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An attempt has been made to explore the possibility of using a natural mineral, namely sillimanite, as
dispersoid for synthesizing aluminum alloy composite by solidification technique. The abrasive wear
behavior of this composite has been studied through factorial design of experiments. The wear behavior of
the composite (Y omposite) and the alloy (Y,,,,,) is expressed in terms of the coded values of different
experimental parameters like applied load (x,), abrasive size (x,), and sliding distance (x;) by the following
linear regression equations:

Yoy = 20.94 + 15.22x, + 5.94x, — 1.95x, + 4.82x,x, — 1.48x,x; + 1.29x,x; + 1.60x,x,x,
Yeomposite = 2105 + 15.69x, + 9.5x, — 2.51x; + 7.41x,x, — 2.33x,x5 + 0.52x,x; + 0.10x,x,%,

These equations suggest that (i) the effect of the load is more severe on the wear rate of each of the
materials and (ii) the wear rate of the materials increases with an increase in applied load and abrasive size,
but decreases with increase in sliding distance (iii) interaction of these parameters are quite significant
towards the wear of these materials (iv) above a critical load and abrasive size the composite suffers from
higher wear rate than that of the matrix alloy. These facts have been explained on the basis of wear
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mechanisms.
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1. Introduction

Aluminum alloy metal matrix composites are attracting con-
siderable attention for the fabrication of engineering compo-
nents due to their versatile and tailor made properties.!"! These
materials can be prepared by using different types of aluminum
alloys as matrix material and a variety of materials like silicon
carbide,’** alumina,”® zircon,” etc., in fiber, whisker, and
particulate form as dispersoid depending on property require-
ments for the application. Some of the natural minerals have lot
of potential to be used as dispersoids for making compos-
ites.""% Natural minerals like talc,'' " bauxite,'?! corundum,!"?!
granite,"'*! etc., have already been used in particulate form to
develop aluminum alloy composites for wear-resistant appli-
cations. Sillimanite, a natural mineral, possesses adequate ther-
mal stability and mechanical properties. This mineral is avail-
able in abundance and is less expensive. Thus, sillimanite could
be a promising dispersoid material for synthesizing composites
especially for wear-resistant applications. These composite ma-
terials may be used as wear-resistant components like brake
drum, piston, cylinder heads, and liners in the automobile sec-
tor and apex insert and pump bodies in the mineral dressing
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industry. This leads to the need for characterizing the wear
behavior of composites.

In most of these applications, wear is generally abrasive in
nature. Abrasive wear is defined as the displacement of the
material caused by hard particles or protuberances where these
particles are forced against and moving along a solid surface. It
has been reported that the wear behavior of composite depends
on microstructural characteristics like shape, size, volume frac-
tion, and distribution of the reinforcement and the experimental
parameters like abrasive size, applied load, sliding distance,
etc.[15,16]

In addition to this, the wear of composite is also dictated by
its strength, hardness, and fracture toughness.!'> It has been
reported that above a critical size of abrasion, the wear rate of
the composite becomes invariant to the abrasive size.!'”'® It is
further reported that the composite may suffer from higher
wear rate than the alloy above a critical applied load. This is
primarily due to deeper and wider wear grooves generated
under certain combinations of applied load and abrasive size.
Moore and Douthwaite reported that the surface or subsurface
of the specimen undergoes plastic deformation during abrasive
wear and the extent of plastically deformed zone depends on
applied load and abrasive size."'®! However, the severity of the
combined effect of applied load and abrasive size on the wear
rate has not been studied systematically. The effect of sliding
distance on the abrasive wear of Al-alloy composite has been
studied by several investigators,*” but the synergic effect of
sliding distance, abrasive size, and applied load has not been
examined. This paper aims to examine the individual and com-
bined effect of load, abrasive size, and sliding distance on the
high-stress abrasive wear behavior of Al-alloy sillimanite par-
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Fig. 1 Schematic diagram of abrasion test machine

ticle composites. This study was carried out using the factorial
design approach.

2. Experimental

2.1 Materials

Aluminum alloy (BS: LM 6) containing (13% Si-0.6% Fe-
0.1% Cu-0.1% Mg-0.5% Mn) was used as the matrix alloy. The
alloy was melted in a graphite crucible. In the alloy melt,
preheated 10 wt.% sillimanite particles (50-150 pm) were
added by creating a vortex in the melt with the help of a stirrer.
After thoroughly mixing composite samples were cast in per-
manent disc moulds (120 mm diameter and 6 mm thick). The
matrix alloy was also processed in a similar manner to compare
the results.
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The cast composite samples 15 x 15 mm?> were metallo-
graphically polished and etched in Keller’s etchant. The etched
samples were sputter coated with a thin layer of gold and the
microstructure was examined using scanning electron micro-
scope (SEM) (Jeol, Model JSM 5600, Akishima, Tokyo, Ja-
pan).

2.2 Abrasion Test

High-stress abrasion tests were carried on 40 x 35 x 4 mm®
rectangular specimens using a Suga Abrasion Tester (Model:
NUS 1, Tokyo, Japan). A schematic view of the abrasion test
machine is shown in Fig. 1. Emery paper embedded with the
desired size of SiC particles was cut to size and fixed on a
wheel (50 mm diameter, 12 mm thick) to serve as the abrasive
medium. The specimen was fixed against the abrasive medium,
and the load was applied with the help of a cantilever mecha-
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nism. The specimen was subjected to a reciprocating motion
against the abrasive medium. The abrasive wheel was also
rotated slowly to enable the specimen to encounter fresh abra-
sive particles in each cycle prior to traversing a distance of 26
m. Beyond this sliding distance, the degraded abrasive again
came into contact with the specimen surface.

Applied loads in the current study were 1, 3, 5, and 7 N, and
the abrasive medium contained 25, 100, and 200 pm SiC par-
ticles. Weight loss of the specimen was measured after a slid-
ing distance of 26 m. Wear rate was calculated from the weight
loss data.

A Mettler (Switzerland) microbalance was used for weigh-
ing the specimens before and after the test. The specimens were
cleaned before and after the tests. The composite and matrix
alloy specimens were tested under identical test conditions to
enable comparison. Worn surfaces of the selected specimens
were examined in the SEM to study the wear mechanism. Prior
to SEM study, specimens were coated with a thin layer of gold.

2.3 Factorial Design of Experiments

A factorial design of experiments of the type P" was used in
which n corresponds to number of factors and P represents the
number of levels.?! Here n = 3 (i.e., load, abrasive size, and
sliding distance) and p = 2. Thus the minimum number of
trials needed for investigation is 2° = 8. If the response vari-
able (i.e., wear rate) is represented by Y, the linear regression
equation for these experiments may be expressed as

Y=ay,+ a,x; + ayx, + asx; + ax,x, + asx x;
+ AgXyX5 + A0, XX (Eq D)

where a,, is the response variable at the base level and a,, a,, a;
are the coefficients representing the severity effects of indi-
vidual variables like load, abrasive size and sliding distance; x,,
X,, and x; are the coded values of load, abrasive size, and
distance, respectively; a,, as, and ag represent interaction co-
efficients of variables x; and x,, x; and x5, x, and x5, respec-
tively; and a, represents the interaction coefficient among the
variables x,, x,, and x5 within the selected levels of each vari-
able. This signifies the severity of the synergic effect of these
parameters toward wear.

The methodology for calculating the values for each regres-
sion coefficient using the coded value of each factor is de-
scribed elsewhere.!*?! The positive value of ¥ in Eq 1 indicates
weight loss while a negative value of same means weight gain.
Further, a negative value of any term in equation signifies
reduction in the rate of material loss due to increase in the value
of the respective parameter. The coded value of each parameter
is calculated using following relation:

Selected value — Base value

Coded value = Difference between base value

to upper or lower level

The upper and lower levels of each factor along with their
coded values are shown in Table 1. The factorial design of the
experiments and the values of the response variables corre-
sponding to each trial are reported in Table 2. The matrix
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Table 1 Levels of Different Factors and Their Coded
Values (Within Brackets)

Factors
Factor Level Abrasive
and Code Load Size Distance
Upper level 7N 200 pm 130 m
Code value (+1) (+1) +1)
Base value 4N 112.5 pm 78 m
Code value 0) 0) 0)
Lower level IN 25 pm 26 m
Code value (-1 (-1) -1

Table 2 Values of Individual Variables With Their
Coded Values (Within Brackets) and Wear Response in
Each Trial

Wear Rate,
Y x107" m3*/m

Trial Load, Abrasive Size,

No. N, x, pum, x;3 Distance  Alloy = Composite
1 7 (+1) 200 (+1) 130 (+1) 4584 49.42

2 7 (+1) 200 (+1) 26(-1) 48 57.88

3 7 (+1) 25 (-1) 26 (-1) 31.2 25.28

4 1 (-1 200 (+1) 26 (-1) 7.08 7.21

5 1(-1) 25 (-1) 130 (+1) 39 2.68

6 1 (-1 25 (-1 26 (-1) 53 3.87

7 1(-1) 200 (+1) 130 (+1) 6.6 7.7

8 7 (+1) 25 (-1) 130 (+1) 19.6 14.38

design for calculating each coefficient of Eq 1 is shown in
Table 3.

3. Results

3.1 Microstructure

Figure 2(a) shows the microstructure of the composite. It
clearly reveals reasonably uniform distribution of sillimanite
particles in the matrix. A high-magnification micrograph is
showing sound interfacial bonding of the sillimanite particles
with the alloy matrix (Fig. 2b). It is noted from Fig. 2(b) that
the sillimanite particle is primarily surrounded by eutectic sili-
con. This may be attributed to the fact that the sillimanite
particles are pushed by the solidification front to the last freez-
ing liquid (i.e., eutectic).*!

3.2 Linear Regression Equations
The final linear regression equations of the matrix alloy and

the composite are shown below:

Yooy =20.94 + 15.22x; + 5.94x, — 1.95x; + 4.82x,x, — 1.48x,x3
+ 1.29x,x5 + 1.60x,x,x5 (Eq2)

Y,

composite

=21.05+15.69x, + 9.5x, — 2.51x; + 7.41x,x,
—2.33xx5 + 0.52x,x; + 0.10x,x,x5 (Eq 3)

where the multiplication factor is 107" m*/m and x,, x,, and x;
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Fig. 2 (a) Microstructure of the composite showing uniform distri-
bution of sillimanite particles; (b) magnified view of the microstruc-
ture showing good particle/matrix interfacial bonding

Table 3 Matrix Design to Calculate
Regression Coefficient

Wear Y x10™"!
Exp. Rate, m’m,
No. x; Xx, X3 XX, XX3 X,Xx3 x;x,x3 Alloy Composite

1 +1 +1 +1  +1 +1 +1 +1 45.84 49.42
2 +1 +1 -1 +1 -1 -1 -1 48 57.88
3 +1 -1 -1 -1 -1 +1 +1 31.2 25.28
4 -1 +1 -1 -1 +1 -1 +1 7.08 7.21
5 -1 -1 +1 +1 -1 -1 +1 3.9 2.68
6 -1 -1 -1 +1 +1 +1 -1 53 3.87
7 -1 +1 +1 -1 -1 +1 -1 6.6 7.7

8 +1 -1 +1 -1 +1 -1 -1 19.62 14.38

are coded values of load, abrasive size, and distance, respec-
tively. By comparing Eq (1), (2), and (3), it is noted that the
values of a, for the alloy and the composite are 20.94 and
21.05, respectively, and it represents the value of response
variable (wear rate) at the base level (load of 4 N, abrasive size
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Table 4 Comparison of Theoretical and Experimental
Wear Rates of Different Materials at Abrasive Size of
100 pm

Wear Rate x10~'! m%/s

Alloy Composite

Load, Distance, % %

N m Theo. Exp. Deviation Theo. Exp. Deviation
3 26 16.895 18.25 7.4 16.67 15.9 4.8

3 78 1529 1551 1.3 14.86 13.53 9.9

3 180 13.7 14.2 35 13.06 12.04 8.5

5 26 27.57 26.55 3.8 27.88 27.88 0

5 78 2489 225 9.6 245 220 10.2

5 130 222 215 33 21.17 19.0 10.3

Theo., calculated value from the regression equations
Exp., experimental value

of 112.5 wm, sliding distance of 78 m). It may be noted further
that the wear rate of the composite at the base level is higher
than that of the matrix alloy. Thus it may be considered that the
critical applied load (at which composite shows higher wear
rate) for the composite is 4 N or less when the abrasive size is
112.5 pm. The wear rate of these materials at random experi-
mental conditions (within the selected experimental domain) is
experimentally determined and compared with the calculated
values using Eq (2) and (3) and are shown in Table 4. It clearly
indicates that the experimental values are in close approximate
(with maximum percent of deviation of 10.3) with the calcu-
lated values. This suggests the reliability of these empirical
equations for predicting wear rates of the alloy and the com-
posite within the selected experimental domain.

The above equations demonstrate that the effect of load and
abrasive size is severe toward the wear rate of the materials (as
coefficients associated with x, and x, are positive). However,
between these two factors effect of load is more severe (coef-
ficient associated with x; is significantly higher). On the other
hand, the wear rate of these materials reduces with increase in
sliding distance (coefficient associated with x5 is negative). It
may also be noted that interaction coefficient of load and abra-
sive size, and abrasive size, and sliding distance are positive,
which signifies that the wear rate is further increased due to
synergic effect of load and abrasive size or abrasive size and
sliding distance. But the synergic effect of load and sliding
distance reduces the wear rate of both the materials. Among
these synergic effects of different parameters the synergic ef-
fect between load and abrasive size is significantly higher than
the other ones. In general, the combined effect of all these
factors (load, abrasive size, and sliding distance) is also causing
more wear rate. However, this effect in the composite is neg-
ligible. If one compares the effect of each factor individually or
their combined action on wear rate of each of the material, it
may be noted that the effect of load is more or less same in the
alloy and the composite. However, the effect of abrasive size is
significantly higher in the composite. The effect of sliding
distance is marginally higher in the composite as compared
with the alloy. It may further be noted that the synergic effect
of load and abrasive size is significantly higher in the compos-
ite than the matrix alloy. The synergic effect of load and sliding
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Fig.3 (a) Worn surface of the matrix alloy abraded against abrasives
of size 25 pwm at an applied load of 1 N; (b) worn surface of the alloy
abraded against abrasives of size 200 wm at an applied load of 7 N

distance (towards reduction in wear rate) is also significantly
higher in the composite.

On the other hand, synergic effect of abrasive size and
sliding distance is considerably less in the composite unlike
other two synergic effects. These equations also suggest that
one must take into account the synergic effect of these experi-
mental parameters is addition to their individual effects for
predicting their wear rates.

3.3 Worn Surface

The worn surfaces of the selected samples were examined in
SEM to understand the wear mechanism. Figure 3(a) represents
the worn surface of the matrix alloy abraded against 25 pm
abrasive size at an applied load of 1 N. It clearly demonstrates
continuous wear grooves and flakes along the wear tracks. This
signifies that material is removed both by cutting and plowing
actions. Figure 3(b) represents the worn surface of the alloy
abraded against 200 pm abrasive size at an applied load of 7 N.
It is noted that the grooves are deeper and wider compared to
that observed in Fig. 3(a). Figure 3(b) also shows large amount
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Fig. 4 (a) Worn surface of the composite abraded against abrasives
of size 25 wm at an applied load of 1 N; (b) worn surface of the
composite abraded against abrasives of size 200 wm at on applied load
of 7N

of cavities due to removal of continuous flakes from the surface
and large amount of surface cracks. It also demonstrates that in
addition to cutting and plowing, tearing-type of material re-
moval is taking place. Fig. 4(a) shows the worn surface of the
composite abraded against the abrasive size of 25 pm at an
applied load of 1 N. It is noted that the wear grooves are
continuous and much finer. The hard sillimanite particles are
found to be present as protrusion on the worn surface. Figure
4(b) represents the worn surface of the composite when
abraded against abrasive size of 200 wm at an applied load of
7 N. It clearly indicates fracturing of sillimanite particles,
which are removed from the worn surface and form cavities. It
also represents tearing type of material removal as observed in
Fig. 3(b).

4. Discussion
Abrasive particles in high-stress abrasion are fixed in their

position as they are embedded on an emery paper cloth, which
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in turn is rigidly fixed on a metallic wheel held against the
specimens. Thus the abrasive particles cannot freely move,
deflect, or change their position on the paper in which they are
embedded. This results in transfer of total stress applied on the
particles to the specimen surface. Under such condition abra-
sive particles penetrate into the specimen surface to the same
depth irrespective of the nature of micro-constituents present in
the material.** The depth of penetration is a function of fac-
tors such as stress level,''>1% rake angles of the abrasive tip,[25 !
and hardness of the specimen surface subjected to wear. The
penetration depth increases with increasing abrasive size, rake
angles, and applied stress level, while it decreases with increas-
ing the hardness of test materials. This leads to increase in wear
rate with the increase in applied load and abrasive size. This is
demonstrated by Eq (2) and (3) in which the coefficients as-
sociated with applied load (x,) and abrasive size (x,) are posi-
tive for both the materials.

The wear rate of the material is inversely proportional to the
hardness. The composite is harder than the alloy due to the
presence of hard sillimanite particles within the matrix. Hence
it is expected that the composite should have a lower wear rate
than that of the alloy. However, this may be possible so long
the hard ceramic dispersoids remain intact within the matrix.
The regression equations show that at the base level the com-
posite (Eq 3) exhibits marginally higher wear rate than that of
alloy (Eq 2). If the wear rate of the composite and alloy below
the base level of the experimental parameters is calculated; it
may be found that the composite exhibits a lower wear rate
than that of the alloy at certain combination of load and abra-
sive size. This is also observed experimentally as shown in
Table 4. Worn surfaces at 1 N load and 25 pm abrasive size
also indicate that depth and width of wear grooves are fine in
case of the composite (Fig. 4a) as compared with that in the
alloy (Fig. 3a), and the sillimanite particles are intact in the
matrix which protect the soft matrix from wear (Fig. 4a). This
fact clearly demonstrates that there is a critical load and abra-
sive size above which composite suffers from higher wear rate
as compared with that of the alloy. The critical applied load and
abrasive size are interrelated. If the abrasive size decreases, the
critical applied load increases and vise versa. The critical ap-
plied load is 1 N when specimens are tested using the abrasive
size of 200 wm up to a sliding distance of 78 m. When the
abrasive size is reduced to 112 pm, the critical load is in-
creased to 4 N. This may be attributed to the fact that different
kinds of wear mechanisms are prevailing in the composite.

During two-body abrasion, a portion of load is applied on
surface and subsurface deformation.!'”! The hard ceramic dis-
persoids in the composite act as protrusion on the wear surface
that bears the major portion of load and protect the matrix from
destructive action of the abrasives (Fig. 4a). However, the ap-
plied loads are localized around these hard dispersoids.’>®!
When the localized stress around or over the ceramic disper-
soids reach to a critical value, the sillimanite particles may not
be able to withstand these stress levels, or the matrix may not
be able to hold these ceramic particles within the surface.
These leads to both fracture and fragmentation of ceramic par-
ticles, or scooping off of these particles (Fig. 4b) from the
matrix.”?*?”! Under these circumstances, the composite suffers
from higher wear rate. The level of stress localization depends
on applied load and abrasive size. It increases with increases in
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both of these parameters. When abrasive size increases, the
number of abrasive particles per unit area decreases. As a re-
sult, the applied load is shared by fewer abrasives and thus
leads to higher effective stress level at the abrasive tips as well
as on the specimen surface. In addition, the depth and width of
the wear grooves increases with an increase in applied load and
abrasive size, and if these are greater than the size of sillimanite
particles, these particles could not offer any resistance against
the abrasives. Thus, there is a greater possibility of removal of
sillimanite particles (finer than abrasive particles) from the
wear surface along with the cutting chips. As the matrix alloy
in composite is plastically constrained, it is subjected to more
surface cracking, which, in due course, reduces the capability
of matrix alloy for holding the sillimanite particles in the worn
surface (Fig. 4b). Further, the sillimanite particles (fragmented/
scooped off) remain entrapped between the abrasive media
and specimen surface and freely move over the wear surface.
This generates three-body wear condition, in addition to two
body and leads to more damage to the composite surface
(Fig. 4b).

However, in the case of the alloy, the wear primarily takes
place by cutting and plowing action and results in continuous
wear grooves even at higher applied load and coarser abrasives.
Additionally, under such conditions, there may be a possibility
of temperature rise of the wear surface, which may cause the
alloy softer. It facilitates spreading of flakes over the worn
surface and finally some of the material is removed from the
wear surface by tearing and/or delamination of flakes (Fig. 3b).
Due to these facts, the coefficients associated with load (x;) and
abrasive size (x,) have greater values in composites compared
to those in the alloys. This also leads to significantly higher
synergic effect of load and abrasive size (x,x,) toward the wear
of composite as compared with the alloy. However, it may be
noted that the severity of the effect of abrasive size on the wear
of composite is significantly higher with respect to its effect on
the wear of the alloy whereas the severity of effect of load is
marginally higher in composite. This may be due to the fact
that even though load is increased, the abrasive size could not
penetrate over a critical depth due to the limited size of abra-
sive. However, if abrasive size increases, even at lower applied
load, it can penetrate more into the wear surface and cause
great damage to the sillimanite particles due to increased stress
level on individual coarser abrasive particles.

In the current study, a wear test was conducted using the
same abrasive for the entire period. This led to the blunting,
capping, shelling, and clogging of the abrasives.!**='! All these
facts reduced the destructive action of the abrasive media and
hence reduced the rate of material removal. However, the
blunting and shelling of abrasives may be more in case of
composite due to the presence of hard sillimanite particles in it.
As a result, it is expected that the rate of reduction in abrasive
action of the abrasive medium may be higher when it moves
over the composite surface. These facts lead to negative value
of the coefficients associated with sliding distance (x;) and
synergic effect of load and sliding distance (x;x;). This also
explains the higher value of these coefficients in composite as
compared with that in the alloy.

It is, however, interesting to note that synergic effect of
sliding distance and abrasive size is positive. It may be due to
the fact that as abrasive size increases, stress level at the indi-
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vidual abrasive tip increases and causes more damage to the
material. Again, the inter-abrasive particle distance increases,
which may not be able to accommodate fine debris within it
and the abrasives, may be quite sharp for a long duration. As a
result, the material is removed quite effectively and flakes are
removed more frequently with increase in abrasive size and
sliding distance (Fig. 3b and 4b). Thus, sliding distance does
not annihilate the effect of the abrasive; rather it facilitates
more material removal. But, the coefficient associated with
synergic effect of abrasive size and sliding distance is less in
the composite. This may be explained in line with the earlier
discussion that the sillimanite particles cause great damage to
the abrasive particles and the extent of such damage increases
with increase in sliding distance and abrasive size.

In a nutshell, Eq (2) and (3) not only help to predict the wear
rate of the composite and the alloy within the selected experi-
mental domain, but is also quite useful in understanding the
individual and synergic effect of the selected experimental pa-
rameters toward the wear of the materials. It clearly demon-
strates the degree of severity of each factor, which was dis-
cussed earlier. A similar type of study can be conducted for
understanding the effect of other experimental parameters like
speed, microstructural characteristics like volume fraction of
ceramic dispersoids, and mechanical properties of materials
like strength, hardness, and toughness on the abrasive wear
behavior of a material.

5. Conclusions

1) The effect of abrasive size on wear rate of the matrix alloy
and the composite is severe but the effect of applied load is
more severe. The wear rate of the materials decreases with
increasing sliding distance. However, wear rate of the com-
posite reduces more rapidly with sliding distance than with
that observed in case of the alloy. The effect of load is more
or less the same in the alloy and composite but the severity
of the effect of abrasive size on wear of the composite is
significantly higher than that in the alloy.

2) There is a critical applied load and abrasive size above
which the composite shows high wear rate than that of
alloy. The critical applied load and abrasive size are inter-
related. The critical abrasive size decreases with increase in
applied load and vice versa.

3) The synergic effect of applied load and abrasive size is
significantly higher than the synergic effects due to other
factors like abrasive size and sliding distance, and applied
load and sliding distance.

4) Factorial design of experiments can be used successfully to
develop empirical linear regression equations for predicting
wear rate of the alloy and composite within a selected ex-
perimental domain. It also helps in understanding the se-
verity of each factor as individual or in combination to-
wards the wear of the alloy and composite.
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