

)V -

cor
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In order to estimate the effect of the synergy between abra-
sive and corrosive impacts taking place in the case of operating
tests that reproduce real conditions of operation of the chain
wheels, it has been assumed that the total material loss Vzp+cor
will be determined in the same way as in the equation (3), using
the sum of the following elementary components:

Vasricor = (VABR,- + AV pr, )+ (VABRM +AV R cor ) (6)

where:
Vigr y — wear caused by frictional impact of the abrasive
(without the participation of corrosion),

Visr cor — corrosive wear in the presence of stationary abra-
sive,

AV,pr y — increase in the wear resulting from the synergistic
effect of the corrosion products on the composition
of the abrasive,

AVipr cor — increase in wear resulting from the synergistic ef-

fect of the abrasive on corrosion.

For the purpose of determining the value of the component
AVypr_p it has been assumed that the ratio of the value of the
wear component resulting from the corrosive impact V., and the
total loss of the material ¥, is equal to the ratio of component of
the corrosive wear in the presence of stationary abrasive Vzg cor
and the total material loss Vgp+cor:

V. ViBR cor

cor
o o AP ©
Vt VABR+COR

Therefore, Vpg - can be determined from:

Veor

VABR+C0R
4

VABR_cor = (73)

In addition it has assumed that the ratio of the sum of the
wear component resulting from the corrosive action V,,,. and
the increase in the wear resulting from of the synergistic effect
of the friction on corrosion AV, to the total wear V; is equal
to the ratio of the sum of the corrosive wear component in the
presence of the stationary abrasive Vg ., and the increase in
the wear resulting from the synergistic effect of the abrasive on
corrosion AV g ., to the total material loss Vgg+cor. This can
be described by the following relationship:

(Vcor +Aer) _ (VABR_cor +AVABR_cor) ®)

Vt VABR+C0R

After the transformation in relation to the sum (Vgg cor +
AVAgR cor)» the equation (8) takes the following form:

Vi +AV,,,
(VABR_cor + AVABR_cor) = [MJAVA3R+COR (€))

t

The assumptions adopted can be substantiated by the same
chemical composition of the sample tested using the laboratory
method and the chain wheel used for operating tests, nearly
identical electrochemical potential of the electrolyte used for
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both tests, as well as an inconsiderable influence of quartz on the
electrochemical properties of the corrosion system. The increase
in the wear resulting from the synergistic effect of the abrasive
on the corrosion AV g ., can be described by a relationship
similar to the equation (5):

(10)

A VABRicor = ( VABR _cor +A VABR _cor ) - VABR _cor

Using the equation (8), the increase in the wear resulting
from the synergistic effect of corrosion products on the abra-
sive AV, pg can be determined with the use of the following
relationship:

AVABR_ = Visr+cor

VVCO}" + AVCOr
- [VABR_f + TAVABR+COR J (11)

t

The summary synergy effect of abrasive and corrosive
impacts AV gx results from the relationship:

AV gr =AVr s +AVpricor (12)

3. Experimental details
3.1. Characteristics of the tested ADI
The input material for the production of ADI 360 was

EN-GJS-600-3 (PN-EN 1563) ductile iron with the composition
presented in Table 1.

TABLE 1
Chemical composition of ductile iron EN-GJS-600 [mass%]
C Si Mn S P
3,50 2,54 0,16 0,013 0,041
Mg Cr Cu Ni Mo
0,047 0,026 0,50 1,40 0,24

The ductile iron castings had a pearlitic-ferritic structure
with the graphite nodule count of 200 per 1 mm?, while the
spheroidization of graphite was greater than 90%. After the
final material removal processing the ductile iron castings were
subjected to a heat treatment in order to obtain an austempered
structure typical of ADIs. The parameters of heat treatment in a
salt bath used for the wheels under consideration are shown in
Table 2, while the mechanical properties obtained — in Table 3.

TABLE 2

List of the process parameters used in the production
of ADI_360 cast iron

Heat treatment parameters ADI 360
Austenitising temperature, °C 950
Austenitising time, min 180
Austempering temperature, °C 360
Austempering time, min 150

N www.journals.pan.pl

TABLE 3
Mechanical properties of the ADI tested
Mechanical Properties ADI_360
Tensile Strength TS, MPa 1028
Yield Strength YS, MPa 652
Impact Toughness K, J 124
Elongation A5, % 10

3.2. Laboratory test rig and methods

The wear tests were performed on a pin-on-plate test rig.
A detailed description of the test rig and the test methods is
presented in [30,31]. The pair used as a model is a hard, non-
deformable pin which slides in a reciprocating manner on the
surface of the sample. The following elements were used in the
tests:

— apin made of cemented carbide (WC) coated with a layer of
titanium nitride (TiN); the pin has the shape of a truncated
cone with an apex angle of 70°; the diameter of the flat end
is 0.5 mm; the average hardness is approx. 2000 HV.

—  samples of the cast iron in the shape of a cube with the edge
of 10 mm.

A three-electrode system with a precise four-channel
ATLAS 9833 potentiometer was used for the studies on elec-
trochemical phenomena. A saturated calomel electrode(SCE)
was used as the reference electrode. The auxiliary electrode was
a platinum mesh.

During the tests, the pin moved on a distance of approx.
6 mm with a frequency of 5 Hz. All the tests were performed
at a pressure of 45 MPa. For given conditions of excitations, at
least 3 research tests consisting of 54,000 movements of the pin
were carried out.

The wear of sample surfaces was evaluated after completion
of'the test. As a measure of the wear there was adopted the depth
of the wear trace determined by the profilometry measurements
in the direction perpendicular to the contact surface at the half
length of the friction path. The results of individual tests were
given as an increase in the depth of the wear trace referenced
to a single movement of the pin (nm/cycle). The movement
cycle includes the movement of the pin between the extreme
positions

3.3. Real conditions test rig and methods

The tests of the tribocorrosive wear of the chain wheel
made of ADI containing Ni, Cu and Mo were carried out on
a test rig designed especially for that purpose, which allowed
reproducing the combined action of destructive factors typical
of conveyors operated in tunnels or drifts in stone with a dry
atmosphere (conditions of abrasive wear) or a wet atmosphere
(conditions of tribocorrosive wear). A schematic diagram of the
test rig is shown in Fig. 3, while the detailed methodology and
the test rig itself were described in [36-38].
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Fig. 3. The test rig for tribocorrosion tests in conditions reproducing
the real operating conditions of the chain wheels

As a part of the tests, two variants of wear have been tested:
— in the presence of dry quartz abrasive,

— in the presence of a mixture of quartz abrasive and 3.5%

NaCl solution in water.

The first variant of wear was realized by filling the box of
the test rig with dry abrasive (Fig. 4), which ensured its presence
in the area of mating between the chain wheel and the chain.
The second variant of wear was realized by filling the box of the
test rig with quartz abrasive and adding appropriate quantity of
3.5% salt solution in water.

Fig. 4. A view of the chain wheels during the wear tests in the presence
of the quartz abrasive

The initial share of the corrosive agent in the abrasive was
determined by dosing 900 kg of washed quartz sand with the
original grain size of 1 mm, and then adding 100 litres of salt
solution, which ensured its 10% share during the wear tests.
In the course of the operation of the test rig, an accelerated
evaporation of water from the abrasive-corrosive mixture took
place due to the friction of chain wheels and the chain against
the abrasive. In order to prevent the possibility of operating the
test rig with dried abrasive, 20 litres of water were added to the
mixture every 2 hours, which restored its initial consistency
(Fig. 5). However, at the end of the wear tests with a hydrated
mixture of sand, a qualitative change in the consistency of this
mixture was observed, which was caused by the fact that oxide
layers being removed were present in it (Fig. 6).
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Two identical chain wheels (Fig. 7) made of ADI_360 were
used for the wear tests. One of them was used in the test with
the abrasive only, while the second was tested in conditions of
combined action of the abrasive and the salt solution.

During the tests, a uniform, constant chain tension was
applied, which ensured proper operation of the system without
excessive dynamic loads from so-called “flogging” with a loose
chain. At a fixed chain tension induced by the extension of the
hydraulic cylinder, the total power consumed by both motors
was 15 kW.

Fig. 5. A view of the test rig for wear tests filled with the abrasive
mixture composed of quartz sand and water — at the initial stage of the
tribocorrosive wear tests

Fig. 6. A view of the test rig for wear tests filled with the abrasive
mixture composed of quartz sand and water — at the final stage of the
tribocorrosive wear tests

The main wear tests in the presence of loose quartz abrasive
and the abrasive containing the salt solution lasted 200 hours
in total. For each direction of rotations, the wear tests lasted
100 hours, which corresponds to 1.19-10° cycles of mating
between the chain seat and the chain (up to 4 contacts occur
during 1 rotation).
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Fig. 7. A view of the chain wheel used for the wear testing

The averaged value of the maximum cavity in the surface
of the chain wheel seat J,yz y4x Was adopted as the measure
characterizing the abrasive wear. In order to determine this
parameter before and after the wear tests, 24 mating surfaces
between the chain wheel and the chain were measured with the
use of Zeiss Acura measuring machine. Approx. 300 points along
the predefined route of the measuring head of the machine were
read and recorded during the measurement.

For each point of the route, the difference in the J; position
was determined according to the formula:

2 2 2
o; :\/(xi,l _xi,z) +()’i,1 _yi,2) +(Zi,1 _Zi,Z) (13)
where:
x;; — x coordinate of the i-th point before the test,
X;» — x coordinate of the i-th point after the test,

Yi1 — y coordinate of the i-th point before the test,
Yia — y coordinate of the i-th point after the test,
z coordinate of the i-th point before the test,
z;5 — z coordinate of the i-th point after the test.
Then, for the calculated values of J,, the value of the maxi-
mum cavity in the surface of the chain wheel seat J; 54y and the
averaged value 64y p4x Were determined [12,13].

Zi1 —

4. Results and discussion
4.1. Results of the laboratory test

The resistance of ADI_360 to the impact of a corrosive
environment was evaluated based on:
—  polarization curves in the cathodic and anodic areas,
—  changes in the corrosion potential £, as a function of time.
These methods were applied for static conditions (sample
immersed in electrolyte) and during the wear test (counter- sam-
ple is sliding against the surface of the sample in the presence of
electrolyte). The results obtained are shown in Fig. 8. The plots
of the polarization curves do not indicate the occurrence of an

area of passivation [32,33]. A distinct decrease in the corrosion
potential proves that the ADI corrodes in 3.5% NaCl solution.
Fig. 9 illustrates an intensification of the corrosive impacts in
frictional conditions [34,35]. Based on the polarization curves,
the corrosion potential £, and the corrosion current density
(1.,,) were determined using the method of Tafel equations. The
results of the analyses are presented in Table 4. Using the Faraday
equation for the corrosion current density, the rate of corrosion
was also determined. When friction occurs, the corrosion current
density (loss of material) increases threefold.
The main wear tests were performed in order to assess:
—  material loss V; caused by the simultaneous mechanical and
corrosive impacts — at a free corrosion potential,
- material loss Vy caused exclusively by mechanical impacts
— in the presence of electrolyte at cathodic polarization
—800 mV (SCE).

TABLE 4

The corrosion potential £, and the corrosion current density /,,,
of ADI in 3.5% NaCl solution

Tests Tests Corrosion potential | Corrosion current
conditions | conditions E_ o, mV (cE) density i,,,, pA/em?
Stationary -580 184 0,07
Wear test -649 576 0,20

10000 - -

1000

100 +

current [pAfem?]

10
—e=\ith wear

= ithout wear

r S

-650 -600 -550 -500 -450 -400 -350

potential [mV(SCE)]

-800 -750 -700

Fig. 8. ADI polarization curves in 3.5% NaCl solution (2 mV/s )

-400

Potential,mV(SCE)

1000

0 100 200 300 400 500 600 700 800 900
Time, s

Fig. 9. Change in the corrosion potential of ADI in 3.5% NaCl solution
during the test
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Tables 5 and 6 present the test results as well as the results
of the selection of components for laboratory tests.

TABLE 5
Results of laboratory tests of the wear of ADI in 3.5% NaCl solution
Value, Method of
‘Wear parameter ..
nm/cycle | determining
Di
Total wear, V; 0,093 irect
measurement
Wear caused by friction (without 0.056 Direct
participation of corrosion), Vr ’ measurement
. . Estimation
Wear caused exclusively by corrosion, 0,007 based on
Vcor i . )
cor_without_wear
The total value of the wear component
resulting from the corrosive impact Estimation
and the increase in wear caused by 0,020 based on
the synergistic effect of friction on Leor with_wear
corrosion, V. + AV,
The increase in the wear resulting from
the synergistic effect of friction on 0,013 Equation (5)
corrosion, AV,
The increase in the wear resulting from
the synergistic effect of corrosion on 0,017 Equation (4)
friction, AV
Summary effect of the synergy of .
friction and corrosion AV 0,030 Equation (2)
TABLE 6

The synergistic components of wear of ADI 360
in 3.5% NaCl solution (expressed as percentage) in relation
to the total wear V, determined for laboratory tests

VIV, 60,2%
Vor Vi 7.5%
AVIV, 32,3%
INZIZ 18.3%
AV, 1V, 14,0%

After completion of the tests, the hardness was measured
at the bottom of wear traces of the ADI_360 test sample. It was
found that the surface hardness increased up to 550 HV in rela-
tion to the core hardness of 300 HV. The increase in hardness
is associated with the transformation of a part of the blocky
austenite into martensite.

In addition, microscopic observations were performed
(Fig. 10) for both variants of the test (only mechanical wear and
tribocorrosive wear) in the zone of contact between the sample
and the counter-sample.

4.2. The results of the test in real operating conditions

During the wear tests, it sometimes happened that the area
of mating between the wheel and the link chain was filled with
quartz abrasive only and sometimes with a mixture of quartz
abrasive and salt solution. As a result of the rotation of the chain
wheel, a partial rotation of chain links took place, which resulted
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in movement of abrasive grains in the area of mating between
the wheel and the chain. The movement of the abrasive was
accompanied by micro-cutting of the wheel surface. Simultane-
ously with the abrasive processes, the grains were also crushed.

Fig. 10. A view of a trace surface: a) only mechanical wear — cathodic
polarization, b) tribocorrosion (200x)

During 10 hours of operation of the test rig, the quartz sand
grains were completely crushed. Despite a decrease in the size
of the abrasive grains, an intensive abrasive wear was still ob-
served. Due to the presence of water, a passivated oxygen layer
was formed on the newly exposed surface by abrasive grains. It
was easily removed by the diminished abrasive grains. Damage
to the area of mating between the wheel and the chain had the
form of shallow abrasions (Fig. 11).

The values of the maximum abrasive wear 6 y14ytogether
with the measures of dispersion for the chain wheels tested in the
presence of the abrasive only and in the presence of a mixture
of abrasive and salt solution are listed in Table 7.

TABLE 7

The determined parameters characterizing the abrasive
wear dpg pax of ADI_360 for the materials considered;
Cor — the variant involving the salt solution

Sample O4vR_MAx> MM S5, mm
ADI 360 0,934 0,057
ADI 360 Cor 1,406 0,072
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When comparing the results of the wear in terms of the
impact of the presence of a corrosive factor (water + 3.5%
NaCl), it can easily be seen that values of wear for the vari-
ant of the tribocorrosive wear are higher. There was found a
significant increase in the wear (by 50.5%) for the variant of
the abrasive wear associated with the corrosive action of salt
solution as compared with the variant of the abrasive wear in
dry quartz abrasive.

Fig. 11. Traces of abrasions on tooth surfaces of the test chain wheels
made of ADI_360; A — the variant of wear involving quartz abrasive,
B — the variant of wear involving quartz abrasive and salt solution

After completion of the wear tests, samples for metal-
lographic examinations were taken from a tooth of the chain
wheel and then they were ground and polished. In order to
determine the microstructure, the samples were etched with
3% Nital solution.

Fig. 12 shows the microstructure of ADI 360 COR chain
wheel approx. 2 mm under the surface subjected to abrasive wear.
The microstructure of the matrix is composed of upper ausferrite
with a content of residual austenite at a level of approx. 40%.
The graphite maintained its spherical shape, no deformation
caused by the abrasive or by the pressure of the chain was found.
Fig. 13 shows shallow cavities oriented askew in relation to the
surface, caused by the action of the abrasive. At the surface the
graphite was oriented almost in parallel to the surface, but in
the near-surface zone it is characterized by an elongated shape,
a complete lack of sphericity and the orientation at an angle of
approx. 45 degrees in relation to the surface. A characteristic
arrangement of the deformed graphite inclusions is associated
with a non-rectilinear sliding movement of the chain in the
area of mating with the chain wheel. The zone of the deformed
graphite is located in the area of 0-0.2 mm under the surface of
wear. The deformations of the graphite in the near-surface zone
are shown in more detail in Fig. 14.

Fig. 15 shows the microstructure of the near-surface zone
of the chain wheel subject to wear in tribocorrosive conditions.

Relatively deep and extensive cavities with a triangular or trap-
ezoidal cross section can be easily seen on the surface. These
cavities were caused by the action of the quartz abrasive.

A characteristic feature for the structures shown in Fig. 15
is an apparent lack of graphite deformations. The spherical
shape of the graphite was maintained even in the immediate
vicinity of the cutting caused by the action of quartz grains.
This may suggest a smaller energy intensity of the microcutting
process in the near-surface layer in conditions of the combined
effect of abrasive and corrosive factors. The easier penetration
of the surface layer by abrasive grains might be caused by an
intensive formation of oxide layers in corrosive conditions on
newly exposed surfaces and by a less intensive process of the
transition of the residual austenite into martensite. This process
depends to a significant degree on the value of the tension in the
contact layer. A reduction in the intensity of the TRIP process is
proved by a reduction in the hardness of the near-surface layer
after a period of operation (Fig. 16).

’ prt gt AU -
Fig. 12. The microstructure of ADI 360 in an area of approx. 2 mm

under the surface subject to wear in abrasive conditions (lower figure
— LM, upper figure — SEM)

Tables 8 and 9 present the test results as well as the results
of the selection of components for operating tests. These results
show clearly a synergistic effect accompanying the wear in tri-
bocorrosive conditions. The wear of the cast iron in conditions
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of the combined action of friction and corrosion is significantly

higher than in the case of the elementary wear processes:

—  caused exclusively by mechanical factors (friction) in the
presence of electrolyte — wear process components (V; and
Visr £

—  caused exclusively by corrosion in stationary electrolyte
without frictional excitations — wear process components

(Vcor and VABR_cor)'

200um

WD1'5. Ommy1510kV: x1'50

W4 T 51,01V %2501 200um,

Fig. 13. The microstructure in an area of 0+1 mm under the surface
subject to wear in abrasive conditions; lower figure show microstructure
of ADI_ 360, medium figure and upper figure shows microstructure of
ADI_360_COR

WD1'5../2mm| 115, 0KV/ %21, 5k 20um

Fig. 14. Graphite nodules deformed as a result of the action of the
abrasive in an area of approx. 0.05 mm under the Surface; lower figure
show microstructure of ADI_360, upper figure show microstructure of
ADI 360 COR

A quite high level of conformity can be seen between the
results obtained for the laboratory tests and for the operating
tests. The synergistic effect demonstrated for the laboratory
conditions was determined at the level of 32.3%, while that for
operating conditions — at the level of 32.8%.

The summary effect of the combined action of friction and
corrosion (AV and AV zp) in a complex process of wear of case
iron account for more than 30% of the total wear. On the one
hand, this situation is caused by an intensification of corrosive
effects in the friction pair, which is proved for example by the
value of AV,,,./V,=43%. Such a course of electrochemical pro-
cesses is confirmed by the characteristics shown in Fig. 8. On
the other hand, corrosion also intensifies the mechanical wear
of the cast iron tested. This is proved for example by the value
of AV;/V, = 57%. This is caused probably by easier separation
of the material in the structure affected by corrosion.

Faster removal of the material as a result of more intensive
corrosion hinders the strengthening of near-surface layers of the
ADI. The aforesaid strengthening may occur as a result of the
transition of the residual austenite into martensite caused by the
combined action of the abrasive and the chain pressure in the
area of frictional contact [39-42]. Perhaps such a mechanism of
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WD1'4 . 8mm| 15 . 0V x1 . 0k#, 50um

Fig. 15. Examples of the microstructure of the chain wheel made of the
ADI 360_COR cast iron subject to wear in tribocorrosive conditions;
lower figure — a view of an area of 0~0.1 mm under the surface, upper
figure — a fragment of the damaged surface with visible cutting caused
by the action of the abrasive

ADI_360 vs. ADI_360_COR

Hardness, HV1
g g

g

Distance, mm

Fig. 16. The hardness HV0.1 of ADI 360 in an area of approx. 0.1 mm
under the surface subject to wear in tribocorrosive conditions

change in the properties of near-surface layers is a reason that the
wear of ADI 360 in 3.5% NaCl solution is significantly lower
than that for steel with similar hardness. Earlier, the authors
had conducted studies on tribocorrosion of AISI 304 corrosion-
resistant steel. It has been found that in the case of this material
(at a hardness of 300 HV) the intensity of the loss of material
is 0.64 nm/cycle [31].

TABLE 8

Results of the operating tests of the wear of ADI_360
in 3.5% NaCl solution

Value, Method of
Wear parameter ..
nm/cycle | determining
. Direct
Total loss of material, Vpr+cor 1,18 measurement
Wear caused by frictional impact of .

. . . Direct
the abrasive (without the participation 0,786 ¢
of corrosion), Vgr s measuremen
Corrosive wear in the presence of
stationary abrasive and electrolyte, 0,0885 Equation (7)
VABR_cor
The total value of the corrosive
wear component in the presence of
stationary abrasive and an increase in .
the wear as a result of the synergistic 0,250 Equation (9)
effect of the abrasive on corrosion,

(VABRicar +A VABRicor)
The increase in the wear resulting
from the synergistic effect of the 0,1615 | Equation (10)
abrasive on corrosion, AV,zp cor
The increase in the wear resulting
from the synergistic effect of corrosion .
products on the composition of the 0,144 Equation (11)
abrasive, AV pp ¢
Summary effect of the synergy of the
action of the abrasive and corrosion, 0,3055 | Equation (12)
AV,pr

TABLE 9

The synergistic components of the wear of ADI_360 in 3.5% NaCl
solution (expressed as percentage) in relation to the value of the total
loss of material ¥ gp.cor determined for the operating tests

Vasr_s/Vasrscor 66,6%

ViBR cor/Var+cOR 7,5%

AVypr/Vapr+cor 25,89%
AVypr ¢/Vagr+cor 12,21%
AV,8R cor!Vasr+cor 13,68%

5. Conclusions

1. The results presented in the paper indicate that in complex

conditions of excitations, the wear of the cast iron tested
depends to a large extent on the interaction of friction and
corrosion. The effect of synergy account for more than 30%
of the total loss of material.

2. Inthe analysed process the mechanical wear is intensified

by corrosion, while the corrosive wear — by friction. The
wear resistance in the complex conditions of excitations is
therefore determined by a set of material properties (hard-
ness and susceptibility to corrosion) associated with the
structure of cast iron. Therefore, a significant advantage of
the cast iron tested is its ability to strengthen as a result of
the transition of residual austenite into martensite as a result
of the effects occurring in the frictional contact zone.
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The test results obtained on both the test rigs (the model
test rig with a pin-on-plate pair and the test rig reproducing
the real operating conditions) indicate similar relationships
between the wear components of the cast iron tested. This
may suggest that the degree of experimental identification
of the wear process in terms of the influence of the exci-
tations used on the intensity of the material loss is quite
good.
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