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Abstract: As a class of engineering materials ceramics hold tremendous promise to spawn new technologies.
They are referred to as the materials of the future as they constitute about 25% of earth’s crust as compared to1% for all
metals. Several industrial processes require the use of wear resistant materials to reduce down time of equipment and
increase the performance and quality of the processes, engineering ceramics offer unique capabilities as wear resistant
materials, their brittle nature have to some degree prevented them from being fully explored. In order to realize their
potential, the wear characteristics under different conditions need to be understood. For the application of ceramics
parts in Sliding relative motion, a user needs to know the operating conditions applicable to a ceramic material
combination for which wear rate is within acceptable limits. Adachi et. al predicted wear transition from mild to severe
for circular concentrated contacts using mechanical severity parameter & thermal severity parameter. They were
derived by separately substituting maximum tensile stress due to mechanical loading and the maximum tensile stress due
to frictional heating into critical crack initiation equation. The model was tested for ceramics against themselves and is
in fact applicable to them.

Since tensile stress at crack tip is induced by mechanical loading and thermal loading at the same time, this model can
be improved by combining both the parameters. This idea is presented for self-mated ceramics in this research and a
wear model applicable for self-mated ceramics has been developed for certain operating conditions.

Keywords: Ceramics, mechanical severity factor, thermal severity factor

INTRODUCTION
Ceramic are compounds of metallic and non metallic elements. The term ceramic is from Greek words
keramos meaning potter’s clay and keramikos meaning clay products or burnt stuff meaning desirable
properties are achieved through high temperature heat treatment process called sintering [1, 25]. Ceramics are
formed by the bonding of metals and non-metals and may exist as oxides, nitrides, carbides, or silicates. An
exception is diamond, which consists of pure carbon subjected to high temperature and pressure [1, 2].

This definition includes not only materials such as pottery, porcelains, refractories, cements,
abrasives, and glass, but also nonmetallic magnetic materials, ferroelectrics, and a variety of other products
that were not in existence until a few years ago. Ceramics play a major role in industrial applications because
of their unique and varied properties, abundance in the earth's crust, and low cost [4].

Ceramics can be divided into two general categories:
Traditional ceramics: for which the raw material is clay, such as white ware, tiles, brick, sewer pipes, glass
and porcelain, pottery and abrasive wheels; and
Industrial ceramics: also called engineering, high-tech, or fine ceramics such as turbine, automotive, and
aerospace components, heat exchangers, semiconductors, seals, prosthetics and cutting tools.
Structural Ceramics Structural ceramics are those ceramic materials that possess sufficient mechanical
properties for use as load-bearing components as compared to other conventional ceramics.

Tribological Applications
The properties of advanced ceramics that make them suitable for tribological applications are high

hardness and compressive strength, retention of mechanical properties at elevated temperatures, resistance to
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chemical reactions, low density, high stiffness and good electrical, thermal, and magnetic properties. Their
disadvantages include low fracture resistance, cost of processing raw materials such as powders, and
fabrication cost. Tribological applications of advanced ceramics can be divided into five categories based on
the properties of ceramics: resistance to abrasion and erosion, resistance to corrosive wear, wear resistance at
elevated temperatures, low density, and electrical, thermal, and magnetic properties.

Preexisting flaws, such as micro cracks at the grain boundary in ceramics, may preempt the requirements for
micro crack nucleation. Chiang and Evans [17], using linear elastic fracture mechanics have analyzed
propagation or extension of preexisting flaws by the tensile component of stress. This analysis applies to a
homogeneous, isotropic, and linear elastic semi-infinite plane subjected to a combination of normal and
tangential surface forces, similar to the stress state solution of Hamilton and Goodman [5]. The analysis
procedure consists of prescribing the state of stress and assuming that a preexisting surface flaw with a
semicircular crack plane is located at the trailing edge of the contact circle. The crack is assumed to be located
on a plane normal to the surface. To predict the condition for crack extension, one first determines the stress
intensity factor for such cracks. It is assumed that the crack propagates when K becomes equal to or exceeds a
critical value of the stress intensity factor was calculated by integrating component of prior stress over the
crack. (Prior stress is defined as the stress at the crack location, in the absence of the crack, from the
Hamilton- Goodman solution.). Allowing K=Kc extension, an equation was obtained for the critical normal
load for the occurrence of contact fracture. This equation is based on maximum flaw size for unstable crack
growth and calculates as a lower bound to the load necessary for fracture.

Based on recent experimental studies, several investigator have concluded that microfracture is by far the
greatest source of wear in ceramic materials [9,31]. This is because, unlike metallic materials, most ceramics
are inheritently brittle. when pulled in tension at room temperature, they show essentially no sign of plastic
elongation .the yield and fracture strength of most ceramics are found to be almost identical. Nevertheless,
microscale plastic deformation occurs in some ceramics under highly localized compression (e.g. diamond,
indentation). Or in slow –strain –rate creep situation [31]. The inheritently brittleness of this material; is
thought to stem from their usually limited number of slip system available for plastic flow and their inherit
difficulty of dislocation glide in their structures [1].

The major cause of microfracture in ceramics is related to internal volume defects. Despite the entire
technological advance made in their fabrication, ceramics still contain many internal defects (e.g., Flaws,
voids, pores inclusions, and weak grain boundaries). During slide contact, these defects act as stress
concentration points. Under the influence of normal and tangential forces, micro cracks can initiate from these
defects, where dislocation may sometimes pile up and thus block slip-band propagation [1,31].

For static contact conditions, it is known that real contact occurs that asperity contacts and that normal
forces acting on the asperities can easily translate into extremely high contact pressures. Metals accommodate
such stresses by undergoing plastic deformation. However, most ceramics cannot easily yield in the plastic
mode, instead, they may undergo brittle fracture.

For conditions of dynamic sliding contact, in addition to high contact stresses acting in the normal
direction, shares stresses acting tangentially are developed at the contact interfaces. The magnitude and
location of the maximum shear stresses are dependent on the extent of frictional traction between sliding,
surfaces. According to published data [8,31], the friction coefficients of ceramic couples may range from 0.4
to 1.2. If the friction coefficient of a sliding couple exceeds 0.3, the maximum orthogonal shear stresses are
shifted from the subsurface to the sliding surface[11]. As a result, high tensile stresses are generated behind
the trailing edges of the moving surface asperities. It has been found that beyond a critical threshold, tensile
stresses can initiate surface cracks with an alignment often perpendicular to the direction of relative motion.
Because of the cyclic nature of the sliding contact, fatigue may be instrumental in the initiation of micro
cracks, especially from those defects that act as stress concentration points.

Hsu et al. [4] constructed a series of three dimensional wear maps (wear rate, load and sliding speed
as axes) for dry, and lubricated conditions using ppo and water as lubricants alumina,zirconia,silicon carbide
and silicon nitride to illustrate the critical conditions under which wear transitions occurs. In this research it
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was observed that with increasing load and velocity, the wear rates may undergo distinct transitions. The
abrupt increase in wear as a function of load for a certain value of velocity was attributed to thermal shock
stresses.

Wang et al. [19] derived an equation for critical damage stress-at which spontaneous microfracture
occurs using a fracture mechanics model in which stress intensity factor is to consists of two parts one due to
external applied load and other due to internal forces, the sum of two equated to fracture toughness of the
material-they concluded the ratio of the maximum tensile stress to the critical damage stress a critical
parameter which controls wear transitions.

The tribological behavior of ceramics is greatly influenced by the contact load, temperature, and
environment [4].At low stress levels, ceramics could slide effectively without surface damage. The presence
of adsorbed moisture and the formation of oxide films were also reported as having strong effects on the
frictional behavior. The effect of temperature on the friction and wear of various ceramics has been studied by
several investigators [17]. The reported results clearly indicate that the tribological behavior of ceramics is
complex and depends on the material’s composition and structure, as well as on the test conditions. For
example the friction coefficient of alumina sliding against alumina was found to increase from 0.6 at room
temperature to 0.9 at 4200C, then to decrease to 0.7 at 6400C [17]. Similar behavior was recently reported for a
high purity alumina and [31] for zirconia-toughened alumina. The investigators also reported that further
increase in temperature to 8000C was accompanied by a decrease in the friction coefficient to 0.3-0.4,
although the reduction in friction was followed by a decrease in wear rate.

Wear rates of several ceramics has been reported to increase suddenly by several orders of magnitude
as a result of a slight increase in one of the test variables. These wear transitions occur as a result of increasing
the normal contact load, sliding distance, or sliding speed [4, 19,24]. In certain cases wear transitions, which
also accompany an increase in the coefficient of friction, have been explained by the formation or removal of
tribochemical reaction films [17]. However, the exact mechanisms for the removal of these films, or the
mechanism of transition in the absence of tribochemical films, has not been clarified.

Structural ceramics are increasingly being used for wear application. However the major hindrance that has to
some extent prevented its use to wide spread tribological applications is the lack of a predictive theoretical
model that could predict wear and wear transitions. Wear prediction of ceramics has become an important
subject the reasons for lack of predictive model is the complexity of both the wear process (involves
mechanical engineering, mathematics, chemistry, physics)[17,19]and ceramic wear ( which is a function of
microstructure, grain size and shape toughness, hardness and operating conditions)[4] Environment and
operating parameters such as lubrication, temperature, pressure, speed, geometry and atmosphere etc greatly
effect the wear processes. wear rates have been demonstrated to be several orders of magnitude different for
the same ceramic materials under different environment. so the limitations of the wear models are obvious.

Typically ceramics possess tensile strength that is 1/10 th of compressive strength, and tensile stress
has to be responsible for the onset of wear due to their inherit brittleness, which creates concerns for potential
premature failures. A number of wear studies and proposed wear models on ceramics are available in the
literature: the tensile crack model provided one of the means to predict wear of ceramics, the equation for
wear rate was based on fracture mechanics –energy balance approach. When contacting solids slide work is
being done against friction, the contact areas of the roughness peaks become the source of frictional heat, the
increase in temperature induces thermal stresses Ashby et al[10] succeeded in calculating temperature in
sliding contact analytically-based on which Kong and Ashby [7] constructed wear mechanism maps using
normalized pressure and normalized velocity showing wear transition between different wear modes. Since
for high speed dry sliding conditions, localized  thermal heating can be substantial Kong and Ashby[7]
proposed the use of bulk and flash temperature for the description of ceramic wear-the model suggest that
asperity heating can dominate the wear processes even though the real area of contact is small.
Thermomechanical model was put forth by Ting and Winer[14] in which the total stress is a combination of
mechanical and thermal stresses. A yield control dimensionless parameter Gt was introduced which was
suggested to represent the thermal stress contribution. Using this number and a temperature dependent yield
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criterion for a material, they constructed a map, the map applies to wear situations where material yielding is
predominant but is applicable to a wide range of operating conditions. Kato et al suggested a non-dimensional
contact severity parameter to classify the wear modes under various contact severities to serve the proclivity
for brittle fracture by using the materials fracture toughness against applied stress intensity, the stress term in
the applied stress intensity was taken to be maximum Hertasian contact stress and surface roughness was used
to represent preexisting crack length. The severity parameter was later modified to include the contribution
from frictional tangential traction that is the stress intensity now represented a combined mode I and mode II
stress intensity, a further modification lead to mechanical severity parameter derived by taking maximum
tensile stress as the dominating stress term in the stress intensity modeling     [5, 9] and it used mean grain size
to represent crack length in the measure of stress intensity.

Adachi et al [5] introduced wear map of ceramics using two dimensionless parameters mechanical
severity of contact and thermal severity of contact based on fracture mechanics as axes, the maximum tensile
stress due to mechanical load was converted into dimensionless number for mechanical severity of contact and
maximum thermal stress from thermal load was converted into dimensionless number for thermal severity of
contact. Wear situations where wear is induced by mechanical stresses, the mechanical severity of contact was
suggested to be governing term for transition from mild to severe wear and were wear is predominately
induced by thermal load, thermal severity of contact was suggested to be governing term for transition from
mild to severe wear

It is clear from the above literature survey that the ceramic wear problem is the sum of two separate
problems, the first one, when thermal effects are absent i-e stationary surfaces and contact area subjected to a
concentrated normal force. The second one when a continuous point heat source of power equal to the
frictional power acting on the surface of the contact area. Stresses at the crack tip are induced by both
mechanical and thermal stresses, a model needs to be developed which involves stresses from both
mechanical and thermal load.

A. A. Yevtushenko et al [13] has developed a procedure for determining the temperature field in
concentrating sliding contact for a circular heat source. The temperature field indicate that the maximum
surface temperature move from the centre of the contact area towards the trailing edge with increase in peclet
number.

Z. B. Hou et al [11] has numerically evaluated the temperature rise at any point due to moving heat
sources of different shapes- elliptical, circular, rectangular and square and different heat intensity
distributions-uniform, parabolic and normal. In this research it has been observed that the temperature rise is
near the rear edge when the peclet number is large and moves towards the centre with decrease in peclet
number. For an elliptical heat source he peak temperature rise for the case of normal distribution is near the
centre of the heat source while that for uniform distribution is between the centre and rear edge of the heat
source The location of maximum temperature rise is different for different peclet numbers and different heat
intensity distributions. When peclet number is approximately 10 for an elliptical heat source of uniform
distribution, the location of the maximum temperature rise is at the trailing edge of the moving heat source.

In this research study a model has developed for self mated ceramics which takes into account the
stresses generated at the crack tip due to both mechanical and thermal loadings at the same time.

WEAR OF SELF MATED CERAMICS UNDER DRY SLIDING CONDITIONS
Wear predictions of ceramics becomes essential in order to have design guidelines for application of ceramics.

The surface cracks in ceramics originate in several ways:

i) Manufacturing and Production methods involving consolidation and high temperature Sintering leave
small holes in sintered products, generally these contain pores on the scale of the powder size.

ii) Thermal stresses caused by cooling or thermal cycling can generate small cracks

iii) Machining and finishing can create cracks on the surface.
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iv) Cracks could appear by repeated sliding of the material in the vicinity of the surface

Failure i-e wear invariably occurs from pre-existing flaws, the crack propagation characteristics of the
material and the mechanics of such flaws constitute physical properties that dictate strength.

(1)

In which σ max is the maximum tensile stress at the tip of the crack , KIc is the fracture toughness i.e measure of
materials resistance to brittle fracture when a crack is present a  is pre-existing crack length Y is a
dimensionless parameter that depends on both crack and specimen sizes and geometries and well as manner of
load application.

5.1 Mechanical and thermal severity parameters for self mated ceramics:
Mechanical severe surface roughness peaks of asperities on two bodies are for simplifying analysis considered
to be spherically shared such that microscopic flat contact of two bodies is reduced to array of spherical
contacts deforming at their peaks. this contact problem of two surfaces in contact is reduced to the contact of a
sphere with the plane. Adachi et al [1] introduced wear map of ceramics for a circular contact with a flat face
for self mated ceramics assuming

i) Pre-existing micro cracks at the grain boundary may pre-empt the requirement for  micro crack
nucleation, their length is proportional to the grain sizes and smaller than the radius of the contact area.

ii) Inter granular fracture i-e wear is caused by the propagation of these micro cracks,    which is enhanced by
tensile stress induced by friction.

The critical condition for the onset of severe wear is expressed by

CKay 1max  (2)

Where, max is max. tensile stress at the tip of the crack.

a is pre existing crack length and equal to the mean grain size.

K1C is fracture toughness of the material

Y is constant (e.g. 1.12 for an edge crack)

As per Hamilton [2] the max. tensile stress which occurs on the circumference of the circle of contact is given
by
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Where, Pmax is the max. Hertizan contact pressure,

 is Poisson’s Ratio
 is the friction coefficient

For  = 0.25,a typical value for a brittle solid Eq(3) simplifies to
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Substituting Eq(4) into Eq(5.2) Adachi et al[1] defined the mechanical severity parameter as
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Wear changes from mild to severe when, mmc CS , (6)
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Y
Cm

6
 a constant

When two surfaces in sliding contact are in relative motion, sliding contact generates heat pulses by frictional
heating, which in turn causes thermal strain and therefore compressive stress at the surfaces, while it is
cooling down a tensile stress will be induced in the surface. The thermal stress (tensile stress) induced by
thermal load as the two bodies slide over one another is given by

T
E

ther 







1

(7)

Where, E is Young’s Modulus
 Is coefficient of thermal expansion?

 Is Poisson’s Ratio
T Is temperature difference due to heat pulse

Assuming temperature difference T is proportional to the flash temperature,

Temperature difference T based on the work of Ashby is expressed by

CK

VPH
CT v


1 (8)

Where, C1 is proportionality constant, is heat partion ratio, P is the normal loadK is thermal
conductivity,  is density&V is sliding velocity

Substituting Eq(8)  in Eq(7) and then Eq(7) in Eq(2)

Adachi et al[1] defined thermal severity parameter as

CK

VPH

T
S v

s
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, (9)

Where, thermal shock resistance,
aE

K
CT C
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 ,1
2
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 ; (10)

C2 is proportional constant

Wear changes from mild to severe when,

ttc CS ,

Where ; a constant

Combined mechanical and Thermal Severity for self mated Ceramics
The stress at the tip of the crack is induced by mechanical and/or thermal loading as one surface slides over

another i.e. crack propagation and wear occurs by stresses which are due to mechanical and/or thermal load.
The maximum tensile stress due to thermal load for peclet number greater than 10 for an elliptical heat source
of uniform heat intensity has its maximum value  at the trailing edge[11],the tensile stress due to mechanical
loading for an elliptical area of contact has its maximum value always at the trailing edge[6],so for peclet
number greater than 10,the maximum tensile stress occurring at the trailing edge is to be obtained by
superimposing tensile stresses due to mechanical loading and tensile stress due to frictional heating. Assuming
the coefficient of friction to be uniform over the contact surface and the contacting bodies to behave purely
elastic brittle solids.

From equation (2),
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CKaY ,1max 

i.e,   Cthermech KaY 1max   (11)

Now, from Equations 4,7 and 8
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i.e., substituting equation 8 in equation 7
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th
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21

1,,  tcthmcm SCSC (19) Substituting

mech and ther from Eq(4) and Eq(15) in Eq(19)

25;
6

1
 thm CC [Experimentally obtained by Adachi et. al, for a specific wear rate transition value of 10-6

mm3/ N-m]

6150 ,,  tcmc SS
(20)

i.e wear will be mild for 6150 ,,  tcmc SS

Wear volume as function of Sc,m and Sc,t:
As per Lancaster [4] the wear rate (WR) as a result of wear occurring due to incremental crack growth

during asperity contact can be found from

V

v
WR

32
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(21)

Where, P is the applied load ,r is the radius of curvature of hemispherical asperity, v is the rate of crack
growth &V is the sliding speed

The crack velocity is equal to v = DKn (22)

Where, D is the crack growth constant, n is the crack growth exponent & K is stress intensity factor
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K1C ,being a property is a constant

For constant load and sliding speed

 ntctcmmic
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(30)

For mild wear ‹1 and WR‹ 10-6 mm3/N-m (31)

For severe wear and WR ›10-6mm3/N-m (32)

Wear map of Ceramics
The  wear map of ceramics that includes both mechanical and thermal aspects based on fracture mechanics i.e;
Sc,t and SCc,m as abscissa and ordinates respectively will result in mild wear regions as shown in figure with
Sc,m+150Sc,t‹6. The combined mechanical and thermal severity parameter shows improvement in predicting
mild to severe wear transition of ceramics as is clear by plotting above equation together with data from
Adachi’s experimental results.

CONCLUSION:

The transition from mild to severe is along a boundary Sc.m+ Sc,t =6,  substituting values of Sc,m and
Sc,t, the transition boundary is
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(33)

The propagation of cracks from preexisting flaw controls the onset of severe wear. The transition can be
prevented by reduction of normal load and/or reduction of friction coefficient. It  is clear from figures plotted
that coefficient of friction has a major influence in selecting the ceramic pair for a certain application, low
friction ceramics extend the mild wear region and as such should be  preferred. Both Sc,m and Sc,t increase with
increase in coefficient of friction, since Sc,m and Sc,t contain operating variables- load and velocity which can
be extended by low coefficient of friction ceramic pair. Some of the results from experimental data of Adachi
which could not be previously explained now fit in the improved transition boundary. It is difficult to predict
the friction coefficient which is included in Sc,mand Sc,t which when plotted as axes may not necessarily be
useful for selecting materials and designing operating conditions.

The wear map with parameters which does not have coefficient of friction contained in them need to be
extracted from Sc,m and Sc,t, so that they will be useful for selecting material and designing operating
conditions without the need to first determine coefficient of friction.

Now Sc,m= (34)Designating

(35)

(36)

Denoting and (37)

Therefore the equation for mild wear regime 6150 ,,  tcmc SS gets transformed to

(38)

This equation can be plotted for several values of coefficient of friction and critical condition for transition
from mild to severe wear regions can be identified. Since the maximum coefficient of friction for unlubricated
sliding in air is 1, the mild wear region can be realized independent of the coefficient of friction by satisfying
the following equation

(39)

This equation can give a guide lines for designing tribosystems and improving the wear resistance of materials
independent of coefficient of friction.For a given set of materials wear map with and as axis can

be constructedwhich can be used as material selection and desigh guide for an engineering application

.

Figure 1 :The distribution of the stress in the surface for a range of coefficient of friction [6]
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Figure2: Variation of the non- dimensional temperature rise(TkD/qV) under the surface, along the X-axis, in
the X-O-Z plane of the moving coordinate system X-y-z(origin coincides with the origin of the heat source) of

uniform distribution for an elliptical heat source, for peclet numbers(1,5, and 10)[11].

Figure 3 plot of COF, S*
c,t and  S*

c,mfor self-mated ceramics

Figure 4: plot of COF and S*
c,t for self-mated ceramics
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Figure 5: plot of S*
c,m and S*

c,t for self-mated ceramics for different values of COF



1167 Mohammad Mursaleen Butt

International Journal of Engineering Technology Science and Research
IJETSR

www.ijetsr.com
ISSN 2394 – 3386

Volume 4, Issue 12
December 2017

Figure 6: plot of COF and S*
c,m for self-mated ceramics
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