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Wear experiments have shown that when the applied normal stress exceeds a critical value, 
a transition occurs from the regime of mild wear to that of adhesive wear. As a result, the 
wear rate of particle-reinforced aluminium composites increases by a hundred-fold. Based 
on dislocation and delamination theories, a criterion is proposed for determining the critical 
transition load, and a quantitative model is developed for adhesive wear in a wear system of 
a steel disc sliding against aluminium matrix composite pins. Experimental results of four 
kinds of metal-matrix composites confirm the validity of the criterion and the model. 

1. Introduction 
The mechanisms of abrasion and adhesion control 
most wear processes. Bowden and Tabor  [1] dis- 
cussed the adhesion theory of friction which attributes 
friction to the formation, shear and failure of adhesive 
junctions of surface asperities on a pair of rubbing 
surfaces. However, little attention was paid to the 
metallurgical structure of materials involved. Sub [2] 
developed a delamination theory of wear and intro- 
duced a simple dislocation model for the soft surface 
layer to replace the adhesion theory. Since then exten- 
sive wok has been done to confirm the delamination 
behaviour [3-7]  and define the transition from mild 
to severe wear [5-7].  However, to date, neither a cri- 
terion for transition load, nor a practical model for 
describing adhesive wear/has been developed. This is 
particularly lacking in the case of advanced materials, 
such as particle-reinforced metal-matrix composites. 
In Part  I of this study [7], the wear mechanisms in 
several ceramic-reinforced aluminium matrix com- 
posites have been studied. It is observed that 
a transition of mild wear to severe wear occurs when 
the applied normal load reaches a certain critical 
value. This transition behaviour is both load- and 
microstructure-dependent. In Part II we study the role 
of the critical transition load and develop a quantitat- 
ive model to predict adhesive wear which includes the 
microstructure of the materials. 

2. Experimental procedure 
Wear tests were carried out on a Plint-Cameron pin- 
on-disk machine. Detailed descriptions of the machine 

were given in Part I [7]. Pins made from four kinds of 
6061-A1 matrix composites reinforced with either SiC 
or A1203 particles with volume fractions of l0 % and 
20 %, respectively, were studied. All the materials were 
heat treated to T6 condition, i.e. solution treatment at 
530~ for 1.5 h, quenching into water followed by 
natural ageing for 20 h and then artificial ageing at 
175 ~ for 8 h. The mean diameter of the particles and 
Vickers microhardness of the composites measured 
with an indentation load of 5 N are listed in Table I of 
Part I [7]. 

Transitions from mild to adhesive wear for all the 
materials were observed when the applied stresses 
exceeded the corresponding critical values. The 
transition stress increases with increasing volume frac- 
tion and particle size as shown in Fig. 1. Because the 
relationship between the volumetric wear and sliding 
distance is linear, the wear rate could be defined as 
volumetric wear per sliding distance. The correlation 
between the wear rate and applied normal stress is 
shown in Fig. 2 for 20 vol % SiC-reinforced com- 
posites, in the adhesive wear regime. The determina- 
tion of the critical transition load will be discussed in 
Section 3. 

The debris produced in the adhesive wear regime 
was in the form of flake-like thin sheets as shown in 
Fig. 3. These wear sheets were identified to come from 
the metal-matrix composite pin by energy dispersive 
X-ray analysis (EDAX) [7]. However, the steel disc 
was always covered by pieces of adhered composite 
materials. Therefore, it would be reasonable to assume 
that no wear had occurred on the disc surface. 

The dimensions of the wear sheets were measured 
by using optical microscopy and image analysis. Their 
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Figure 1 Transitional behaviour of four metal-matrix composites: 
(�9 10 % AlzO3, (0) 20 % A1203, ([~) 10 % SiC, (li) 20 % SiC, BIC 
represents the division of the mild and severe wear regimes. 
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Figure 2 Relationship between wear rate, w, and applied normal 
stress, o, for 20 % SiC-A1 composite. 

3. P r o b l e m s  in t h e o r e t i c a l  m o d e l l i n g  
The adhesion theory proposed by Archard [8] was 
based on multiple asperities in contact. A wear equa- 
tion is given by 

V = KLS/3H (1) 

where V is the wear volume, L the normal load, S the 
sliding distance and H is the Vickers hardness of the 
surface. This equation states that wear rate is propor- 
tional to the inverse of the hardness of the worn 
material. However, it is not consistent with our experi- 
mental results with metal-matrix composites (see 
Fig. 1). 

The delamination theory suggested by Sub [2] was 
based on extensive experimental observations on 
many different materials. It assumes that materials 
would wear layer by layer and each layer consists of 
N pieces of flaky sheets. To remove such a layer, 
a critical sliding distance, So, is needed. The wear 
volume, V, can then be calculated by 

V = N,(S/Soa)Aaht + Nz(S/So2)Azhe (2) 

where h is the average thickness of delaminated sheets 
and A is the average area of the sheets. The sub- 
scripts 1 and 2 refer to the two materials sliding 
against each other. A schematic view of the material 
removal is shown in Fig. 4. For a metal without large 
hard particles, h can be obtained from disloc~/tion 
theory [9] 

Gb 
h - (3) 

47z(1 - v)crf 

where G is the shear modulus, of the friction stress, 
b the Burgers vector and v is Poisson's ratio. Accord- 
ing to Gupta and Cook [10], the following relation- 
ship exists 

NA oc L (4) 

The wear volume can be obtained by substituting 
Equations 3 and 4 into 2 

b [ KIG1 KEGz ] 
v = 4 ~ L r ~ . S o - - ( i  - v~) + ~faSo~(---i - v~_j LS 

(5) 

where K1 and K 2 a r e  constants depending primarily 
on the surface topography. 

Figure 3 Flake-like wear sheets of 20 % SiC A1 composite at a nor- 
mal stress of 2 MPa. 

sizes were from 50 x 20 x 4 to 3000 x 500 x 70 gm 3 
and an average wear sheet dimension was 
600 x 200 x 8 gm 3 for 20 vol % SiC-reinforced com- 
posites when the wear tests were conducted under 
a normal stress of 2 MPa. The thickness of the sheets 
was found to increase with increasing normal stress. In 
addition, fine SiC-A1 composites resulted in thinner 
wear sheets than coarse A1203-A1 composites. 
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Figure 4 A schematic view of the material removal process in pin- 
on-disc wear tests. 



The advantage of this model is that it does not 
depend directly on hardness. Unfortunately, it is not 
related to the microstructure of materials and hence 
cannot predict wear rate quantitatively. In addition, 
the assumptions used for deriving Equation 5 are not 
appropriate for particle-reinforced MMCs. 

4. Determination of the critical 
transition load 

Subsurface shear cracking has been observed by many 
authors. Wang and Rack [6-1 indicated that when 
sliding occurred in the severe wear regime, isolated 
voids were linked into cracks below the surface. These 
cracks were observed on a cross-section of a com- 
posite reinforced with SiC particles worn in the severe 
wear regime. 

Rosenfield [11.1 assumed in his shear instability 
model that there was no pre-existing crack in the 
material. However, a thin crack-shaped local region 
whose flow strength is lower than that of the sur- 
rounding material, is postulated. The model gives rise 
to the stress intensity, Kn, as 

- 2F 
KII --  g3/2al /2I (k ,p  , ~1) (6) 

where F is the normal force per unit thickness and a is 
the half length of the shear crack. I is the geometry- 
dependent integral which depends on parameters 
p( = y/a the normalized depth of the crack plane below 
the surface), k (the offset of the centre of the crack from 
a point beneath the applied force) and Ix (the friction 
coefficient between the rubbing surfaces; see Fig. 5). 
Here I refers to the location at k = 0.4, where the 
maximum stress intensity occurs [11]. 

The relationship between I and p for k = 0.4 with 
three different friction coefficients is shown in Fig. 6. It 
indicates that the driving force peaks at a distance 
below the surface (when y/a = 1). Hutchings [12] also 
pointed out that the maximum shear stress would 
occur at a certain depth below the surface according 
to the Hertzian analysis of the elastic stress field due to 
a spherical indenter on a flat surface. Both implied 
that delamination would most likely happen for the 
materials subjected to repeated sliding forces. 

The material resistance to shear on the crack plane 
can be expressed in terms of the stress intensity as 

Kr = Sfgl /2al /2  (7) 

where Sf is the subsurface flow stress of the softer 
material. The instability condition is K~ + K~ = 0. 
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Figure 5 Geometry of the point force model (from Rosenfield [11]). 
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Figure 6 Relationship between I integral and friction coefficient, ~a, 
and normalized depth, p, for k = 0.4. 

The criterion of transition load can be obtained from 

g2aSf  
Fo = 2I  (8) 

The variation of flow strength, Sf, with depth is not 
well established for particle-reinforced composites. 
Assuming the flow strength is proportional to the 
hardness, and the crack length, 2a, is proportional to 
the particle size, d, the criterion for the transition load 
(stress) can be expressed by: 

q=2 HvD 
c~ - 4AI  (9) 

where q is a factor which can be determined from 
experiments, A is the nominal contact area. This cri- 
terion is associated with the particle size, d, the hard- 
ness, Hv and I value. The peak I value can 
be obtained from Fig. 6. At this location, the normal 
load which leads to the delamination is minimum, 
and I is dependent on the friction coefficient. It is 
therefore practically applicable to particle-reinforced 
metal-matrix composites. The factor q should be dif- 
ferent for SiC-A1 and A1203-A1 composites because 
of their different physical and mechanical properties. 
To determine q, take 10% A1203-A1 and 10% 
SiC-A1 composites as examples. The measured para- 
meters are: (1) for 10% A1203-A1 composite, 
d = 4 . 5 x l 0 - 3 m m ,  A =  16rcmm 2, H v =  130 kgf 
mm -2 and ~c = 1.06 MPa; and (2)for 10% SiC-A1 
composite, d = 1.8 x 10 3 ram, A = 16~ mm 2, 
Hv = 130 kgfmm -2 and ~c = 0.53 MPa. The friction 
coefficient in the regime of adhesive wear was about 
0.5. The I value always peaks at p = y/a = 1. There- 
fore a peak value of I = 0.9 was taken for both 
A1203-A1 and SiC-A1 composites from Fig. 6. Thus 
q is determined to be 33 for A1203-A1 and 41.6 for SiC 
composites, respectively. Using these q values and the 
appropriate values for Hv, d, A and I the transition 
loads (stresses) of the other two composites can be 
predicted from Equation 9 as 0.612 MPa (with 20 % 
SiC) and 2.30 MPa (with 20 %- A1203). The experi- 
mental results of these composites are 0.79 and 
2.65 MPa, respectively, which compare favourably 
with the theoretical estimates. 
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5. A n e w  adhesive w e a r  model  
Because the experimental observations are consistent 
with the delamination theory. It is now used to predict 
the adhesive wear of particle-reinforced metal-matrix 
composites. A schematic illustration of the de- 
laminated wear sheets is shown in Fig. 7. Because 
MMCs differ from metals and their alloys in many 
ways, the determination of some parameters, such as 
the thickness of the wear sheet (Equation 3) is inap- 
propriate for the present composites. In addition, be- 
cause the wear of the steel disc can be neglected in the 
adhesive wear regime, the second term in Equation 
2 does not exist. Therefore, the wear of the composite 
pin would be similar to Equation 5 

V = e lLS  (10) 

where cl is dependent upon material properties and 
would vary whenever the pin material is changed. This 
is not practical, and modification of Equation 10 is 
needed. 

In the adhesive wear regime, wear is controlled by 
propagation of subsurface cracks, thus the volumetric 
wear must relate to the resistance of the matrix de- 
formation. The smaller the matrix area, the smaller is 
the resistance to cracking of the composites. Thus c1 is 
assumed to be proportional to the inverse of the mean 
free path, L, of the particles. According to Underwood 
[13], ~ can be determined from the particle volume 
fraction,f,  and average particle diameter, d. Equation 
10 can be rewritten as 

= d (1 - fv)  (11) 
L 

cLS 
V - 

X 

cLSfv 
- ( 1 2 )  

(1 - L ) d  

where c = cl)~ can be obtained by experiments on 
particle-reinforced aluminium matrix composites. 
Now c in Equation 12 is independent of particle size 
and volume fraction, which makes the formula useful 
for any given MMCs with a given type of matrix and 
particle materials. Equation 12 states that the wear 
volume is not only proportional to the sliding distance 
and applied load, but also increases with the particle 
volume fraction and decreases with particle size. 

Because of the differences in both interracial bond 
strength and particle properties of the SiC and A1203 
reinforcement, wear varies accordingly. The factor 
c therefore differs as well. From wear results (Fig. 1) 
and the other known parameters of the composites, i.e. 
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Figure 7 Schematic illustration of the delaminated wear sheets pro- 
duced in particle-reinforced metal-matrix composites. 
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V / S = O . 5 6 m m 3 m  -1, d = l . 8 x l 0 - 3 m m ,  fv=0 .1  
and L = 106N, c is 0.086 x 10 -3 for SiC-A1 com- 
posites while for A1203-AI composite, c is 0.18 (cal- 
culated from the data of 10 % A1203-A1 composite: 
V/S = 1.2 mm3m 1, d = 4.5 x 10 -3 mm, fv = 0.1 and 
L = 265 N). Using Equation 12 and relevant values of 
c, L,fv and d the wear rates are 1.26 mm 3 m-  1 for 20 % 
SiC-A1 and 1.37 mm 3 m-  1 for 20 % A1203-A1 com- 
posite, respectively. These predicted results are in 
good agreement with the corresponding experimental 
values of 1.08 and 1.42 mm 3 m -  1. 

6. Discussion 
The criterion for determining the critical transition 
load by Equation 9 is related to particle size and 
intrinsic properties (Hv and I) of the composites. For 
a given average particle size, the higher the particle 
volume fraction, fv, the higher the hardness of the 
composite. Therefore, the transition load also in- 
creases with increasing particle volume fraction as 
seen in Fig. 1. Also, the transition load increases with 
d for a given fv, therefore, particle size influences the 
transition load more pronouncedly than particle vol- 
ume fraction. This can also be seen from Fig. 1 for 
A1203-A1 composites. 

The subsurface flow strength, Sf, is associated with 
the thickness of the delaminated layer. Wang and 
Rack [9] suggested that friction-induced thermal sof- 
tening may play a role in wear transitions at high 
sliding speeds over 1.2 m s- 1. Previous study [14] has, 
however, shown that high-temperature deformation 
resistance of aluminium alloys increases with increas- 
ing SiC reinforcement. Therefore, the shear strength of 
such a composite is less likely to be weakened by 
frictional heating compared with unreinforced alloys 
and sparsely reinforced composites. The deeper the 
subsurface crack produced from the worn surface, the 
higher is the Sf value, and a higher transition load is 
needed to shear the material. Higher transition loads 
are expected for a thicker delaminated layer. So the 
effect of the reinforced particles on delaying the 
transition load is mainly due to the enhanced shear 
strength at both room temperature and elevated tem- 
perature and different thickness of the delaminated 
layer caused by particle size. 

The adhesive wear model, Equation 12, clearly 
shows that microstructure parameters such as fv and 
d play important roles in determining wear in the 
composites. The volumetric wear decreases with par- 
ticle size and increases with particle volume fraction. 
Our measurements show that the thickness of the 
wear sheet is one to several particle diameters. The 
wear sheets of 20 vol % SiC-A1 composite are thinner 
than that of 20 vol % AlzO3-A1 composite, indicating 
the effect of particle size on the thickness of de- 
laminated layer. According to Everett and Arsenault's 
investigation [-15], the dislocation density, p, in SiC 
particle-reinforced A1 composites can be expressed as 

Bfv~ 
p - (13) 

b(1 - fv)d 



where B is a geometric constant and ~ the misfit strain 
due to the difference of thermal expansion of SiC 
particles and matrix. It can be seen from Equation 13 
that the dislocation density also increases with the 
particle volume fraction and decreases with particle 
size. As long as the transition load is reached, the 
matrix with a high dislocation density does not resist 
adhesive wear, but accelerates it. In other words, the 
wear rate increases with increasing dislocation density 
after the transition to severe wear. The classical 
adhesion theory and delamination theory have 
been further improved by this model. Nevertheless, 
because the wear process is so complex, the wear rate 
may change with working conditions such as sliding 
speed and counterface. The proposed model is there- 
fore valid for the present experimental and similar 
conditions. 

7. Conclusion 
The critical transition load is determined by subsur- 
face shear and confirmed by the experimental results. 
Increase in particle size is more effective than increase 
of volume fraction to raise the transition load for the 
metal-matrix composites studied here. A new model 
for adhesive wear has been developed based on dislo- 
cation and delamination theory and it relates to the 
microstructure of the composites. Quantitative predic- 
tions of adhesive wear in materials agree well with 
experimental results. 
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