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1 Introduction

Comparison of Tribological
Characteristics of LM13/B,C and
LM13/limenite Composites at
High-Temperature Conditions

In this work, high-temperature tribological characteristics of ilmenite-reinforced LM 13 alu-
minum alloy-based matrix composites (AMCs) and boron carbide—reinforced AMCs are
compared. Stir-cast composites were processed using boron carbide (covalently bonded
discontinuous particles (CDP)) and ilmenite (natural discontinuous particles (NDP)) par-
ticles separately as reinforcements. The particle size range was 106—125 um, and reinforce-
ment levels were 5, 10, and 15 wt% for both types of composites. Both composites exhibited
a uniform distribution of reinforced particles and grain refinement. Compared to the LM13
base alloy, NDP composite containing 15 wt% reinforcement showed significant improve-
ment in hardness (57%), coefficient of friction (57%), mild-to-severe wear transition tem-
perature, average steady-state wear-rate (49%), and coefficient of thermal expansion
(55%). CDP-15 composite showed slightly better properties than NDP-15 composite.
Microstructure refinement, increased dimensional stability, formation of the oxide layer,
and formation of tribolayer due to reinforcement of the ceramic fillers were the main
reasons for the improvement in properties of processed AMCs. Scanning electron micro-
scope (SEM)-energy dispersive spectroscopy (EDS) of wear tracks-debris showed abra-
sive/delamination wear as the main mechanism for materials loss. The research showed
that the low-cost ilmenite particles can substitute for the very costly boron carbide particles
as reinforcements in AMCs used for dry sliding wear applications under high operating
temperatures—applied load conditions of the order of 300 °C—49 N.

[DOI: 10.1115/1.4063811]
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pistons, driving shafts, etc. [17,18]. Due to covalent bonding, dis-
continuous particles possess high hardness, temperature stability,

A lot of work has been reported in the last few years to improve
the properties (mechanical/electrical/thermal) and tribological char-
acteristics of metal matrix composites (MMCs) [1-4]. Lightweight
alloys (viz. Al, Mg, and Ti based) are generally used as matrix
material in MMCs [5,6]. These alloys have high specific stiffness,
low corrosion rate, low weight-to-strength ratio, and low thermal
coefficient expansion [7-9] but exhibit poor tribological character-
istics [10-12]. Thus, to improve the wear behavior of lightweight
alloys, MMCs are made, which are reinforced with discontinuous
particles, viz. TiB,, TiC, Al,O5, SiC, and WC [13-16]. Studies
available on tribological characteristics of MMCs report their use
as materials for connecting rods, cylinder liners, brake rotors,
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and corrosion resistance [19]. Interestingly, there are some naturally
occurring minerals, such as rutile (TiO,), sillimanite (Al,SiOs),
zircon (ZrSiO4), and corundum (Al,O3), which exhibit similar
properties [17,18,20]. These particles get formed under extreme
conditions of pressure and temperature and display almost similar
characteristics as are possessed by the covalently bonded particles
[21,22]. It is reported that both these categories of particles when
reinforced to metal-based matrices bring changes at a microstruc-
tural level and influence the wear characteristics of MMCs
[13,20,23]. Under high-temperature conditions, these particles
help in increasing the wear transition temperature of alloy—based
matrix composites (AMCs) by providing thermal stability to the
base alloy. In this regard, several studies are available that report
the use of covalently bonded ceramic particle reinforcements such
as B4C, TiC, TiB,, and ZrB, [24-27]. However, there are only
limited studies available on the use of naturally occurring discontin-
uous particles as reinforcement in AMCs to improve the high-
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temperature wear behavior. Panwar and Pandey developed zircon-
reinforced AMCs and reported superior high-temperature wear
characteristics. An increase in transition temperature (from 150 °C
to 250 °C) was noted at higher loadings (from 0 to 15 wt%) [28].
Sharma et al. studied the high-temperature wear characteristics of
sillimanite-reinforced LM30 alloy and reported an increase in tran-
sition temperature from 150 °C to 200 °C [17]. Kumar et al. (2010)
investigated an Al-Cu alloy—based MMC reinforced with TiB, par-
ticles (10 wt%) and reported an increase in working range from 0—
100 °C to 0-300 °C [24]. Kumar et al. reported on the elevated tem-
perature tribological behavior of the “AAS5052 alloy+9 vol%
ZrB,” composite and reported an increase in critical temperature
from 100 °C to 150 °C [25]. To the best of our knowledge, the
use of low-cost and naturally occurring ilmenite (FeTiO3) particles
for improving the high-temperature wear characteristics of MMCs
is not available in the literature. Ilmenite is an ore of titanium,
which is vastly present in coastal areas of Kerala, Odisha, Andhra
Pradesh, and Tamil Naidu in the Indian subcontinent [29]. The prop-
erties possessed by ilmenite particles include high hardness (5-
6 Mohs), high thermal stability, high chemical stability, and low
thermal conductivity (1.49 W/mK). Several earlier studies reported
in the literature show that the addition of ceramic-based oxides
(TiO,, ZrO,, Z1Si0,4, Al,SiOs, etc.) enhances the mechanical proper-
ties and tribological characteristics of metal matrix composites
[17,18,20,30]. Oxide-based particle reinforcement results in the
establishment of a protective film over the sliding surface of
MMCs [31-34]. Jafrey Daniel et al. investigated the mechanical/tri-
bological characteristics of ZrO,-reinforced Al2014 AMCs and
reported improvements to a 6 wt% reinforcement level [35]. Patel
et al. investigated the tribological/mechanical behavior of ZrSiO, par-
ticle (15 vol%) reinforced A4047 alloy—based AMCs and reported a
significant increase in tensile strength/wear characteristics [36]. Ala-
garsamy and Ravichandran reported improvements in mechanical/tri-
bological properties of TiO,-reinforced AA7075 alloy—based AMCs
till 10 wt% reinforcement level. Beyond 10 wt% reinforcement,
properties deteriorated because of the agglomeration of particles [37].

The main objective of the present research was to improve the
high-temperature wear characteristics of an Al-Si alloy by reinforc-
ing naturally occurring discontinuous particles of ilmenite. The
results obtained have been compared against the high-temperature
wear behavior of B4C-reinforced AMCs. The properties possessed
by boron carbide particles are high hardness, low density, good
chemical stability, and good strength, which make it a considerable
candidate for enhancing the wear characteristic of AMCs in the
case of covalently bonded discontinuous particles. This research
also focuses on the investigation of the influence of different dis-
continuous particles (i.e., covalently bonded; B,C and naturally
occurring; ilmenite) on wear characteristics, friction behavior,
and thermal properties of developed AMCs under elevated temper-
ature conditions. The analysis of thermal properties was done to
study the dimensional stability of fabricated AMCs at high-
temperature conditions. Dimensional stability plays a crucial role
in various industrial applications, such as cylindrical liners, brake
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rotors, pistons, and connecting rods. Thus, besides the study of
high-temperature wear, there is a need to study the dimensional sta-
bility of AMCs by doing the analysis of the coefficient of thermal
expansion (CTE).

2 Experimental Procedure

2.1 Materials. LM13 alloy is a matrix material and is available
in the form of ingots. It is a near-eutectic Al-Si alloy used com-
mercially for fabricating pistons. LM13 alloy was reinforced sepa-
rately with (i) B4C particles (representing covalently bonded
ceramic reinforcement) and (ii) ilmenite particles (FeTiO5 particles,
representing naturally occurring ceramic reinforcement) to process
the MMCs. Figures 1(a) and 1(b) present the scanning electron
microscopy (SEM) images of ilmenite and boron carbide particles
used in the present study. Both ilmenite and boron carbide particles
appear to have an irregular morphology. The particle size range of
reinforced particles was 106—125 um, both for B4C particles and
FeTiOj; particles. Table 1 presents the elemental composition of
materials used for fabrication of the two different AMCs.

2.2 Processing of Aluminum Alloy-Based Matrix
Composites. The preformed ingot of LM13 alloy was placed in a
crucible, which was kept in a furnace (700 °C) to melt the ingot.
Particles to be reinforced (B4C or FeTiO3) were kept for 30 min
in a muffle furnace upheld at 450 °C to remove any volatile sub-
stance and to reduce the temperature gradient between molten
alloy and reinforced particles. When LM13 alloy reached a com-
plete molten state, a three-blade stirrer was used to blend the
molten mass in a three-step process. In the first step, the molten
LM13 alloy was stirred (650 rpm; 10 min). In the second step, the
rotational speed was decreased to 250 rpm, and preheated reinforce-
ment particles (B4C or FeTiO3) were injected into the molten mass.
These AMCs were further made by varying the amount of reinforce-
ment in three different weight percentages, viz. 5 wt%, 10 wt%, and
15 wt%. In the final step, stirring was continued (650 rpm; 10 min).
The prepared molten slurry was poured into a mold made up of cast
iron of dimensions 120 x 120 x 40 mm® and allowed to cool in air.
AMC:s reinforced with naturally occurring discontinuous particles
of ilmenite were designated as NDP, and the covalently bonded dis-
continuous particles of B,C were designated as CDP. Table 2 pre-
sents the various formulations processed.

2.3 Characterization and Testing of Aluminum Alloy-
Based Matrix Composites

2.3.1 Testing. Wear-rate, coefficient of thermal expansion, and
hardness values were evaluated for the developed AMCs. From the
casted billets, wear test samples were machined according to ASTM
G99 standard [38]. In ASTM G99 standard, a test specimen of a
given composition is fabricated as a cylindrical pin of 8 mm dia-
meter (d) and 90 mm height (k). Wear testing was conducted
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Fig. 1 SEM images of (a) ilmenite and (b) boron carbide particles
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Table 1 Chemical constitution of matrix material and reinforced particles

Chemical composition (wt%)

Materials Si Ni Cu Fe Mn Ti Mg Al (6] B C
LM13 alloy 12.0 1.20 1.10 0.80 0.40 0.18 0.11 84.21 - - -
Ilmenite (FeTiO3) - - - 15.37 36.93 - - 47.70

Boron carbide (B,C) - - - _

- - - - 67.96 32.04

Table 2 Composition of different AMCs made by using B,C and ilmenite

Sample code and reinforcement level (wt%)

Fabricated composites 5 10 15
LM13 alloy reinforced with natural discontinuous particles i.e., ilmenite particles NDP-5 NDP-10 NDP-15
LM13 alloy reinforced with covalently bonded discontinuous particles i.e., boron carbide particles CDP-5 CDP-10 CDP-15

Note: NDP: natural discontinuous particles and CDP: covalently bonded discontinuous particles.

under dry sliding conditions (against hardened EN31 steel disc),
both for ambient temperature and elevated temperature conditions
(100 °C, 200 °C, and 300 °C). High-temperature wear test was
done in a closed container attached to three electric heaters (to
reach operating temperatures till 400 °C). Container temperature
was monitored using thermocouples. The applied load was varied
as 9.8 N, 29.4 N, and 49.0 N. For each wear test, the sliding dis-
tance was varied from O to 3000 m, and the sliding speed was
selected as 1.6 m/s. These test conditions were selected from
earlier reported work of our research group [18,20]. Loss in
height (h)) of cylindrical pin due to relative sliding between
counter-surfaces was measured using linear variable differential
transformer (LVDT) sensors attached to the pin-on-disc setup.
Using this height loss (h), the total volume loss (V}) was calculated.
Finally, wear-rate was calculated as per Eq. (1) by determining
volume loss (V) and sliding distance (dy).

_axd®xh

WR = 1
4 X d M

The tangential force acting on the sliding surface was determined
using a stress sensor. By dividing this tangential force value with a
particular applied load condition, the coefficient of friction (COF)
value was obtained. With this method, COF values were obtained
over the entire sliding distance. The average of all such values rep-
resented the COF of particular AMCs under a specific testing
condition.

A surface roughness tester was used to determine the surface
roughness (R,) value of samples before as well as after the wear
tests/friction tests. For roughness measurements, trace length and
cutoff length were 1.25 mm and 0.25 mm, respectively.

Thermal analysis of AMCs was done by obtaining thermal strain
values and CTE values using a dilatometer. Cylindrical samples of
dimensions 6 x 6 x4 mm® were used for the purpose. For thermal
analysis, the temperature of the chamber was increased from 50—
300 °C at a heating rate of 5 °C/min, and a change in the length
of the sample (AL) was recorded with respect to the rise in temper-
ature. Change in length (AL) divided by the original length (L) of
the sample provided the thermal strain of AMCs. Further, consider-
ing “AT” as a change in operating temperature, the CTE value was
obtained as given in Eq. (2):

AL

CTE =
L X AT

(@)

The hardness of AMCs was measured using a Rockwell hardness
tester (on a B scale). The load applied for hardness testing and
dwell time were 100 kgf and 10 s, respectively. A tempered steel
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ball indenter of 1.58 mm diameter was used.

2.3.2  Characterization. Wear test samples were used for
optical microscopy also. The surface of samples was flattened and
mirror-polished according to the standard metallurgical procedure.
Phase changes were determined using X-ray diffraction (XRD).
In XRD, Cu K, radiation was used, and the scanning range for
the sample was kept in the range of 20-90 deg. SEM with an attach-
ment for electron dispersive spectroscopy (EDS) was used on wear
tracks-debris to predict the wear mechanism.

3 Results and Discussion

3.1 X-Ray Diffraction Analysis. Figure 2 presents the XRD
graph of AMCs containing 15 wt% of boron carbide (i.e.,
CDP-15) and 15 wt% of ilmenite (i.e., NDP-15).

X-ray diffraction analysis of CDP-15 and NDP-15 revealed the
presence of aluminum and silicon, which are consistent with the
base alloy. Additionally, various other elements and compounds
were detected, indicating the formation of intermetallic compounds,
the occurrence of interfacial reaction products, and/or the existence
of reinforced particles. CDP-15 composites exhibited extra peaks
of phases of boron carbide, nickel, and intermetallic aluminum-—
nickel. On the other hand, NDP-15 composites revealed the occur-
rence of extra peaks corresponding to ilmenite, silicon oxide, iron

a—Al B-Si, ¢ —-Ni, 8 - B,C, n — FeTiO,
0 — AINi;, Q - SiO,, ¥ — FeO, TI - TiSi,
o

o o
3 :
3 B a o
%‘Q nn _,_vn_n_f’n n Py om nB) ¢ B NDP-15
s «
E

0 f 3 JLe ) B 58] Bss K % B cDP-15
20 30 40 50 60 70 80 90 100

20 (degrees)

Fig. 2 XRD pattern of NDP-15 and CDP-15 composites
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oxide, and intermetallic titanium-silicon. The production of an
intermetallic compound of aluminum-nickel was only observed
for CDP composites. Further, the presence of nickel phase in
CDP composites is attributed to the alloying element present in
the base alloy, as shown in Table 1. In NDP composite, iron
oxide, silicon oxide, and intermetallic titanium—silicon correspond
to the interfacial products. These products were formed due to
the reaction between reinforced particles (ilmenite) and the matrix
material (silicon of the base alloy). The interfacial reaction is
described in Eq. (3).

3Si + FeTiO3; — FeO + SiO, + TiSi, 3)

There was no evidence of any interfacial reaction in CDP compos-
ites. Various researchers have stated that better wetting characteris-
tics are obtained when interfacial reaction products are formed on
the reinforced particles [39-41]. Therefore, a strong interfacial
bond is formed by the ilmenite particles, which could potentially
be attributed to the presence of interfacial products in the case of
NDP composites.

3.2 Microstructure Evolution. Microstructure obtained in
MMCs depends on (i) the difference in thermal conductivities of
reinforced particles and the base alloy and (ii) the distance
between two adjacent reinforced particles in the metal matrix
[18,42,43]. The microstructure of LMI13 alloy consisted of
primary aluminum and an eutectic mixture of aluminum and
silicon (Fig. 3(a)).

Due to variations in the thermal conductivity of reinforced par-
ticles, there exists a thermal gradient near the reinforced particles.
This nonuniform temperature distribution was attributed to the dif-
ference in thermal conductivity values of matrix and reinforced
particles. Thermal conductivity values of boron carbide, ilmenite,
and LMI13 alloy are 30 W/mK, 1.49 W/mK, and 166 W/mK,
respectively [33,44]. During the cooling of the composites, the
reinforced particles created a temperature difference within the
molten mass due to their lower thermal conductivity value and
heat dissipation capability as compared to LM13 alloy. Molten
mass around the reinforced particles remained at a higher temper-
ature, which forces the nucleation of primary Al at a distance from
the reinforced particles [18,43,45]. With the increase in reinforce-
ment level, the distance between adjacent reinforced particles
decreased. This decreased the growth of primary Al nuclei. On
reaching the eutectic temperature, the hot molten matter around
the particles started to solidify and resulted in the nucleation of
the eutectic mixture. For this reason, reinforced particles were sur-
rounded by eutectic mixture, as shown in Figs. 3(f) and 3(g). The
reinforced particles also provided a hindrance to the growth of
eutectic Si. This hindrance helped in refining the grain size of
primary Al and also of eutectic silicon (Figs. 3(f) and 3(g)). By
using IMAGEJ software, the size of primary Al and eutectic
silicon was obtained for LM13 alloy (140 +21.01 um, 39.96 +
10.77 um), NDP-15 composite (59.66+7.78 um, 7.04 +
2.59 ym), and CDP-15 composite (38.63+5.78 um, 5.46+
1.55 um), respectively. The lower size of primary aluminum and
silicon is observed for composites, which are reinforced with
boron carbide particles. This behavior was attributed to the lower
density of boron carbide particles (i.e., 2.52 g/em®) in comparison
to ilmenite particles (i.e., 4.72 g/cm3) [1,46]. For a particular
region of AMCs, reinforcement having lower density will have a
greater number of reinforced particles, which leads to decrement
in the distance between the adjacent reinforced particles (Figs.
3(c) and 3(e)). Thus, the distance between adjacent reinforced par-
ticles is less in the case of the CDP-15 composite when compared to
the NDP-15 composite. This decrease in distance results in a higher
restriction to the growth of grains, which corresponds to finer grains
for the CDP-15 composite.

051703-4 / Vol. 146, MAY 2024

3.3 Hardness Testing of Aluminum Alloy-Based Matrix
Composites. Table 3 provides the hardness obtained for various
composites.

The hardness of the base alloy was determined as 45.04 +
3.18 HRB. AMCs showed higher hardness values than the base
alloy. At a given reinforcement level, both types of AMCs
showed comparable values of hardness. During hardness testing,
the indentation obtained on the specimen’s surface under the
effect of load resulted in localized plastic deformation of the mate-
rial. For the unreinforced base alloy, the indenter caused a high
degree of localized plastic deformation in the absence of particle
reinforcement. However, during hardness testing of AMCs, there
was a decrease in localized plastic deformation due to the presence
of hard B,C or ilmenite particles. Further, for a given AMC, the
increase in hardness values was observed with the rise in weight
percentage of reinforced particles. This was a result of reduced
inter-particle distance, causing resistance to plastic deformation
[15].

During hardness testing, compressive force allows the material to
flow in a vertical direction. This vertical flow of material causes the
reinforced particles to concentrate beneath the indenter, as shown in
Fig. 4. The increase in the concentration of particles below the
indenter leads to the transfer of load from the matrix to the rein-
forced particles. Also, plastic deformation of matrix material
decreases with a decrease in inter-particle distance [47]. The
pattern of plastic deformation in the unreinforced base alloy is
uniform, as there is no reinforcement. However, the presence of
reinforced particles in composites fragments the field of plastic
deformation. This fragmentation corresponds to the nondeformabil-
ity of reinforced particles, causing an increase in resistance to
plastic deformation of matrix material [47]. Due to these reasons,
the hardness of AMCs shows a rising trend with an increase in
the content of reinforced particles. Further, these factors also
depend on the number of particles present in an AMC at a given
reinforcement level. This aspect has a direct correlation with the
density of particles at a given reinforcement level. Due to the
high number of particles in CDP composites at particular reinforce-
ment levels, the field of plastic deformation is highly fragmented,
which causes higher restrictions on the plastic deformation of the
matrix. For this reason, at a given reinforcement level, B4C particle-
based AMCs showed higher hardness than ilmenite-reinforced
AMCs.

3.4 Coefficient of Thermal Expansion. Figures 5(a)—5(f)
present the “thermal strain versus operating temperature” and
“CTE versus operating temperature” graphs for base alloy and
various AMCs. The operating temperature was varied in the
range of 50-300 °C. Experimentally, CTE values were calculated
as per Eq. (2).

For any AMC composition at any given operating temperature,
thermal strain/CTE values were lower as compared to those of the
base alloy. Also, CTE values of AMCs at a given operating temper-
ature decreased with increased reinforcement levels (Figs. 5(d) and
5(f)). The results showed that the injection of reinforced particles to
LM13 alloy decreased the CTE of resulting AMCs. Thus, particle
addition is useful to tailor the CTE value of LM13 alloy. CDP-15
and NDP-15 showed the highest reduction in average CTE values
(37.58% and 48.51%, respectively, over the base alloy). During
the heating of AMCs, the presence of reinforcement restricts the
expansion of matrix material due to different CTE of matrix and
reinforced particles. This restriction to expansion causes a decrease
in the CTE of AMCs [18]. It may be noted that the relatively lower
average CTE value obtained for NDP composites indicated a high
strength of interfacial bonding formed by the combination of
matrix—reinforcement in comparison to CDP composites [17,48].

For an increase in temperature in the range of 50—100 °C, the
CTE value of AMCs increased (for both types, viz., CDP as well
as NDP composites). However, with a further rise in temperature
(i.e., in the range of 100-300 °C), the trend observed in CTE
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Fig.3 Microstructures of (a) LM13 alloy and composites (b) NDP-5, (c) NDP-15, (d) CDP-5, and
(e) CDP-15 at a magnification of 100X and optical micrographs of (f) NDP-15 and (g) CDP-15
composites at magnification of 500X showing interfacial region and grains of aluminum and
silicon

values with temperature was different for the two types of AMCs. In
this temperature range (100-300 °C), CDP composites showed a
decreasing trend in CTE values, whereas NDP composites contin-
ued to show an increasing trend with an increase in temperature.
Generally, with an increase in operating temperature, the thermal
strain increases significantly and results in an increase in the CTE
value of AMCs. This general behavior was displayed by the base
alloy as well as NDP composites in the present research.
However, for CDP composites, a decrease in CTE values with an
increase in temperature in the range of 100—300 °C is a typical
behavior reported earlier also in the literature [49,50]. For the

Journal of Tribology

CDP composites (i.e., AMCs containing covalently bonded
ceramic particles like SiC and B4C), in addition to the thermal
strain factor, the stress level in AMCs also governs the change in
CTE as a function of temperature [49]. From the results, it may
be interpreted that for the initial increase in temperature (50
—100 °C), tensile stress acted on the matrix causing an increase in
CTE. However, for the temperature change in the high-temperature
regime (100—300 °C), the stress on the matrix changed to compres-
sive, resulting in a decrease in CTE values. Further, it is well
reported in the literature that the increase in solid solubility of
silicon in aluminum shows a negative effect on the thermal
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Table 3 Rockwell hardness values for AMCs

Rockwell hardness value (HRB) for AMCs reinforced with

Reinforcement Covalently bonded discontinuous particles (B4C) Natural discontinuous particles (FeTiO3)
level in AMCs

(Wt%) CDP composites NDP composites

5 60.57 £4.35 59.33+£3.01

10 67.57+4.19 65.66+4.79

15 70.42 +3.50 67.83+3.50

4 VAﬂpdd
AN s
< Y Y, ¥

4 ¢ A

Fig. 4 Variation of particle concentration in AMCs during hard-
ness testing

expansion of AMCs [49,50]. This factor also resulted in a decrease
in CTE values of CDP composites with an increase in temperature
in the high-temperature regime (100—300 °C). The results indicated
that the presence of ilmenite in NDP composites, however, sup-
pressed the Si solubility factor, and so, these AMCs continued to
show an increase in CTE values with an increase in temperature
(for the entire range, 50—300 °C). The XRD analysis of NDP-15
composites shows the occurrence of interfacial reaction between
silicon and ilmenite particles. This signifies the greater affinity of
ilmenite particles for silicon present in the LM13 base alloy,
which is considered as a possible reason for the restriction to the
solubility of silicon in aluminum. However, no such interfacial reac-
tion is observed in the case of CDP-15 composites, which could be
attributed to an increase in the solid solubility of silicon in alumi-
num. In the case of LM13 alloy, CTE value is mainly affected by
the restriction caused by silicon grains to the expansion of alumi-
num. Further, this restriction to the expansion of aluminum
depends upon the specific area of contact between aluminum and
silicon [51]. From microstructural analysis, the higher grain size
of silicon in LMI13 alloy signifies the lower specific area of
contact. The lower specific area of contact is attributed to the
lower restriction to expansion caused by silicon, which results in
a higher CTE value.

3.5 Coefficient of Friction and Wear Characteristics Under
Elevated Temperature Conditions. COF values and wear-rate
behavior of CDP and NDP composites for different reinforcement
levels, applied loads, and operating temperatures are shown in
Figs. 6 and 7, respectively. COF value and average steady-state
wear-rate of the pin surface of base alloy/AMCs were obtained
for each operating temperature. For obtaining the average
steady-state wear-rate at a given temperature, the wear-rates
obtained in the sliding distance range of 1500-3000 m were consid-
ered. Several earlier studies have also reported the attainment of
steady-state wear in the sliding distance range of 1500-3000 m
for ceramic particle-reinforced AMCs [17,20].

Figures 6(a) and 7(a) present the COF values and the average
wear-rate values of LM13 alloy at various operating temperature—
applied load conditions. For all applied load conditions, an increas-
ing trend in COF and wear-rate was observed with an increase in
AT (for the entire range). High applied load—operating temperature
resulted in the rupturing of the oxide layer and thermal softening of
the composite pin, causing a gradual increase in wear-rate till 100 °C.
For higher temperatures (>100 °C), the increase in wear-rate was

051703-6 / Vol. 146, MAY 2024

sharper. Thus, for all applied load conditions, the transition from
mild to severe wear for base alloy was seen at an operating temper-
ature of 100 °C. At high operating temperature—applied load condi-
tion of 300 °C—49.0 N, the LM13 alloy test sample got excessively
worn out at a sliding distance of 1850 m (test could not be run
beyond this sliding distance i.e., from 1850 m to 3000 m as the
stylus of LVDT sensor reached its maximum limit because of exces-
sive wear and thus stopped indicating further reading of height loss).
Due to this, data required for calculations remained unavailable, and
thus, data under 300 °C—49.0 N were not added to the wear graphs.

Figures 7(b) and 7(g) present the average wear-rates for various
AMC:s for different operating temperatures. Similar to the trend
observed for LM13 alloy, a continuous rise in wear-rate was seen
for AMCs with an increase in temperature (for the entire spectrum
of 50—300 °C) under each applied load condition. However, the
following differences were noted: (i) for any applied load—operat-
ing temperature condition, AMCs showed a lower average
steady-state wear-rate in comparison to LM13 alloy, (ii) for any
applied load—operating temperature condition, the average wear-
rate of AMCs reduced with the rise in reinforcement level
(higher reinforcement level reduced the CTE of AMCs causing
improved thermal stability and hence lower wear-rates), (iii)
mild-to-severe transition temperature for AMCs was higher
(200 °C) than that for the base alloy (100 °C), and finally (iv) com-
pared to the base alloy where at 300 °C—49 N condition, complete
wear was observed at 1850 m, the AMCs were able to withstand
this extreme condition.

Table 4 presents the percentage decrease in average wear-rate and
COF values of AMCs compared to LM13 alloy at the mild-to-
severe transition temperature of 200 °C.

Maximum reduction in wear-rate for AMCs was shown by
CDP-15 composite (61% reduction over base alloy under 9.8 N
load condition) and NDP-15 composite (52% reduction over
base alloy). The addition of reinforced particles resulted in the
refinement of grains of primary aluminum and eutectic silicon
present in the matrix material. This provided increased grain
boundary area in AMCs, resulting in more restriction to the move-
ment of cracks generated during sliding wear [52]. The restriction
to the propagation of cracks reduced the tendency for convergence
of cracks, resulting in the removal of material at a slower rate. As
discussed earlier, reinforced particles also reduced the CTE of
resulting AMCs causing reduced wear-rates. Thus, the expansion
of LM13 alloy is highly restricted by the boron carbides and
ilmenite particles, which enhances the dimensional stability and
slows down the softening of LM13 alloy at high-temperature con-
ditions (Fig. 5). The increase in dimensional stability and lesser
softening of LM13 alloy help in decreasing the transfer of
matrix material from pin surface to steel counter surface [17].
Hence, the lower CTE of AMCs at high-temperature conditions
results in high wear resistance when compared to LM13 alloy.
During wear testing, sliding surfaces got heated up due to fric-
tional force acting between both the counter-surfaces. Due to the
lower thermal conductivity of reinforced particles (ilmenite parti-
cles: 1.49 W/mK; boron carbide particles: 30 W/mK), a high-
temperature zone got created at the contact surfaces, which leads
to the establishment of oxide layer on the sliding surface. This pre-
vents direct metal-to-metal contact, which helps in reducing the
wear-rates of AMCs [33,44,53]. For these reasons (grain
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refinement, lower CTE value, and lower thermal conductivity due
to addition of reinforced particles to AMCs), the COF values and
average steady-state wear-rate continuously reduced with an
increase in reinforcement level in AMCs for a given applied
load—operating temperature condition.

Finally, the average steady-state wear-rate of CDP-15
and NDP-15 composites was compared for all operating temperature—
applied load conditions using Fig. 7 and Table 4. Wear-rate behavior
of both materials was comparable.

Journal of Tribology

Figure 8 presents the rate of change of wear-rate with respect to
change in operating temperature over the range of ambient temper-
ature to 300 °C. Figures 8(a)—8(c) show that for any given value
of derivative of wear-rate w.r.t. operating temperature, the wear
performance of both the AMCs is comparable and far superior
to the base alloy. For example, in Fig. 8(a) (for applied load con-
dition of 9.8 N), at a derivative value of 0.025 mm’m™! °c7!,
NDP-15 and CDP-15 can operate till high temperatures of about
215 °C (corresponding to point “b”) and 255 °C (corresponding
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[

to point “c”), whereas the base alloy specimen can operate till a rel-
atively low temperature of about 105 °C only (corresponding to
point “a”). Based on these data, it can be concluded that both
types of AMCs can work nearly at the same operating temperature.
Though CDPs are slightly superior to NDPs in the context of resis-
tance shown to wear, however, the natural mineral ilmenite used in

051703-8 / Vol. 146, MAY 2024

NDPs has very less cost (price of boron carbide particles used in
CDPs is about 25 times more than price of ilmenite used in
NDPs). Further, ilmenite and boron carbide have comparable densi-
ties (ilmenite: 4.72 g/em®; boron carbide: 2.52 g/em®). Considering
these aspects (comparable wear-rate till elevated temperatures of
300 °C and significant price reduction), NDP composites appear
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conditions

to be a better material for processing brake rotors, pistons, and cyl-
inder liners for light vehicles.

3.6 Worn Surface and Debris Analysis. Worn surfaces

obtained after the wear test for CDP and NDP composites comprised
of three different constituent regions, viz. plowing region,

Journal of Tribology

delamination region, and mechanical mixed layer (MML). Worn sur-
faces of CDP-15 and NDP-15 are shown in Figs. 9(a) and 9(c),
respectively, for the operating condition at 200 °C-9.8 N. Both
types of AMCs showed the presence of abrasive grooves on the
sliding surface (i.e., plowing region). This plowing region signified
the entrapment of fractured asperities between the counter-surfaces.
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Table 4 Percentage decrease in average wear-rate and COF values of AMCs with reference to
LM13 alloy at mild-to-severe transition temperature

Percentage reduction

NDP composite at a given reinforcement

CDP composite at a given

level (wt%)

reinforcement level (wt%)

Applied load

condition (N) 5 10 15 5 10 15
9.8 35 (13) 42 (16) 52 (19) 50 (9) 55 (11) 61 (15)
29.4 34 (14) 46 (16) 49 (19) 53(9) 55(11) 59 (15)
49.0 31 (12) 37 (14) 45 (18) 45 (6) 50 (9) 60 (13)

Note: Percentage reduction values are presented as X (Y), where X represents percentage reduction in average
steady-state wear-rate, and Y represents percentage reduction in COF values.

Grooves observed were slightly shallower for CDP-15 when
compared to NDP-15 composite. This was attributed to microstruc-
ture refinement in CDPs, which resulted in better fracture tough-
ness/hardness. EDS analysis of worn surfaces of CDP-15 and
NDP-15 is presented in Figs. 9(b) and 9(d), respectively. The exis-
tence of iron and carbon content on the sliding surface signifies the
transfer of material (Fe and C) from the steel disc to the surface of
the AMC pin. Further, aluminum, silicon, titanium, and oxygen
were also observed on the sliding surfaces. The source of titanium
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observed on the worn surface of NDP-15 was the reinforced ilmen-
ite particles (FeTiO3). The nontraceability of boron on the worn
surface of B4C particle-reinforced CDP-15 was attributed to the
low atomic number of boron. The presence of oxygen on the
wear tracks of both the AMCs proved that the sliding surfaces oxi-
dized as a result of applied load and temperature. However, the
presence of higher oxygen (6% more) and iron contents (i.e., 93%
more) in CDP-15 compared to NDP-15 signified the presence of a
more stable MML on the surface of CDPs.
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Fig. 10 SEM-EDS of wear track of (a) and (b) CDP-15 and (c) and (d) NDP-15 obtained at 49 N and 200 °C condition

Figure 10 presents the SEM-EDS images of the worn surface of
CDP-15 and NDP-15 under the operating condition of 200 °C—
49.0 N. Worn surfaces of both types of AMCs showed the presence
of craters and abrasive grooves (Figs. 10(a) and 10(c)).

The presence of craters on the sliding surfaces was attributed
to the generation and subsequent convergence of cracks under

Journal of Tribology

the high applied load—operating temperature conditions. Craters
formed due to the convergence of cracks at a node resulted in
a delamination region. The delamination area was relatively
more for NDP-15 (compare Figs. 10(a) and 10(c)). This was
attributed to lower restriction to the propagation of cracks gen-
erated as a result of applied load. Due to the easy propagation
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Fig. 12 SEM-EDS of wear debris of NDP-15 at 200 °C for (a) and (b) 9.8 N and (c) and (d) 49.0 N

of cracks, the tendency of convergence of cracks increased,
which resulted in the high area of the delaminated region.
EDS analysis showed a high amount of iron and oxygen
content on the worn surface of CDP-15 (Figs. 10(a@) and
10(c)), which was attributed to increased stability of MML in
CDPs.

051703-12 / Vol. 146, MAY 2024

Figures 11 and 12 present the SEM-EDS of worn debris of
CDP-15 and NDP-15, respectively, under extreme loads of 9.8 N
and 49 N at an operating temperature of 200 °C.

Worn debris of both types of AMCs consisted mainly of flake-
like debris. At a low load (9.8 N), the presence of flake-like
debris was because of the removal of wedges formed due to
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Fig. 13 Roughness profiles of worn surfaces of CDP-15 composites at (a) 9.8 N and 200 °C and (b) 49.0 N and 200 °C

abrasive wear, which resulted in small-sized debris (Figs. 11(a) and
12(a)) [18]. For NDP-15, the presence of micro-cracks on flake-like
debris was due to plastic deformation of the sliding pin surface as a
result of applied load. The presence of plowing marks on flakes rep-
resented that after initial abrasive action, removal of material
occurred due to the convergence of micro-cracks. For CDP-15,
additional features like corrugated debris (due to repetitive stress),
molten debris, oxide on debris, and fractured debris (due to
applied load conditions) were also observed [17]. The presence of
corrugated debris was attributed to adherence of wear debris to the
sliding surface and undergoing the repetitive action of stresses. Sim-
ilarly, when the sliding surface reaches the semisolid state due to fric-
tional heating, molten debris is formed. This frictional heat is also
responsible for the formation of oxides on MML, which gets
removed to form oxide on debris. During the sliding of surfaces,
some of the debris got trapped between the pin and disc surface,
which under the action of applied load got fractured and resulted in
the formation of fractured debris. Further, under high-load conditions
(49 N), relatively large-sized debris was formed due to the conver-
gence of cracks (Figs. 11(b) and 12(b)). Fractured particles were
seen attached to flake-like debris for both types of AMCs, which sig-
nified the formation of MML on the sliding surface. CDP-15 showed
thread-like debris (due to entrapment of fractured asperities) and
molten debris (due to thermal softening of material). As explained

Journal of Tribology

earlier, during sliding wear, some debris got trapped between the
sliding surfaces. These trapped particles can act as abrasive particles,
which results in the formation of thread-like debris.

EDS analysis of worn debris also indicated the presence of
silicon, aluminum, oxygen, titanium, iron, and carbon (Figs. 11
and 12). The presence of these elements in debris signified the for-
mation/removal of MML during the sliding wear.

The increase in plastic deformation and intensity of the wear
mechanism was justified by measuring the roughness of sliding
surfaces. The average roughness (R,) value obtained for the com-
posite samples (CDP and NDP composites) before the wear test
was 1.23+0.5 um. Figure 13 represents the R profile of worn
surfaces of CDP-15 obtained for different applied loads. R,
values for the worn surface of CDP-15 at 9.8 N and 49.0N
were observed to be 3.03+0.41 um and 4.15 +0.36 um, respec-
tively. The R profile of NDP-15 is shown by Fig. 14. R,
values corresponding to the worn surface of NDP-15 composite
were 3.57 +0.29 ym and 4.78 +0.39 um, respectively. For a par-
ticular type of reinforcement (viz. boron carbide or ilmenite), the
increase in roughness values with the rise in applied load signi-
fied higher deformation of the sliding surface. This higher defor-
mation resulted in the formation of large craters by undergoing
delamination wear, whereas lower deformation at a lower
applied load was attributed to the plowing action caused by
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Fig. 14 Roughness profiles of worn surfaces of NDP-15 composites at (a) 9.8 N and 200 °C and (b) 49.0 N and 200 °C

trapped debris. At particular applied load, NDP-15 composite
showed a higher value of roughness in comparison to CDP-15
composite. This signified that the higher intensity of delamination
and plowing action led to a higher wear-rate in the case of
NDP-15 composite.

4 Conclusions

Efforts for developing high wear-resistant and very low-cost
mineral particle-reinforced AMCs (here, NDPs) for high-
temperature dry sliding wear applications were successful. The
wear behavior of “LM13 +xB4C” and “LM13 + xFeTiO3” AMCs
was compared under elevated temperature conditions. Boron
carbide and ilmenite particles were uniformly dispersed in their
respective AMCs and caused refinement of primary aluminum
and eutectic silicon present in the matrix material. Particle reinforce-
ment of both types improved the hardness and reduced the CTE,
COF, and wear-rate values of resulting AMCs. The transition tem-
perature for mild-to-severe wear also improved significantly. These
improvements were a result of differences in the densities, CTE
values, and thermal conductivities of matrix and reinforced parti-
cles. B4C particle reinforcement improved the wear resistance of
AMC:s due to the formation of a stable tribolayer, whereas ilmenite
particle reinforcement led to improvement by virtue of early oxida-
tion, which provided a protective coating on the composite surface.

051703-14 / Vol. 146, MAY 2024

Though the mechanisms involved were quite different, both types
of reinforcements (synthetic versus mineral type) were comparable
in improving the wear performance of AMCs under elevated tem-
perature conditions. Thus, the abundantly available ilmenite can
act as a substitute material for synthetic ceramic reinforcements
for dry sliding wear applications.
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