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Abstract

Structural ceramic composites have received increasing attention over the past
few decades for their potential applications in various fields. Lubrication is
usually required for moving ceramic parts because of their high coefficient of
friction under dry sliding conditions. Self-lubricating ceramic composites have
been applied in severe operating conditions where conventional lubrication
method, such as liquid lubrication, is unavailable. The solid lubricants added in
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self-lubricating ceramic composites can reduce the coefficient of friction. How-
ever, they decrease mechanical properties and then weaken antiwear property of
the ceramic composites, which consequently restricts self-lubricating ceramic
composites’ application scope. Therefore, there is a contradiction between the
antifriction and antiwear properties of self-lubricating ceramic composites and
many efforts from researchers have been devoted to resolve it. In this chapter, two
new types of self-lubricating ceramic composites were elaborated. Graded self-
lubricating ceramic composites were developed by adopting the design concept
of functionally graded materials (FGMs). Their characteristics are that the solid
lubricant content decreases with a gradient from the surface to the center and
thermal residual compressive stresses exist in the surface after the sintering
process. The gradient distribution of solid lubricant and the thermal residual
compressive stresses are used to improve the mechanical properties of the
ceramic composites. Another new type of self-lubricating ceramic composites is
those with the addition of coated solid lubricants. The solid Iubricant powders are
firstly coated by metal or metallic oxide, etc., to form core-shell structured
composite powders and then mixed with the ceramic matrix powders to prepare
self-lubricating ceramic composites by sintering. The shell substance is used to
protect the solid lubricant core from reacting with the ceramic matrix during the
sintering process and promote the relative density of the ceramic composites. The
two new types of self-lubricating ceramic composites showed superior mechan-
ical properties and tribological properties to the traditional self-lubricating
ceramic composites.

8.1 Introduction

Nowadays, structural ceramic composites have been paid attention increasingly for
their distinctive properties, such as high hardness, high wear resistance, high-
temperature resistance, and good chemical inertness [1]. They have been widely
used for many applications, for instance, cutting tools, bearing parts, valve seats, etc.
However, the friction coefficient of moving ceramic parts, especially of those made
of alumina based ceramic composites, is relatively high [2]. Higher friction coeffi-
cient causes more cost and energy waste. The traditional oil or grease lubrication not
only leads to environmental pollution, but also loses efficacy under harsh conditions,
such as elevated temperature. Besides, due to poor thermal shock resistance of
ceramic composites, inappropriate cooling will cause hot cracks and breakage.
Therefore, development and application of ceramic composites with self-lubricating
function is an effective and eco-friendly solution to improve the antifriction
properties.

So far there are three main methods to make ceramic composites possess self-
lubricating function: (1) make use of tribochemical reaction under high working
temperature to get in situ formed tribofilm with lubricating function on the surface of
ceramic composites, (2) adopt coating, impregnation, or implantation technologies
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to enable the surface of ceramic composites to have lubricating function, and
(3) fabricate self-lubricating ceramic composites which contain solid lubricants.
Compared with the other two methods, the third one can make ceramic composites
possess self-lubricating function during their whole service life because there are
always solid lubricants in the composites. Besides, it can make the self-lubricating
function be available in a wide working temperature range.

The traditional self-lubricating ceramic composites are homogeneous materials
with the addition of pristine solid lubricants. Many researches revealed that the
added solid lubricants can produce both positive and negative effects on properties
of ceramic composites [3, 4]. On the one hand, the solid lubricant can reduce the
friction coefficient by forming a tribofilm in the working areas. However, on the other
hand, the dispersed solid lubricants can cause a decline in mechanical properties of the
ceramic matrix, especially the hardness and fracture toughness, and thus reduce the
wear resistance of the ceramic composite [5]. Thus, the traditional self-lubricating
ceramic composites are not available to possess rational combination of antifriction
and antiwear properties, which consequently restricts their application scope. It is
urgent and significant to develop new type of self-lubricating ceramic composites.

In the past few years, we proposed and developed two new types of self-lubricating
ceramic composites by modifying the traditional self-lubricating ceramic composites
at macroscopic and microscopic level, respectively. The first type is graded self-
lubricating ceramic composites [6—8]. It is macrostructural modification to the tradi-
tional self-lubricating ceramic composites. The second type is self-lubricating ceramic
composites with the addition of metal coated solid lubricants [9]. It is microstructural
modification to the traditional self-lubricating ceramic composites.

This chapter introduced the two new types of self-lubricating ceramic composites.
Their microstructures, mechanical properties, and tribological properties were stud-
ied in detail.

8.2  Graded Self-Lubricating Ceramic Composites

Graded self-lubricating ceramic composites were proposed in terms of macrostruc-
tural modification to the traditional self-lubricating ceramic composites. This new
type of self-lubricating ceramic composite is characterized by gradually decreasing
distribution of solid lubricants from the composite’s working surface to its interior
and the residual compressive stresses existing in the working surface. There are two
design criteria for the graded self-lubricating ceramic composites. Firstly, the solid
lubricants should be gradually reduced from the working surface to the interior.
Secondly, the thermal expansion coefficient of the composite should gradually
increase from the working surface to the inside in order to form residual compressive
stresses in the working surface after the sintering process [10].

CaF, is well known as a high-temperature solid Iubricant and Al,O3/(W,Ti)C
ceramic is a kind of widely used ceramic material, thus Al,O3/(W,Ti)C and CaF,
were chosen to be the matrix material and solid lubricant, respectively. The starting
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Table 8.1 Physical properties of the starting powders

Young’s Thermal expansion Thermal
Starting | Density p | modulus Poisson’s | coefficient o conductivity
powder (g-em™>) E (GPa) ratio v (x107°K™h k(Wm™'K™)
a-ALO; |3.99 380 0.26 8.5 40.37
(W,Ti))C |9.56 550 0.194 5.8 26.74
CaF, 3.18 75.8 0.26 18.85 9.71

powders were commercial Al,O3, (W,Ti)C, and CaF, and their physical properties
are listed in Table 8.1.

AlLLO3/(W,Ti)C/CaF, graded self-lubricating ceramic composite was designed in
disk shape with its compositional distribution changing along the thickness direc-
tion. In order that the top and bottom surfaces of the composite can be used as work
surfaces with the same self-lubricating performance, a symmetrically laminated
structure with seven layers was adopted. Because the graded self-lubricating ceramic
composite consists of three components which are Al,O5;, (W, Ti)C, and CaF,, a
multicomponent gradient distribution model was proposed [7, 8]. The distribution
model uses symmetrical power-law functions containing two compositional distri-
bution exponents n; and n, which are for CaF, and (W, Ti)C, respectively.

The geometry model of Al,O3/(W,Ti)C/CaF, graded self-lubricating ceramic
composite is a cylinder in a Cartesian coordinate system. The cylinder’s bottom
surface is in the X-Y plane and its axis coincides with the Z axis. The diameter and
height of the cylinder are D and H, respectively. Because of their very small
amounts, pores and sintering additives are not taken into account in the multi-
component distribution model. By regarding a-Al,O3 and (W,Ti)C as a matrix
component, the volume fraction of CaF, in Al,O5;/(W,Ti)C/CaF, material along
the thickness of the material is given as:

o LU BT s o< <0
VCan_fl(g)_{OflCF_ ¢ )[05] +/5F 0s<e<d (8.1)

Where £ is the ratio of arbitrary coordinate value along the thickness direction (z)
to the total thickness of the Al,03/(W,Ti)C/CaF, material (H), i.e., z/H, and the range
of £is [0,17; /1" and £ are volume fractions of CaF, in the Al,O5/(W,Ti)C/CaF,
material of the surface layers and the middle layer, respectively; n; is the composi-
tional distribution exponent for CaF, distributing in the Al,Os/(W,Ti)C/CaF,
material.

Then the composition profile of the Al,O3/(W,Ti)C matrix component is deter-
mined as V 41,0, /(w, ri)c = 1 — V car,. The volume fraction of (W,Ti)C in the matrix
along the thickness of the Al,03/(W,Ti)C/CaF, material is given as:

T s ]”2+fWT 0<£<05
Viw,mje =/2(8) = { i O B (8.2)
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Where £ is the same as in Eq. (8.1); /;"” and f;”"” are volume fractions of (W, Ti)C
in the Al,O3/(W,Ti)C matrixes of the surface layers and the middle layer, respec-
tively; n, is the compositional distribution exponent for (W, Ti)C distributing in the
Ale_o,/(W,Tl)C matrix.

The volume fraction of (W, Ti)C in Al,O3/(W,Ti)C/CaF, material along the
thickness of the material should be given as:

Vir,me = (1 =f1(€)f>(&) (8.3)

And the volume fraction of Al,O3 in Al,O3/(W,Ti)C/CaF, material along the
thickness of the material should be given as:

Vano, = (1 =/1(E)(1 =f2(8) =1 = Vear, = Viw,myc (8.4)

The combinations of nonnegative values of n, and n, can determine the compo-
sitional distributions of Al,O3/(W,Ti)C/CaF, material and then its gradients of
microstructure as well as properties. According to values of n; and n,, Al,O3/(W,
Ti)C/CaF, material can be categorized into five general types:

(a) n; = ny = 0. Volume fraction of CaF, in the whole material and volume fraction
of (W,Ti)C in the matrix are constant to form homogeneous material.

(b) ny = 0, ny # 0. Volume fraction of CaF, in the whole material is constant and
volume fraction of (W,Ti)C in the matrix is varying to form the first kind of
graded material.

(¢) n; # 0, n, = 0. Volume fraction of CaF, in the whole material is varying and
volume fraction of (W, Ti)C in the matrix is constant to form the second kind of
graded material.

(d) ny = ny # 0. Volume fraction of CaF, in the whole material and volume fraction
of (W, Ti)C in the matrix are varying with the same rate to form the third kind of
graded material.

(e) ny # ny # 0. Volume fraction of CaF, in the whole material and volume fraction
of (W,Ti)C in the matrix are varying with different rates to form the fourth kind
of graded material.

In order to conform the two design criteria and use a simpler structure, the
compositional distribution exponents were chosen to be n; = n, = 2.0. The detailed
design procedure was presented in [7]. Table 8.2 lists the compositions of each layer
and their physical properties which were calculated by the formulae in [10].

The ALO3/(W,Ti)C/CaF, graded self-lubricating ceramic composite was pre-
pared using a layer stacking method and powder metallurgical process. The detailed
preparation process and measurement method of mechanical properties were
described in [7]. An AlL,Os/(W,Ti)C/CaF, homogeneous self-lubricating ceramic
composite was also made from the same ingredients with the surface layers of the
graded composite. Phase identification was made by X-ray diffraction (XRD) using
an X-ray diffractometer (Bruker D8 ADVANCE). XRD patterns were recorded from
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Table 8.2 Compositions and physical properties of graded layers

Volume
ratio of
(W, Ti)C: Thermal
Content | a-Al,O3 Young’s expansion Thermal
Layer of CaF, | in matrix modulus | Poisson’s | coefficient « | conductivity
number | (Vol. %) | (Vol %) E(GPa) |ratiowv (x107°K™Y [k (Wm 'K
4th 0 30:70 424.710 0.242 7.660 35.156
3rd;5th | 3.3 40:60 420.602 0.235 7.516 32.275
2nd;6th | 6.7 50:50 415416 0.229 7.386 29.643
Ist;7th 10 60:40 410.367 0.223 7.262 27.303

7™ laye

6™ layer

5" layer

4™ Jayer

3% layer

2™ layer

1* layer

Fig. 8.1 (a) Optical photograph and (b) SEM micrograph of Al,O;/(W,Ti)C/CaF, graded
composite

20° to 80° with a step of 0.02° under the condition of 40 kV and 20 mA. The
componential distribution of Al,O3/(W,Ti)C/CaF, graded composite was analyzed
by line scanning technique with energy dispersive spectrometer (EDS, Oxford
INCAx-act). The microstructures were observed on polished cross section and
fracture surfaces by environmental scanning electron microscope (ESEM, model
FEI-quanta 200).

Optical photograph of Al,O5/(W,Ti)C/CaF, graded ceramic composite is shown
in Fig. 8.1a. It can be seen that the layers are perpendicular to the thickness direction.
SEM micrograph of the cross section surface is shown in Fig. 8.1b. A symmetrical
seven-layer structure can be easily observed. The higher the (W, Ti)C content of a
layer is, the brighter the layer looks like. The layer interfaces are straight and parallel
to each other, which is in accord with the design objective.

The microstructural changes which agree with the gradient variation of the
components are shown in Fig. 8.2. The darker phase in the micrographs is identified
by EDS to be Al,O5 and the brighter phase is (W, Ti)C and CaF,. From the first layer
(surface layer) to the fourth layer (middle layer), because the content of Al,O;
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Fig. 8.2 SEM micrographs of the polished surface of Al,O3/(W,Ti)C/CaF, graded composite: (a)
the 1st layer, (b) the 2nd layer, (¢) the 3rd layer, and (d) the 4th layer

increases meanwhile the content of (W, Ti)C and CaF, decreases layer by layer, the
proportion of darker areas in the micrographs increases and brighter areas follow the
opposite variation trend. Furthermore, the phases in each layer are uniformly dis-
tributed and form relatively dense microstructures.

The SEM micrographs of the fractured surface of the Al,O3/(W,Ti)C/CaF, graded
self-lubricating ceramic composite are shown in Fig. 8.3. It can be seen that each
phase in the different layers has small and uniform grains. The cavities that are left
after grains were pulled out can be observed. This sign indicates typical intergra-
nularc fracture. The wavy or stepped features formed after grains were fractured can
also be observed, which indicates typical transgranular fracture. Therefore, mixed
intergranular fracture and transgranular fracture are fracture modes of the graded
self-lubricating ceramic composite.

Figure 8.4 illustrates XRD pattern of surface layer of the Al,O5/(W,Ti)C/CaF,
graded self-lubricating ceramic composite. It can be seen that Al,O3, (W, Ti)C, and
CaF, phases well exist in the composite.
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Fig. 8.3 SEM micrographs of the fractured surface of Al,O5/(W,Ti)C/CaF, graded composite: (a)
the st layer, (b) the 2nd layer, (c¢) the 3rd layer, and (d) the 4th layer
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Fig. 8.5 Line scanning patterns for elemental distributions along the compositional gradient
direction: (a) Ca element, (b) Ti element, and (c¢) Al element

Elemental gradient distributions from a surface layer (first layer) to the middle
layer (fourth layer) are shown in Fig. 8.5. It can be seen that the concentrations of Ca
and Ti elements decrease from the surface layer to the middle layer in the graded
composite, whereas the Al concentration follows the opposite trend. It is indicated
that the graded distributions of Al,O5, (W,Ti)C, and CaF, conform to the design
scheme shown in Table 8.2. It should be noticed that a small amount of elemental Ca
is detected in the middle layer of the material where no CaF, was added. The
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Table 8.3 Mechanical properties of the self-lubricating ceramic composites

Flexural strength Vickers hardness Fracture toughness
Specimen (MPa) (GPa) (MPa-m v 2)
Graded composite 769+22° 15.36 + 0.3° 4.02 +0.2°
Homogeneous 617 £ 31 12.89 £ 0.5 3.81+£03

composite

"The testing forces were loaded perpendicularly with respect to the layers
The data were from measurements taken on the surface layers

concentration of elemental Ca sharply decreases from the boundary of the fourth
layer and the third layer to the interior of the fourth layer. This result could be
attributed to the melting point of CaF,, which is lower than the sintering temperature.
Some CaF, may have melted during the sintering process and diffused into the
middle layer from the adjacent layers.

The mechanical properties of Al,O3/(W,Ti)C/CaF, graded self-lubricating
ceramic composite and the homogeneous composite are listed in Table 8.3. The
flexural strength, Vickers hardness, and fracture toughness of the Al,Os/(W,Ti)C/
CaF, graded composite are respectively 25%, 19%, and 6% higher than those of the
AlL,O3/(W,Ti)C/CaF, homogeneous composite. The significant improvement in the
mechanical properties can be attributed to the two design criteria. Firstly, the
decreasing gradient of the CaF, content from the surface layers to the middle layer
of the graded composite can ensure excellent self-lubricating properties in the
surface layers because of its relatively high CaF, content, and improve the flexural
strength of the whole material due to substantially higher flexural strength of the
middle layer where no CaF, had been added. Secondly, residual compressive
stresses in the surface layers were caused by the mismatched thermal coefficients
of expansion between adjacent layers. The presence of these stresses can effectively
improve the mechanical properties of the surface layers, especially the fracture
toughness and hardness [11].

The thermal residual stresses were calculated by the indentation method [12]. The
indentation was produced by a Vickers indenter on central line of each layer of a
cross section of the composite, using a load of 49 N. The indents were aligned in the
way that their diagonals and possible radial cracks were parallel and perpendicular to
the graded layers. As shown in Fig. 8.6a, the indentation cracks that are perpendic-
ular to the layers are clearly shorter and narrower than those parallel to the layers,
which indicates the presence of compressive stresses in the surface layers. It can be
seen from Fig. 8.6b that the exterior layers are subjected to compressive stresses
while tensile stresses are found in the interior layers. The profile of residual stresses
satisfactorily conforms to the design objective.

The dry friction and wear test took pin-on-disk type and was carried out on a
MMW-1A multipurpose friction and wear testing machine. The pin specimen
(10 mm x 10 mm x 5 mm, Ra 0.1 pm) was made of the self-lubricating ceramic
composites by cutting, grinding, and polishing. The disk was a hardened 45# carbon
steel ring (@54mm x @38mm x 10 mm, HRC 45, Ra 0.08 pm). The pin and disk
were ultrasonically cleaned for 10 min in acetone and then completely dried in a
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Fig. 8.6 (a) Optical micrograph of an indentation on the surface layer, and (b) profile of residual
stresses measured by the indentation method
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Fig. 8.7 Schematic diagrams of the testing device and clamping mode of pin specimen

vacuum drying oven. The schematic diagrams of the friction and wear testing device
and clamping mode of pin specimen are shown in Fig. 8.7. During the dry friction
and wear test, the pin specimen of Al,O03/(W,Ti)C/CaF, graded composite was
clamped in the way shown as Fig. 8.7a and was sliding on the disk with a rotational
speed of 100-300 r/min under a normal load of 100 N.

The friction coefficient y of the ceramic composite was calculated by the formula:

pu=F/P=M/R-P) (8.5)

where F is the fiction force (N); P is the normal load (N); M is the friction torque
(N-m); R is intermediate radius of the steel ring (m). The friction coefficient was
acquired directly from the friction and wear machine.

The wear rate # (mm>/N-m) of the ceramic composite was calculated by the
formula:

W=V/L-P)=m/2r-R-n-t-p-P) (8.6)
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Fig. 8.8 Effect of rotational speed on (a) friction coefficient and (b) wear rate

where Vis the volume loss (mm?); L is the sliding distance (m); m is the mass loss
(g); n is the rotational speed (r/min); ¢ is the friction duration (min); p is the density
(g/mm3 ) and was measured by Archimedes method.

As shown in Fig. 8.8a, the friction coefficient of the two ceramic composites
decreases with the increase of rotational speed from 100 r/min to 300 r/min. It is
indicated that their antifriction property at relatively high speed is better than that at
lower speed. It can also be seen that the fiction coefficient of Al,O3/(W,Ti)C/CaF,
graded ceramic composite is slightly higher than that of the homogeneous one. The
homogeneous ceramic composite and the surface layer of the graded ceramic
composite were made from the same combined powders. They have the same
CaF, content and other constituent content. Thus the antifriction property of
Al,03/(W,Ti)C/CaF, graded ceramic composite is comparable to that of the homo-
geneous one. As shown in Fig. 8.8b, the wear rate of the two ceramic composites
decreases as the rotational speed increases from 100 r/min to 300 r/min. Besides, the
wear rate of Al,O3/(W,Ti)C/CaF, graded ceramic composite is lower than that of
Al,O3/(W,Ti)C/CaF, homogeneous composite. It means that the graded composite
has better antiwear property than the homogeneous composite. According to the
research of Evans et al. [5], the improvement in antiwear property should be
attributed to the enhancement of mechanical properties of the graded ceramic
composite, which was caused by the residual compressive stresses existing in the
surface layer.

The pin specimen of the graded self-lubricating ceramic composite was clamped
in the way shown as Fig. 8.7b. The cross section was used as the rubbing surface to
make all layers sliding against the disk at the same time. The effect of CaF, content
on the wear property of the ceramic composite was analyzed by observing the wear
morphologies of graded layers with different composition. Figure 8.9 shows wear
morphologies of graded layers with different composition under the normal load of
100 N and rotational speed of 200 r/min. It is shown that the worn surface of the
fourth layer, where no CaF, was added, is rough and abounds with furrow-like



8 Recent Progress in Self-Lubricating Ceramic Composites 231

Fig. 8.9 SEM micrographs of wear morphologies of different layers: (a) 4th layer with 0 Vol.%
CaF,, (b) 3rd layer with 3.3 Vol.% CaF,, (¢) 2nd layer with 6.7 Vol.% CaF,, (d) 1st layer with
10 Vol.% CaF,

scratches, which is a typical sign of abrasive wear. With the increase of CaF, content,
tribofilm with increasing coverage area was formed and abrasive wear was alleviated
layer by layer. It indicates that the CaF, solid lubricant was released and smeared on
the worn surfaces, because CaF, has planes of perfect crystal cleavage in its crystal
structure suggesting low-shear strength [13]. Relatively complete tribofilm was
formed on the wear surface of the surface layer containing 10Vol.% CaF,. The
tribofilm played a major role in antifriction and wear resistance.

8.3  Self-Lubricating Ceramic Composites with Metal Coated
Solid Lubricants

Self-lubricating ceramic composites with the addition of metal coated solid lubri-
cants were proposed in terms of microstructural modification to the traditional self-
lubricating ceramic composites. Metal coated solid lubricants are composite
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Table 8.4 Composition and parameters of the electroless nickel plating bath

Role in the bath Chemical Parameter
Main salt Nickel sulfate (NiSO4-6H,0) 25 g/L
Reducing agent Sodium hypophosphite (NaH,PO,-H,0) 25 g/L
Complexing agent Tri-sodium citrate (C4HsNa3;07-2H,0) 50 g/L
Buffering agent Ammonium chloride (NH4C1) 30 g/L

pH adjuster Aqueous ammonia (NH;-H,0) Proper amount
pH of solution 9.5-10.0
Plating temperature 45-50 °C
Loading ratio 2-10 g/L

powders with a solid lubricant core and metallic shell. There are many methods to
synthesize core-shell composite powders with metallic shell, such as precipitation
[14], chemical vapor deposition [15], electroplating [16], electroless plating [17],
displacement plating [18], thermo-chemistry co-reduction [19], and gas suspension
spray coating [20]. Among these methods, electroless plating has been recognized as
one of the most convenient and effective techniques [21]. It is an autocatalytic
chemical reduction process in which the reducing agent is oxidized and metallic
ions are reduced and then deposited on the substrate surface.

In the study, metal coated solid lubricant powders were firstly prepared by
ultrasonic assisted electroless plating process, and then the as-prepared coated
powders were mixed with ceramic matrix powders to prepare self-lubricating
ceramic composites by hot pressing.

AL O3/(W,Ti)C, CaF,, and Ni were chosen to be the matrix material, solid
lubricant, and metal for coating, respectively. The starting powders were commer-
cially available a-Al,O5, (W,Ti)C, and CaF, with average particle size of 0.5 pm,
2.5 um, and 5 pm, respectively. Before electroless nickel plating process, the raw
CaF, powders were cleaned, coarsened, sensitized, and activated [9]. After that, the
CaF, powders were dispersed in distilled water and then poured into an electroless
nickel plating bath with ultrasonic agitation. The composition and parameters of the
plating bath are listed in Table 8.4 [9]. The overall reaction in the electroless plating
can be expressed as follows [22]:

2Ni** + 8H,PO, ™ + 2H,0 — 6H,PO3~ 4+ 2H" +3H, 1 +2P+2Ni  (8.7)

Because NaH,PO,-H,0O was used as reductant in the plating bath, phosphorus
element was electroless co-deposited with nickel atoms on CaF, powders to form
core-shell structure. After electroless plating, the nickel coated CaF, powders
(CaF,@Ni) were rinsed with distilled water for several times and then dried in a
vacuum oven at 100-110 °C for 8-10 h.

Figure 8.10 shows SEM micrographs of pristine CaF, powders and CaF,@Ni
powders with different CaF, loading ratios. It can be seen from Fig. 8.10a that the
pristine CaF, powders have irregular and polyhedral shape with clean and smooth
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Fig. 8.10 SEM micrographs of (a) pristine CaF, powders and CaF,@Ni powders with different
CaF, loading ratios: (b) 2 g/L, (¢) 5 g/L, (d) 10 g/L

surfaces. By contrast, the CaF,@Ni powders exhibit coarse surfaces with regular
nanometric spheres, as shown in Fig. 8.10b—d. When CaF, loading ratio is 2 g/L, the
nickel coating is complete but has a lot of free Ni aggregates. When CaF, loading
ratio is 10 g/L, the nickel coating is incompact and incomplete. The nickel coating
with CaF, loading ratio of 5 g/L is uniform, compact, and complete. Therefore,
CaF,@Ni powders prepared when CaF, loading ratio was 5 g/L were used to prepare
Al,O3/(W,Ti)C/CaF,@Ni ceramic composite.

Figure 8.11 shows XRD pattern of CaF,@Ni composite powders when CaF,
loading ratio of electroless plating was 5 g/L. Besides sharp diffraction peaks
belonging to CaF,, noncrystalline background appears and there is a hillock-like
peak (shown in dashed frame) near 20 = 45°. EDS was used to further confirm the
coating composition, as shown in Fig. 8.12. It is obviously seen that Ni and P peaks
appear at the EDS spectrum besides Ca and F peaks. The XRD and EDS analysis
evidently confirm that CaF, powders were covered by amorphous Ni-P alloy.
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Fig. 8.11 XRD patterns of
(a) CaF,@Ni composite
powders and (b) pristine CaF, =— CaF,
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Fig. 8.12 EDS spectrum of CaF,@Ni composite powders

The as-prepared CaF,@Ni powders were mixed with the raw a-Al,O; and
(W,Ti)C powders (a-Al,O3:(W,Ti)C = 55:45, v/v) and hot pressed to produce
AL O5/(W,Ti)C/CaF,@Ni ceramic composite containing 10 vol.% CaF,@Ni pow-
ders. The detailed preparation process and measurement method of mechanical
properties were described in [9]. An Al,O3/(W,Ti)C/CaF, ceramic composite with
10 vol.% uncoated CaF, was also prepared by using the same technical process.

Figure 8.13 shows SEM micrographs of the polished surfaces of the two ceramic
composites. The light gray phase is identified by EDS to be (W, Ti)C and CaF,, and
the deep gray phase is Al,Os. It can be seen that the (W, Ti)C phase of Al,O3/(W,Ti)
C/CaF,@Ni composite is uniformly distributed in the Al,O; matrix and has
smoother grains than Al,Os/(W,Ti)C/CaF, composite. It is deduced that the
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Fig. 8.13 SEM micrographs of polished surfaces: (a) Al,O3/(W,Ti)C/CaF, and (b) Al,O3/(W,Ti)
C/CaF@Ni.

Fig. 8.14 SEM micrographs of fracture surfaces: (a) Al,O3/(W,Ti)C/CaF, and (b) ALLO3/(W,Ti)C/
CaF,@Ni

pointedness of (W,Ti)C in Al,Os/(W,Ti)C/CaF,@Ni composite fused during the
sintering process due to the addition of CaF,@Ni powders.

Figure 8.14 presents SEM micrographs of the fracture surface of the two ceramic
composites. The microstructure of Al,O5/(W,Ti)C/CaF, composite is not so homoge-
neous and some grains with abnormal growth can be seen. By contrast, the micro-
structure of Al,Os/(W, Ti)C/CaF,@Ni composite is compact and the grain size of each
phase is uniform. The addition of CaF,@Ni powders leads to the improvement in
microstructure. For one thing, adding the coated powders enhanced dispersity of the
solid lubricants in the ceramic composite. For another, the nickel was in fluid phase at
the sintering temperature and played a role in promoting densification and preventing
grains from abnormally growing. Furthermore, fracture modes of the both ceramic
composites are mixed transgranular fracture and intergranular fracture.
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The measured flexural strength of the Al,Oz/(W,Ti)C/CaF,@Ni composite was
582 4 27 MPa, which is 15% higher than that of the Al,O5/(W,Ti)C/CaF, composite
(506 £ 21 MPa). The Vickers hardness of the Al,O3/(W,Ti)C/CaF,@Ni composite
was 14.1 £ 0.4 GPa, which was increased by 5% compared to that of the Al,O5/(W,Ti)
C/CaF, composite (13.4 &= 0.3 GPa). The fracture toughness measured on the surface
layers of the ALO5/(W,Ti)C/CaF,@Ni composite was 4.3 + 0.3 MPa-m'”%, which is
19% higher than that of the Al,O5/(W,Ti)C/CaF, composite (3.6 + 0.2 MPa-m'?).
The enhancement of the mechanical properties can be attributed to two reasons: firstly,
the inhomogeneous distribution of a second phase and abnormally grown grains can
act as the fracture origin and then do harm to mechanical properties [23], so the
enhanced flexural strength and hardness of Al,O5/(W,Ti)C/CaF,@Ni composite may
be caused by its more homogeneous microstructure refined by adding CaF,@Ni
powders. Secondly, ceramic materials can be toughened by incorporating ductile
metal particles in terms of sintering metal coated ceramic powders [24, 25]. The
main toughening mechanisms are the bridging effect and the deflection of cracks by
the metal particles. So the addition of CaF,@Ni powders should account for the
notable fracture toughness improvement of Al,Os/(W,Ti)C/CaF,@Ni composite.

The dry friction and wear test took pin-on-disk type and was carried out on the
MMW-1A multipurpose friction and wear testing machine. The pin specimen
(10 mm x 10 mm x 5 mm, Ra 0.1 pm) was made of the self-lubricating ceramic
composites by cutting, grinding, and polishing. The disk was a hardened 45# carbon
steel ring (@54mm x @38mm x 10 mm, HRC 45, Ra 0.08 pm). The pin and disk were
ultrasonically cleaned for 10 min in acetone and then completely dried in a vacuum
drying oven. During the dry friction and wear test, the pin specimen was sliding on the
disk with a rotational speed of 100—400 r/min under a normal load of 20 N.

The effect of the rotational speed on the friction coefficient is illustrated in
Fig. 8.15a. It can be seen that with the increase of rotational speed from 100 r/min
to 400 r/min, the friction coefficient of the two composites shows a downward
trend. In addition, the friction coefficient of Al,Oz/(W,Ti)C/CaF,@Ni composite is
smaller than that of Al,O3/(W,Ti)C/CaF, composite at each rotational speed. This
phenomenon can be attributed to the different addition methods of CaF,. For Al,05/
(W, Ti)C/CaF, composite, a chemical reaction between CaF, and Al,O; may occur
during the sintering process [26]:

3CaF2 (S) + A1203(S) — 3Ca0(s) + 2A1F3 (g) (88)

The reaction results in loss of some CaF, and weakens the self-lubricating
property of the ceramic composite. For Al,Oz/(W,Ti)C/CaF,@Ni composite, the
metal shell of the CaF,@Ni powders can prevent or reduce the reaction between
CaF, and Al,O3. Thus Al,O53/(W,Ti)C/CaF,@Ni composite exhibits better anti-
friction property than Al,O3/(W,Ti)C/CaF, composite.

Figure 8.15Db illustrates the effect of the rotational speed on the wear rate of the two
composites. Firstly, the wear rate of the two composites decreases as the rotational
speed increases from 100 r/min to 400 r/min. Secondly, the wear rate of Al,O3/(W,Ti)
C/CaF,@Ni composite is lower than that of Al,O3/(W,Ti)C/CaF, composite. It
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indicates that the antiwear property of the composite with the addition of CaF,@Ni
powders is superior to that of the composite with the addition of pristine CaF,
powders. Evans et al. reported that the wear rate of ceramic material is inversely
proportional to the product of its fracture toughness and hardness, i.e., K%“H 1/2
[5]. Therefore, the better antiwear property of Al,Os/(W,Ti)C/CaF,@Ni composite
can be ascribed to the higher mechanical properties especially the hardness and
fracture toughness.

The worn surfaces of the two composites under the rotational speed of 200 r/min
are presented in Fig. 8.16a and c, respectively. It can be seen that the worn surface of
AlL,O5/(W,Ti)C/CaF, composite is rougher than that of Al,O3/(W,Ti)C/CaF,@Ni
composite, which verifies the wear resistance of the latter is higher than the former.
In addition, EDS analysis reveals that more Ca and less Fe exist on the worn surface
of AL,O3/(W,Ti)C/CaF,@Ni composite in comparison to Al,O5/(W,Ti)C/CaF, com-
posite, as shown in Fig. 8.16b and d. It is indicated that the ceramic composite with
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Fig. 8.16 (a) SEM micrograph and (b) EDS analysis of worn surface of Al;O5/(W,Ti)C/CaF,; (¢)
SEM micrograph and (d) EDS analysis on worn surface of Al,O5/(W,Ti)C/CaF,@Ni.

the addition of CaF,@Ni powders has better antiadhesive property than the ceramic
composite with the addition of pristine CaF, powders.

8.4  Summary

Aiming at the difficult problem that the traditional self-lubricating ceramic compos-
ites are not available to possess rational combination of antifriction and antiwear
properties, two new types of self-lubricating ceramic composites were developed in
recent years. They modified the traditional self-lubricating ceramic composites at
macroscopic and microscopic levels, respectively.

Al,O3/(W,Ti)C/CaF, graded self-lubricating ceramic composite was developed in
terms of macrostructural modification. The microstructures changed layer by layer,
which agreed with the gradient variation of the components. The exterior layers were
subjected to compressive stresses and the interior layers were subjected to tensile
stresses. The flexural strength, Vickers hardness, and fracture toughness of the
AlL,O3/(W,Ti)C/CaF, graded composite were respectively 25%, 19% and 6% higher
than those of the homogeneous Al,Os/(W,Ti)C/CaF, composite. The dry friction and
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wear test showed that the graded self-lubricating ceramic composite had comparable
antifriction properties and superior antiwear properties to the homogeneous com-
posite. The evident improvement in the mechanical and tribological properties can
be attributed to the fulfillment of the two design criteria. For one thing, the gradually
decreasing distribution of CaF, from the composite’s surface layers to middle layer
ensured good self-lubricating property of the surface layers and enhanced the
flexural strength of the graded composite. For another, the existing residual com-
pressive stresses increased hardness, fracture toughness, and antiwear properties of
the surface layers of the graded composite.

AL O5/(W,Ti)C/CaF,@Ni self-lubricating ceramic composite with the addition of
metal coated solid lubricants was developed in terms of microstructural modification.
As compared with the Al,O3/(W,Ti)C/CaF, composite, the microstructure of
AL O3/(W,Ti)C/CaF,@Ni composite was more uniform. The flexural strength,
Vickers hardness, and fracture toughness were increased by about 15%, 5%, and
19%, respectively. The dry friction and wear test showed that Al,O5/(W,Ti)C/
CaF,@Ni composite had obviously better antifriction and antiwear properties than
AlLOs/(W,Ti)C/CaF, composite. The addition of CaF,@Ni powders led to the
improvement in the microstructure, mechanical properties, and tribological behav-
iors. Firstly, the nickel shell of CaF,@Ni powders promoted dispersity of CaF, in the
ceramic composite and protected CaF, from reacting with the Al,O3 matrix, which
enhanced antifriction property. Secondly, the nickel shell promoted the ceramic
composite’s densification, prevented grains from abnormally growing, and tough-
ened the ceramic composite, which improved the microstructure, mechanical prop-
erties, and antiwear property.
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