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a b s t r a c t

The friction and wear behaviour of a carbon steel in sliding contact with a plasma-sprayed ceramic
coating (Cr2O3) is investigated under different conditions of normal load and relative humidity, through a
pin-on-disk equipment. The samples are analysed by means of Optical Emission Spectroscopy (OES),
Optical Microscope (OM), Scanning Electron Microscope (SEM) with Energy Dispersive Spectroscopy
(EDS), X-ray Diffraction (XRD), surface roughness, fracture toughness and microhardness tester. The
friction was continuously monitored during the tests while the wear rate of the coatings was evaluated
by measuring the wear scar profiles after the tests. The wear rate of the pins was determined by
weighing them before and after the wear tests. For all the normal loads applied in dry conditions, the
metallic film transfer onto the ceramic surface was observed. In wet conditions, the metal transfer largely
depended on the normal load applied. Microcracks were noticed along the splat and columnar grains
boundaries on the Cr2O3 wear scars. The observations of the worn surfaces of the pins indicate a mild-
oxidational wear mechanism with the appearance of ploughing and plastic deformation.

& 2013 Published by Elsevier B.V.

1. Introduction

Over the last decade much effort has been made to improve the
performance of diesel engines in terms of fuel efficiency and low
emissions. This includes the possibility to operate on engine
subsystems such as the engine block with its pistons and cylinders,
the transmission, the fuel system, the valve train and the exhaust
system. Many studies have focused on the use of multi-component
alloys in valves and valve seats [1–3]. Such alloys are resistant to
high temperatures and the corrosive environment of combustion
gases but are very expensive. For example, several authors have
investigated the effect of high-temperature oxidation on the
sliding wear of superalloys [4–6]. They have dealt with the ability
of so-called ‘glaze’ layers to protect the surfaces during sliding
wear at high temperatures and under relatively low loads and
sliding speeds.

It is well known that heat, either frictional or externally
applied, has a great influence on the wear processes of metallic
components. High temperatures can facilitate oxidation of the
contacting surface, causing a considerable decrease in the
wear rate and giving a transition from severe to mild wear. This
change is usually associated with the generation of oxide and

partially-oxidized metal debris on the coupling surfaces. At higher
temperatures a glaze, a top layer of compacted particles, can form
on the surface reducing friction and wear rates. However, when
the sliding speed at room temperature is very high, the oxide glaze
can begin to come off, leading to severe-oxidational wear [7–10].
The ability of this oxide to act as a barrier and protect against wear
is due to the rate of diffusion of the reactants across the barrier
layer. Iron and mild steel form protective glazes (tribo-layers) of
Fe3O4 on exposure to air at temperatures above 500 1C. These are
effective barriers to diffusion, but the phase FeO becomes stable at
higher temperatures. It develops at the metal/Fe3O4 scale interface
and is a poor barrier to diffusion of reactants [11,12].

The effects of oxygen in reducing the wear of metallic compo-
nents have been investigated for many years. However, in practical
applications humidity also has a great effect on the wear rates of
metals. Some authors have proposed that increasing humidity
inhibits the delamination and adhesion wear of steels. They have
suggested that it is due to the reduction of the oxidation rate on
the steel worn surface and to the formation of iron hydroxide and
ferri-oxide-hydrate. These oxides and water adsorption act as
protective layers that prevent the metal/metal interaction
[13,14]. Goto and Buckley [15] found the opposite, which is a
direct correlation between wear and humidity: the lack of oxygen
adsorption in the presence of water vapour can reduce the rate of
oxidation and thus increase the wear. On the other hand,
Bregliozzi et al. [16] found that both the wear and friction
coefficient for un-lubricated sliding of stainless steel significantly
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dropped, though the oxidation rate reduces with increasing
humidity. Finally, other authors have demonstrated that the
sliding speed significantly influences the effect of humidity in
the sliding wear of steels: at a high sliding speed, the wear
increases with humidity, while the opposite is observed at a low
sliding speed [17].

An interesting alternative to the use of ferrous alloys or super-
alloys in engine subsystems is the employment of ceramic coatings
that are thermally sprayed on cheaper and shock resistant materi-
als, such as carbon steels. Some ceramics have already found
engineering applications as tribological components, such as
cutting tool inserts, rolling bearings, braking devices, water
pumps, ash scrapers, cylinder head fire decks, piston crowns,
exhaust valve faces and so on [18]. Moreover, thermal-sprayed
coatings are resistant to many corrosive environments, they have
chemical stability and very high hardness and can stand high
temperatures. However, it is difficult to choose a suitable coating.
In literature many studies have investigated the friction of hard
materials, such as ceramics against steels [19–23]. There have been
examinations of the existence of many cracks at the metal surface
or the formation of grooves and wear debris with subsequent
metal removal. The metal particles were transferred onto the
ceramic by adhesion. Only scratches due to plastic deformation
were seen on the ceramic surface. It was also shown that the
transfer between metal and ceramic depended on the load
(more precisely on the Hertzian pressure) and on the temperature
at the interface. It also depended on the specific properties of
the ceramic, like its hardness, roughness, affinity with the metal,
the cohesion among the grains and the tensile strength of the
antagonist. Fernandez et al. evaluated the wear behaviour of
plasma-sprayed Cr2O3 coatings against steel in a wide range of
loads and sliding speeds. The results demonstrated that the wear
of the coatings increased with an increasing load. Moreover, in dry
sliding of the Cr2O3 coating there was a minimum-wear sliding
speed (about 0.5 m/s) and a maximum-wear sliding speed (about
3 m/s) [24].

The aim of this work is to evaluate the tribological behaviour of
the plasma-sprayed Cr2O3 coating against a carbon steel under
different sliding wear conditions, through pin-on-disk testing.
Compared to the loads that occur in diesel engine applications,
relatively low normal loads are used due to the limitations of the

test equipment. However, this can provide useful indications of the
potential of the coating in sliding wear applications. All tests are
carried out at room temperature and at 15% and 95% relative
humidity. The effect of both the environmental conditions and the
applied load on the wear mechanisms is discussed.

2. Materials and experimental details

A plasma-sprayed Cr2O3 ceramic coating with a thickness of
150 mm (powder: Amperits, −45+22.5 mm, fused and crushed) on
a Ni–20%Cr bond coat about 20 mm-thick (powder: Metco 43CNS,
−106+45 mm) to improve the ceramic material adhesion, are
deposited onto circular steel plates (80 mm in diameter and
6 mm in thickness). The spray parameters are confidential. The
chemical composition of the steel plates was determined by
Optical Emission Spectroscopy (OES), whereas the composition
of the feedstock powder was directly provided by the manufac-
turer. Details of the steel plates and feedstock powders chemical
composition are reported in Table 1.

The coating microstructure was investigated by a Philips
X'PERT PW3050 diffractometer, using Cu Kα radiation (λ¼1.54 Å),
with an intensity scanner vs diffraction angle between 151 and
1201 (step size of 0.061, scanner velocity of 2 s/step and 1.5 grid), a
voltage of 40 kV and a 30 mA filament current. The LEICA MEF4M
Optical Microscope was also used on properly polished cross-
sections. The micrographs were elaborated by means of Image-Pro
Plus v6.0 image analysis software to evaluate coating porosity.
Roughness parameters (Ra and Rz) were calculated by the portable
Handysurf E35_A ZEISS-TSK rugosimeter. Before each measure-
ment all the coating surfaces were cleaned in an ultrasonic bath.
Microhardness (3 N load and 15 s loading time) and fracture
toughness (10 N load) measurements were performed on polished
cross-sections of the coating by means of a Future-Tech FM-model
Vickers microindenter. A mean of 15 indentations were carried out
for each microhardness and toughness measurement. In particular,
fracture toughness was evaluated by measuring the indentation
diagonals and the length of the crack from optical micrographs,
employing the Evans–Wilshaw equation:

KIC ¼ 0:079ðP=a3=2Þlogð4:5a=cÞ ð1Þ
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Table 1
Steels and feedstock powders used to produce top and bond coatings.

Composition

Cr2O3 0.06% SiO2; 0.03% Fe2O3; o0.02% TiO2; balance Cr2O3

Ni–20%Cr 19.07% Cr; 1.1% Si; 0.4% Fe; 0.02% C; balance Ni
Disk 0.22% C; 0.88% Mn; 0.87% Ni; 0.84% Cr; 0.30% Si; 0.20% Cu; 0.06% Mo; 0.03% S; 0.02% V; 0.02% P; balance Fe
Pin 0.23% C; 0.86% Mn; 0.95% Ni; 0.91% Cr; 0.26% Si; 0.10% Cu; 0.06% Mo; 0.02% S; 0.02% V; 0.01% P; balance Fe

Fig. 1. Optical micrographs showing cross-sections of Cr2O3 coating and Ni–20%Cr bond coat.
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where a is the half diagonal of the indentation (mm), c is the crack
length (mm) and P is the load (mN). This formula is developed for
“half-penny-shaped” cracks, but it is reported in literature that this
is also valid for Palmqvist cracks. The unique limitation is that the
ratio between the crack and the half diagonal length must be
between 0.6 and 4.5 [25,26].

Pin-on-disk dry sliding tests were performed with a Multi-
specimen Tester tribometer produced by DUCOM Instruments, in
accordance with ASTM G99-05 “Standard test method for wear
testing with a pin-on-disk apparatus”, using cylindrical steel pins
of 6 mm in diameter and 22 mm in height as a counterpart
material. The chemical composition of the pin is listed in
Table 1. All the pin surfaces were cemented for about 500 mm in
thickness. The Vickers microhardness of the pins was determined
(1 N load and 15 s loading time) on cleaned cross-sections, at a
distance of 100 mm from the coupling surface. Four different sets of
tribological parameters were used, varying the normal load and
relative humidity (RU). In particular, normal loads were fixed at
450 N and 650 N, corresponding to the initial Hertzian pressure of
3.98 MPa and 5.75 MPa at the center of the pins, respectively. The
values of 15% and 95% relative humidity were also selected. For
each test, the sliding speed of 1 m/s and the sliding distance of
7500 m were kept constant. All tests were carried out at room
temperature. The equipment directly calculated the friction coeffi-
cient. The wear rate of the pins was evaluated by weighing the
specimens before and after the tests. Weight loss was converted
into volume loss by dividing it by the density of the material. The
wear rate of the disks was evaluated by measuring the area of the
wear track cross-section with a Hommelwerk T2000 profilometer.
Each area, obtained as an average value of four measurements
along the wear circumference, was used to calculate the wear
volume. In order to understand the main wear mechanisms, the
worn surfaces of the coating were investigated by means of X-ray
Diffraction (XRD). The wear tracks on the pin and coating surfaces
were also observed by a Scanning Electron Microscope (SEM)
equipped with an Energy Dispersive Spectroscopy (EDS) microp-
robe. Finally, the worn cross-sections of the pin were characterised
by OM analyses and Vickers microhardness measurements.

3. Results and discussion

3.1. Microstructure and mechanical properties

Fig. 1a and b shows the two optical micrographs of the
investigated Cr2O3 coating showing the typical lamellar micro-
structures of a plasma-sprayed ceramic coating. It is characterised
by a homogeneous microstructure with a prevalence of inter-
lamellar cracks and uniformly distributed pores. Inter-lamellar
cracks, caused by thermal residual stresses, are the main reason
for the low intersplat cohesion of the coating. The Ni–20%Cr bond
coat is markedly irregular in order to facilitate the adhesion of the

coating to the substrate (Fig. 1a). At higher magnification the
optical micrograph of the steel/bond coat interface shows evi-
dence of pores and sandblast residues (Fig. 1b). The coating
porosity determined by image analysis is about 11%, due to splat
stacking faults and gas entrapment [27]. The XRD analysis of the
coating surface, depicted in Fig. 2, reveals that it is fully consisted
in the eskolaite phase (Cr2O3). Hardness, roughness parameters
and fracture toughness of the coating are listed in Table 2. After
the Vickers indentations for the measurement of fracture tough-
ness, micrographs of the coating cross-sections showed that cracks
preferentially propagate along the splat boundaries, parallel to the
substrate interface. This is further evidence of the low intersplat
cohesion.

Micrographs collected in Fig. 3a and b describe the micro-
structure of a steel pin near the coupling surface. Fig. 3a allows
evaluation of the thickness of the hardened layer of about 500 mm.
At higher magnification the cemented layer exhibits a martensitic
microstructure with a small amount of carbides (Fig. 3b), whereas
the unaffected material has a homogeneous lower bainitic micro-
structure. Table 2 shows Vickers microhardness of the martensitic
+carbide microstructure, near the coupling surface.
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Fig. 2. XRD pattern of Cr2O3 coating.

Table 2
Mechanical properties and roughness of ceramic coating and steel pins.

HV1N [GPa] HV3N [GPa] Ra [μm] Rz [μm] KIC [MPa m1/2]

Cr2O3 — 11.8870.45 0.1570.02 1.7870.19 7.1670.88
Pinsa 6.7070.05 — — — —

a Vickers microhardness is evaluated on cross-section of pin, at a distance of
100 mm from the coupling surface.

Fig. 3. Optical micrographs showing cross-section of steel pins in cemented zone: (a) 50% , (b) 500% .
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3.2. Pin-on-disk wear tests

Fig. 4a and b depicts the friction coefficient calculated by the
equipment during the tests. When a 650 N normal load is applied
in dry and wet conditions (Fig. 4a), the friction coefficient
considerably fluctuates around the average value. These fluctua-
tions are associated with high frequency squeaky noise developed
concurrently with the rise of the friction coefficient and the
metallic film deposition on the ceramic surfaces. Both curves
follow the same pattern. At the beginning of each test the friction
coefficients are quite low (m≅0.1/0.2) and then progressively
increase as the test proceeds. After about 2000 m, the values reach
a quasi steady-state (m≅0.3/0.4). These values remain constant
until the end of the tests. When a 450 N normal load is applied in
dry conditions (Fig. 4b) the friction coefficient rises rapidly during
the first few minutes and reaches the quasi-steady-state at only
500 m. When a 450 N normal load is applied in wet conditions the
tribological behaviour is very different. The friction coefficient
remains constant at a very low value (m≅0.1) until the sliding
distance of 3000 m. It then rises slowly until reaching the value of
about m≅0.2 at the end of the test.

Fig. 5a shows the total wear when a 650 N normal load is
applied, in dry and wet conditions. Also in this case, both curves

follow the same pattern. Wear is negative up to a sliding distance
of about 3500 m in dry conditions, then it progressively increases
as the test proceeds. At the end of the tests wear is positive and
equal to 0.45 mm. In wet conditions wear reverses its trend for a
sliding distance of about 2500 m and at the end of the test it
reaches approximately the same value as the previous case. When
a 450 N normal load is applied in dry conditions (Fig. 5b) the wear
rises rapidly after about 2500 m up to the positive value of
0.29 mm. As for the friction coefficient, when a 450 N normal load
is applied in wet conditions the tribological behaviour is very
different. The total wear remains negative and gradually decreases.
Negative wear in Fig. 5a for both wet and dry conditions and
negative wear in Fig. 5b only for relative humidity of 15% indicate
material build-up on the coating surface; this is caused by the
formation of a thick oxide layer under high surface temperature
conditions (e.g. due to high load and sliding speed) and subse-
quent wear debris transfer from the pin to the disk. The oxide
developed on the surface may be partially removed or retained as
freely-moving particles between the contacting materials, acting
as three-body abradents. If the oxide layer is well adherent to the
metal substrate, it can continue to thicken and reduce the metal/
ceramic contact, providing protection against wear damage [11].
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Fig. 4. Friction coefficient variation in different conditions for (a) 650 N and
(b) 450 N normal loads. Fig. 5. The amount of wear in different conditions for (a) 650 N and (b) 450 N

normal loads.
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The positive wear during the second part of the tests is due to
fragmentation of the tribolayer. When a 650 N normal load is
applied at the humidity of 95% the wear reverses its trend for a
shorter sliding distance than in dry conditions. When the relative
humidity is increased the surface temperatures are reduced by the
water adsorption on ceramic coatings. In wet conditions the
tribolayer is thinner than in dry conditions, providing less effective
wear protection. As the test proceeds, the water desorption on the
Cr2O3 coating and the partial removal of the oxide layer determine
the progressive increase of the total wear. When a 450 N normal
load is applied in wet conditions (Fig. 5b) the water adsorption on
the ceramic coating and the lower contact pressure prevent the
surface temperature from increasing. It is well known that oxide
surfaces adsorb water either dissociatively or molecularly. If water
is dissociatively adsorbed many strongly bound surface hydroxyl
groups are formed on the surface. The water desorption on Cr2O3

occurs above 500 1C and leads to a surface structure, which cannot
be recovered by rehydroxylation of the surface [28,29]. In this case
the surface temperature is widely lower than 500 1C and the total
wear remains negative for the duration of the test. Some authors
also suggest that the reduction of the oxidation rate is due to the
formation of iron hydroxide and ferri-oxide-hydrate [13,14]. These
oxides can act as protective layers preventing metal/ceramic
interaction.

Fig. 6a shows the wear scar profiles of the disks under different
normal load and relative humidity conditions. It can be seen
that the depth of the wear track increases in the following
order 450N_RU95%o450N_RU15%o650N_RU95%o650N_RU15%.
When a normal load of 450 N is applied in wet conditions, no wear

damage is found and the wear scar profile (blue line in Fig. 6a) is
comparable with the roughness of the ceramic coating. In contrast,
when the same load is applied in dry conditions, metallic film
transfer occurs on the Cr2O3 coating due to localised melting of the
oxide interlayers. Correspondingly, isolated peaks are observed inside
the wear track (green line in Fig. 6a). When a 650 N normal load is
applied in dry and wet conditions, a greater quantity of peaks inside
the wear tracks is observed (red and black lines in Fig. 6a). Moreover,
some other peaks can be seen at the edges of the wear tracks. The
sliding motion between metal and ceramic is accompanied by the
formation of wear debris. Some of these particles are thrown out
from the contact area and accumulated along the sides of the sliding
tracks.

Fig. 6b depicts the wear rate of pins and disks under the same
different normal load and relative humidity conditions. In any
case, the pin undergoes a significant loss of material. Except for a
450 N normal load applied in wet conditions, the wear rate is
approximately 5%10−6 mm3/(Nm). When a 450 N load is applied
in wet conditions, the wear rate is one order of magnitude lower
than those for the other pins. Many studies concerning the
tribological behaviour of high carbon steels in dry sliding sug-
gested that if the wear rate is greater than 1%10−8 mm3/(Nm),
the wear can be considered as severe wear. Moreover, they found
the greater wear rate corresponds to the higher friction tempera-
ture [30–33]. The wear rate of the disks decreases in the following
order

650N_RU15%4650N_RU95%4450N_RU15%. However, when a
450 N normal load is applied in dry conditions, the wear rate is
comparable with the value obtained when a 650 N normal load is
applied in dry conditions. No wear rate is indicated for the disk
when a 450 N normal load is applied in wet conditions, because
the wear damage is three orders of magnitude lower than all the
others.

The SEM micrographs of the coating worn surface, for a 650 N
normal load applied in dry conditions, are shown in Fig. 7a–c. The
material transfer from the metallic pin onto the ceramic surface
can be seen (Fig. 7a). In particular, the wear scar with metallic film
deposition could be divided into two zones. The first one is
covered by a smooth iron oxide layer (Fig. 7b). It is in good
agreement with previous studies, which show that, if the thermal
conductivity of a material is not sufficiently high, the surface
temperature can exceed the melting temperature. Consequently,
the melting of local areas on the worn surfaces and the subsurface
layers can be observed. Some works show that localised melting
occurs not only at higher normal loads and sliding speeds, but
even at sliding speeds as low as 1 m/s [20,33,34]. Metallic film is
firmly attached to the Cr2O3 coating, because of the strong
adhesion between the sliding surfaces: it is plastically deformed
and oriented in the direction of the sliding motion. Scratches and
local plastic deformations are indicated in Fig. 7b. This adhesive
metal transfer justifies the peculiar pattern of the ceramic wear
scar profile observed in Fig. 6a. In the second zone, many pits are
uniformly distributed over the wear track (Fig. 7c): wear debris in
the form of flakes is also generated. During sliding in dry condi-
tions, microcracks and dislocation networks can produce fine wear
debris as observed in the worn surface. Some wear particles are
entrapped in the contact interface and subjected to continued
fracture, deformation or chemical reaction, producing microsized
powders. It can be demonstrated that at higher loads, wear debris
cannot be taken away and the amount of wear particles deposited
on the worn surface increases with the applied normal load.
Moreover, smooth oxide layers are bigger and the scratches are
deeper in higher loading conditions [23,35].

Fig. 8 shows the SEM micrograph of the worn coating surface
and results from corresponding EDS analyses, when a 650 N
normal load is applied in dry conditions. EDS analysis on the
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Fig. 6. (a) Wear scar profiles of disks under different normal load and relative
humidity conditions and (b) Wear rate of pins and disks under the same different
conditionsQ2 (For interpretation of the references to color in this figure, the reader is
referred to the web version of this article.).
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metallic film indicates the presence of a great amount of iron and
traces of other alloying elements such as chromium and nickel,
transferred onto the ceramic coating. In contrast, EDS analysis of
the original ceramic surface indicates the presence of a great
amount of chromium and traces of iron as wear particles. A
subsequent X-ray diffractometry examination enabled the type
of film to be distinguished (Fig. 9). It is a Fe2O3 compound, which
generally forms when the contact temperature rises over about
200 1C. A comparison between Fig. 9 and Fig. 2 shows that the
Cr2O3 coating does not change its crystal structure after the
wear test.

When a 650 N normal load is applied in wet conditions and a
450 N normal load is applied in dry conditions (Fig. 10), the
morphology of the coating of the worn surfaces and the wear
mechanisms are similar to the previous case. The SEM micrograph
in Fig. 10a depicts an overview of the wear scar. The amount of
smooth oxide layers can be compared to the metal transfer
observed in Fig. 7a, but the scratches are shallow. Fig. 10b shows
the details of fracture on the original ceramic surface. In agree-
ment with the microstructure of the coating, it can be seen that

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66

67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132

Fig. 7. SEM micrographs of Cr2O3 worn surface for a 650 N normal load applied in dry conditions: (a) overview of wear scar, (b) detail of metallic film transfer and (c) details
of cracks and wear debris.

Fig. 8. Results from SEM micrograph and EDS analysis of Cr2O3 worn surface, when a 650 N normal load is applied in dry conditions.

Fig. 9. XRD pattern of Cr2O3 worn surface for a 650 N normal load applied in dry
conditions.
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microfractures develop along the columnar grains in a perpendi-
cular direction to the surface and along the splat boundaries since
their strength is usually not high enough. At higher magnification,
pits are also visible (Fig. 10c).

When a 450 N normal load is applied in wet conditions,
no wear damage is observed on the ceramic coating (Fig. 11a).
The surface appears smoother without evidence of significant wear
and the pores remain open in the flattened surface (Fig. 11b).

The SEM micrographs of the worn surface of a pin for a 650 N
normal load applied in dry conditions and a 450 N normal load

applied in wet conditions are shown in Fig. 12a and b, respectively.
In the first case (Fig. 12a), the surface is very rough and plastically
deformed with the ploughing appearance typical of adhesive wear.
A thick film of iron oxide covers the worn surface with a mainly
dark grey colour as revealed by optical microscopic observations
(Fig. 13). The metallic film is discontinuous, indicating that the
wear mechanism involves both the removal and re-formation of
the oxide film and wears the free metallic surface. Many studies
suggest that, in the mild-oxidational wear regime, oxidation is
caused by frictional heat. The oxide film grows until it reaches a
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Fig. 10. SEM micrographs of Cr2O3 worn surface, when a 450 N normal load applied in dry conditions: (a) overview of wear scar, (b) details of cracks and wear debris and
(c) detail of a pit.

Fig. 11. SEM micrographs of Cr2O3 worn surface for a 450 N normal load applied in wet conditions: (a) overview of wear scar and (b) detail of open porosity.

Fig. 12. SEM micrographs of worn surface of pins: (a) for a 650 N normal load applied in dry conditions and (b) when a 450 N normal load is applied in wet conditions.
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critical thickness (about 10 mm for steel), then it spalls off as wear
debris. For high normal loads and sliding speeds a transition to
severe-oxidational wear can occur. This is associated with the
localised melting of the oxide layer to a viscous liquid that can
flow under the sliding action. This time, the melt-dominated wear
replaces adhesion and delamination-dominated mechanisms
[10,11,31–33]. When a 650 N normal load is applied in wet
conditions and a 450 N normal load is applied in dry conditions,
the morphology of the worn surfaces of the pin and the wear
mechanisms are similar to the previous case. When a 450 N
normal load is applied in wet conditions, no significant wear
damage is observed (Fig. 12b). Only a small amount of metallic
oxide appears on the worn surface of the pin. Moreover, the
working marks are still visible.

For a 650 N normal load applied in dry conditions, optical
microscope observations of the cross-sections of the pin can
provide information about the dynamic changes in worn surface
layers (Fig. 13). The sliding wear between the metal and ceramic
surfaces results in a laminated structure. In particular, it consists of
an iron oxide layer about 10 mm-thick (A); a layer of a very fine
structure without a defined position and orientation (B); a fine
structure with a clearly defined position and orientation (C); a
plastically deformed layer (D) and the unaffected structure (E). It is
well known that, for a given material, the characteristic structural
layers appear depending on test conditions. In general, the thick-
ness of the plastically deformed layer is related to the properties of
the material itself. Structures with low plasticity and low thermal
conductivity (e.g. martensite) are difficult to deform. This results in
a higher surface temperature and a thinner plastically deformed
layer. In contrast, structures with good plasticity and high thermal
conductivity (e.g. pearlite) are easier to deform and less heat
accumulates on the surface. Accordingly, a thicker plastically
deformed layer can form. The morphology of the material build-
up, accumulated at the edge of the worn surface of the pin is

observed in Fig. 14a. It is plastically deformed due to the sliding
motion and the highest surface temperature. It also consists of a
very fine sorbitic microstructure with a great amount of uniformly
distributed carbides (Fig. 14b). Optical microscope examinations of
the cross-sections of the pins, for a 450 N normal load applied in
wet conditions, show the same microstructure found before the
wear test (Fig. 15). No evidence of a laminated structure or the
material build-up, accumulated at the edge of the worn surface of
the pin, is observed.

Fig. 16a shows the microhardness profiles of the worn surfaces
of the pin, when a 650 N normal load is applied in different
conditions. It can be seen that there is a very narrow region just
below the worn surface with high microhardness. Both curves
rapidly decrease and reach values comparable to the microhard-
ness of the base un-cemented material. During sliding wear,
friction energy is used to produce plastic deformation and heat.
Strain gradient and temperature gradient in worn surface layers
affect the hardness distribution. Many internal factors affect the
hardness of the worn surface layers of the steel, such as strain
hardening, recovery and recrystallisation, precipitation hardening,
thermal martensitic transformation, tempering and so on. There-
fore, the hardness profiles measured after the wear tests reflect
the competition between the factors that cause hardening and
those that cause softening. It can also be demonstrated that an
originally softer microstructure, which has a higher value of the
work hardening coefficient (e.g. pearlite), is likely to show hard-
ening. An originally harder microstructure, which has a lower
value of the work hardening coefficient (e.g. martensite), is likely
to show softening. This is in accordance with the rapid decrease in
the microhardness profile observed in Fig. 16a. The wear volume is
also related to the hardening and softening behaviour resulting
from dynamic changes in the worn surface layers. Generally, a
smaller softening response corresponds to better wear resistance
[31–33]. When a 450 N normal load is applied in dry conditions
the softening trend of surface layers is the same as the previous
cases (Fig. 16b). For a 450 N normal load applied in wet conditions,
the microhardness profile is typical of steels subjected to hard-
ening surface treatment. There is no evidence of strain hardening
or softening due to the sliding wear.

4. Conclusions

Based on the results obtained regarding friction and wear
behaviour of a carbon steel in sliding contact with a Cr2O3 plasma-
sprayed ceramic coating, the following conclusions can be drawn:

! In dry and wet conditions, wear rates of the ceramic coating
decrease with normal load. In dry conditions, wear rates of the
pins are independent of the normal loads applied. For a lower
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Fig. 13. Optical micrograph of worn surface of a pin, when a 650 N normal load is
applied in dry conditions.

Fig. 14. Optical micrographs of worn surface of a pin, when a 650 N normal load is applied in dry conditions: (a) detail and (b) microstructure of material build-up at edge of
sliding surface.
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normal load applied in wet conditions, the wear rate of the pins
is reduced by about six orders of magnitude.

! For all the normal loads applied in dry conditions, metal/ceramic
sliding contact produces a metallic film transfer onto the ceramic
surface. Metallic film consists of a Fe2O3 compound usually
formed at temperatures over about 200 1C. The presence of this
oxide suggests a progressive increase in the contact tempera-
tures as the wear tests proceed. The observations of the worn
surfaces of the pins indicate that the principal wear mechanism
involved is mild-oxidational wear, with ploughing and a plastic
deformation appearance. The dynamic changes in the surface

layers of the material also result in a laminated structure. The
subsequent transition to severe-oxidational wear is associated
with the localised melting of the oxide layer and its spreading on
the ceramic surface. Considering the ceramic coating, the obser-
vations of Cr2O3 worn surfaces show that it undergoes micro-
fracture along the splat and columnar grains boundaries.

! In wet conditions, the normal load applied influences the
tribological behaviour of the metal/ceramic sliding couplings.
For the highest normal load the wear mechanisms are the same
as those in dry conditions. For the lower normal load the
reduction of the surface temperatures and, consequently, of the
oxidation rate, is due to the water adsorption on the worn
surfaces. The moisture adsorbed can act as a protective layer
preventing metal/ceramic interaction.
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Fig. 15. Optical micrograph of a worn pin surface, when a 450 N normal load is
applied in wet conditions.

Fig. 16. Microhardness profiles of worn surfaces of pins when: (a) 650 N and
(b) 450 N normal loads are applied in different humidity conditions.
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