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FABRICATION AND TRIBOLOGICAL BEHAVIOUR OF
Mg-TiO, COMPOSITES

Summary

In the present study pure magnesium was taken as a base metal which is reinforced with
various weight percentages of TiO; (2.5, 5, 7.5, 10 % wt). This is done through a vacuum stir
casting route with argon as a shielding gas to prevent oxidation. The prepared samples were
machined using the Electric Discharge Machining (EDM) to achieve accurate dimensions for
the study of tribological properties. A computerized pin-on-disc machine is used to study the
dry sliding wear behaviour of the Mg-based composites. Wear losses were calculated using a
variety of load parameters (10N, 15N, 20N, and 25N), sliding velocities (1 m/s, 1.5 m/s, and
2.0 m/s) and the weight percentage of the reinforcement. The results proved that the wear loss
increased with an increase in the load, and decreased with an increase in the sliding velocity.
The wear resistance is improved with an increase in the percentage of reinforcements in the
matrix. The morphology and distribution of reinforcements were analysed by means of
Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray (EDX) spectroscopy,
respectively. The results revealed a uniform distribution of TiO, particles throughout the
magnesium matrix in the Mg-TiO, composites.

Key words: magnesium matrix composites, titanium oxide, dry sliding wear test,
SEM analysis

1. Introduction

Magnesium-based composites are in great demand for weight-saving applications owing
to their low density and good specific mechanical properties. The insatiable demand for
energy savings has led to extensive research on lightweight materials as conventional
materials are no longer able to satisfy the requirements of aerospace and automobile
industries. In the integrated circuit industry, lightweight metals are used as replacements for
plastics [1, 2]. Among the advantages of magnesium and its alloys used as composite matrices
are excellent specific strength and stiffness, good damping capacities, and dimensional
stability [3]. In spite of the attractive range of mechanical properties, relatively low strength,
both at the ambient temperature and elevated temperatures, and poor resistance to wear and
corrosion are a serious impediment to a wider application of magnesium alloys, comparable to
the wide use of aluminium alloys. A further improvement in mechanical properties has been
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required to extend the application of magnesium alloys [3,4]. Several researchers reported that
the addition of hard ceramic particles to magnesium resulted in better wear resistance and
improved mechanical properties and thermal stability [5-6]. Magnesium is about by one third
lighter than aluminium and by two thirds than titanium. Therefore, magnesium and titanium
can be combined to get Mg-based titanium composites for structural applications. The
intrinsic properties of titanium, such as hardness and ductility, and the good wettability of
titanium and magnesium enhanced the strength and ductility of the Mg-Ti composite [7].
Simple casting technologies were found unsatisfactory for the fabrication of composites
because of several structural defects, such as porosity, particle clustering, oxide inclusions,
and interfacial reactions between the matrix and particles. Thus, a need for the stir casting
process arose [8]. Stir casting is the most frequently used method for the production of
particulate-reinforced cast metal matrix composites [9]. The primary processing followed by
hot extrusion led to reduction in the porosity of composites and enhanced the interfacial
bonding between the matrix and the reinforcement [10]. An addition of about 1% nano-sized
titanium particles to magnesium improved the tensile and compressive strengths of
composites [11-13]. Metal Matrix Composites (MMCs) exhibiting high wear resistance are
ready to be used in the automobile and aerospace industries. A demand for good specific
mechanical properties makes the research into the wear properties of Mg-MMCs of major
importance [14]. Better wear resistance and micro hardness can be achieved by well-dispersed
particles in the matrix [15]. Wear resistance can be further improved by the addition of nano-
fillers to the Mg-matrix [16, 17]. Amicrostructural analysis indicates that the segregation of
particles in the as-cast composite is largely eliminated by extrusion and that the particle
distribution is drastically improved [18]. From the literature review one can conclude that
magnesium composites, combined with the inherent advantages of the metal casting process,
yield better cost-effective solutions to product needs in terms of part consolidation and weight
savings than other materials and manufacturing methods. Several attempts have been made to
investigate the effects of different types and sizes of reinforcements on the mechanical, the
tribological and the microstructural behaviour of pure magnesium. Initially, micron-size
reinforcements in the form of carbides (SiC, B4C, ZrC, TiC), borides (ZrB,, TiB,), nitrides
(TiN, ZrN, BN, AIN), and metals (Mo, Cu, Ti, Ni) were added to pure magnesium;
subsequently, the observed effects were investigated [19-23]. In the available literature, one
cannot find reports on attempts to study the effects of primary processing techniques, such as
argon-controlled stir casting technique (liquid-phase synthesis) and powder metallurgy (PM)
technique (solid-phase synthesis), on the microstructure and tribological properties of TiO,-
reinforced magnesium composites. This research paper is to elaborate a novel approach to the
synthesis of TiO, and pure magnesium and the effect of TiO; reinforcements on tribological
properties.

2. Materials and methods

2.1 Materials

Magnesium is the lightest metal among the metals available for structural applications.
It is a silvery-white alkaline earth metal lighter than aluminium by one third. It burns in pure
nitrogen and pure carbon dioxide. Magnesium reacts with cold water very slowly. It forms a
thin protective coating of magnesium carbonate when it gets in touch with humid air.

The fire produced by magnesium cannot be extinguished by water since water reacts
with hot magnesium and releases hydrogen which can cause the fire to burn more fiercely.
Titanium is present in most igneous rocks and their sediments and it is always found bonded
with another element that does not occur in natural pure form. Pure titanium is a silver-white
transition metal resistant to corrosion (including both seawater and chlorine corrosion).
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Titanium has the highest strength-to-weight ratio of all metals. Even though titanium is used
in many products, nearly 95% of the purified metal is used to make titanium dioxide (TiO,).
The corrosion resistance of magnesium matrix can be improved by reinforcing it with TiO;
particles which form a thin layer of TiO, on the surface of Mg-TiO,composites. The TiO,
layer acts as a corrosion protective layer.

te——— Electric Motor

Stainless Steel
Impelier

(a) Photographic view (b) Schematic view

Fig. 1 (a-b) Stir casting setup with the argon shield

2.2 Stir casting method

The vacuum stir casting process is used to fabricate five samples (0%, 2.5%, 5%, 7.5%,
and 10% wt of TiO, with pure magnesium). The experimental set up to produce the samples
is presented in Figure 1(a-b).In the stir casting process, reinforcing phases usually in the
powder form are distributed throughout the molten magnesium by means of mechanical
stirring (with the use of an electric motor). The effect of high strength can be achieved by
uniform distribution of secondary particles in the matrix, which is achieved by a stirring
process. A mild steel impeller with a pitch of 45° is coupled with an electric motor through a
shaft. The impeller is coated with zirconium alloys to prevent the iron contamination of
molten metal. Since the magnesium alloy is highly sensitive to oxidation, there is a possibility
of entrapment of gases and other inclusions during the stir casting process. Thus, the stirring
process needs to be more tightly controlled with magnesium alloys than with aluminium
alloys in order to prevent the entrapment of unwanted gases and other inclusions. Since
magnesium is a flammable material and gets easily oxidized in the presence of oxygen, a
shielding gas is required to control the atmosphere inside the furnace. This environment is
protected from oxygen by the use of argon. At room temperature, argon is chemically inert
under most conditions; thus, low thermal conductivity forms no confirmed stable compounds
[24].Pure magnesium ingots were preheated to 400°C for an hour. Then, the metal was heated
to 750°C. The reinforcement material was added to the molten metal. The holding time
between the matrix and the reinforcement is measured as an important factor in the processing
of composites. When the holding time was 10 minutes, the particles were distributed
uniformly in the matrix. The melt was then solidified in permanent moulds in the form of a
25 mm rod with 250 mm in height. Then, using EDM, the samples were machined to get the
required dimensions for conducting various experiments.
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2.3 Energy Dispersive X-ray (EDX) spectroscopy and Scanning Electron Microscopy (SEM)

Samples were machined from extruded bars, then polished and characterized for their
microstructures. The samples were polished with an automatic polisher until mirror-like
surfaces were obtained. The EDX spectroscopy is used to identify the constituents of chemical
elements in the prepared composites. The samples machined by EDM were subjected to the
EDX analysis for identifying the presence of particles and their peak values. The phase
analysis was carried out at a speed of 3 degrees/minute with a range of 0-100 degrees. As the
intensities agree with the theoretical values, the increase in the peak areas gives the
information about the kinetics of the reaction process. The X-ray diffraction data were
obtained using a Rigaku D/Max-B X-ray diffractometer with the Bragg—Brentano
parafocusing geometry, a diffracted beam monochromator, and a conventional copper target

X-ray tube set to 40 kV and 30 mA. The EDX images of the reinforcements (2.5%, 5%, and
7.5%) with magnesium matrices are presented in Fig.2 (a-c).
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Fig. 2 (a-c) EDX patterns of Mg+2.5% TiO, , Mg+5% TiOy Mg+7.5% TiO;,
(d-f) SEM images of Mg+2.5% TiO,, Mg+5% TiOp Mg+7.5% TiO; at 100X magnification
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It is evident that TiO, is fully formed and a large quantity of molten magnesium
infiltrates through the aperture gap of the particulate. One can clearly see fin these images that
magnesium, titanium, and oxygen are present in the prepared samples. The topography of the
upper surfaces is analysed by means of a scanning electron microscope. The morphology of
the developed composites is analysed using SEM and the images are presented in Fig. 2 (d-f).
Uniform distribution of the particles in the magnesium matrix is observed. There are no
micropores or cracks in the surface due to the effective stirring process. In addition, there is
no accumulation of particles.

2.4 Dry sliding wear test

Dry sliding wear tests were conducted using a computerized pin-on-disc tester. The
sectioning of pin samples of size 10 mm x 10 mm x 12 mm was performed by EDM. The
contact surfaces were prepared by grinding (600-grit silicon carbide paper was used) and were
then cleaned with alcohol. A pin holder loaded the stationary pins vertically onto a rotating
AISI-O1 tool steel disc, which had been oil-hardened to 63 HRC. All experiments were
conducted in air with the temperature and the relative humidity maintained at 20-25°C and
55— 67%, respectively. Four normal loads (10, 15, 20, and 25 N) were applied using dead
weights, and three sliding velocities (1, 1.5, and 2.0 m/s) were selected. The pin-on-disc
equipment and wear samples are presented in Fig. 3 (a,b).

(a) (b)

Fig. 3 a) Pin-on-Disc machine b) Wear samples with various contents of TiO,

For the 1 m/s sliding condition, the test was carried out for 10 min at a speed of
320 rpm. Similarly, for the sliding velocities of 1.5 m/s and 2 m/s, the test was carried out 10
min at the sliding velocities of 480 rpm and 640 rpm, respectively. Prior to each test, the disc
was ground with 600-grit SiC paper for a few minutes to remove the accumulated debris on
the wear track, and then it was cleaned with alcohol. At the end of each test, the pins were
carefully cleaned with alcohol and weighed on a sensitive electronic balance with an accuracy
of £0.1 mg to determine the weight loss. The difference between the weight before and after
the test was calculated as wear loss. The worn pin surfaces and the collected wear debris were
examined and analysed using SEM.

2.5 Surface roughness test

The interaction of the developed composites with the environment is greatly influenced
by the surface roughness experiments. Therefore, the surface roughness of the developed Mg-
TiO, composites was measured before and after the wear test by a Mitutoyo surftest SJ -210
portable surface roughness tester and the results were discussed in detail in section 3.4. It was
investigated whether the surface texture greatly influences the functioning of machined parts.
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It was determined that properties like corrosion resistance, wear resistance, and fatigue
resistance greatly depend upon the surface texture. A surface roughness tester with a 2.4 inch
colour graphic back-lit LCD provided excellent readability and display of worn-out samples.

3. Results and discussions

3.1 Effect of the content of reinforcements on wear loss

Samples prepared with different weight percentages of reinforcements are pressed
against the disc to determine the wear loss of each sample. The values of wear losses are
plotted in Fig 4.a. Each sample is tested under a particular load for 10 minutes. Dead weights
ranging from 10 N to 25 N are applied. The graph shows that the wear loss of samples
increases with an increase in loads. The 25 N load incurs a greater amount of wear loss than
other loads. A comparison of wear losses with the percentage of reinforcements in the matrix
shows that the pure magnesium samples exhibit a greater amount of wear loss. The addition
of particles produced better adhesion between the matrix and the particles, and this in turn
resulted in improved resistance to delamination. Thus, the addition of TiO, particles improves
the wear resistance of the magnesium matrix in Mg-TiO, composites. Also, the wear loss
curves obtained for all the samples develop in a non-linear manner [25-27]. Therefore, it is
inferred that the wear loss does not vary proportionally with respect to a change in load.

wear loss vs. % of reinforcements
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Fig. 4.a) Wear loss with the variation of reinforcements

3.2 Effect of loads on the wear loss

It is evident that wear losses will be increasing with an increase in load. The results
confirmed that principle shown in Fig 4.a). The variation in load helps us to understand the
behaviour of a candidate material during the metal-to-metal contact even under higher loads.
It is noticed that while the percentage of reinforcement increases, the wear loss of the sample
decreases. The increase in wear loss of Mg-TiO, composites at high loads may be caused by
the brittle nature of the reinforcement particles. The presence of ceramic reinforcements
increases the wear resistance of matrix materials at a lower range of applied loads. The
composite generally exhibits better wear resistance under lower loads due to its superior load-
bearing capacity and its ability to maintain a stable oxide film which protects it from metal-to-
metal contact during sliding.
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Fig 4.b) Wear loss with the variation in sliding velocity
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Fig 4.c) Wear loss for different samples at 1 m/s

3.3 Effect of sliding velocity on wear loss

The sliding velocity is kept constant at 1, 1.5, and 2 m/sand the loads vary from 10 N to
25 N; wear losses under these conditions were measured and the results are shown in Fig. 4
(b-e). The interpretation of the results indicates that the wear loss decreases with an increase
in the sliding velocity regardless of the quantum of reinforcements. When the sliding velocity
increases, a thinner and less adherent lubricant layer peels off from the surface of the
composite and in turn forms an oxide layer which prevents the test sample from further loss.
The increase in the sliding velocity decreases the contact time between the pin and the disc,
resulting in a decreasing wear loss.
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Fig 4.d) Wear loss for different samples at 1.5 m/s
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Fig 4.e¢) Wear loss for different samples at 2 m/s

The variation in the sliding distance will increase the time of contact of continuous
sliding over the hard surface, which may cause an increase in temperature at the interface.
This increase in temperature may cause the samples to soften, which results in an increased
wear loss. The reduction in wear loss of the samples with a significant increase in the amount
of TiO; particles at higher sliding distances may be a result of the wear resistance produced
by the effect of magnesium interfacing with TiO, reinforcements.

3.4 Measurement of surface roughness (Rp)

The measured values of surface roughness (R,,) of the prepared samples before and after
the wear test are presented in Fig. 5. Since the maximum applied load of 25 N produced the
greater wear losses to the pin samples, corresponding samples were taken for the surface
roughness test. It is evident that the surface roughness values decrease with the increase in the
amount of Ti0O, reinforcement particles added to the matrix.
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Fig. 5 Surface roughness values for different samples

4. Conclusions

The main conclusions are as follows:

1. Magnesium-based TiO, composites which were successfully synthesized by the
argon-controlled vacuum stir casting method exhibited minimal porosity.

2. EDX patterns proved the presence of constituent chemical elements in the
composites according to the variation in reinforcements.

68 TRANSACTIONS OF FAMENA XLI-4 (2017)



Fabrication and Tribological Behaviour of A.Lakshmanan Pillai, G.R.Jinu, G.Karthikeyan
Mg-TiO, Composites

3. SEM analysis ensured the uniform distribution of the particles throughout the
composites.

4. Pin-on-disc dry sliding wear tests were carried out by holding Mg-based composite
pins against a rotating steel disc under loads of 10 to 25 N and at the 1-2 m/s range
of sliding velocities.

5. The composites exhibit slightly superior wear resistance under the lower load
regardless of the reinforcement. The dominant wear mechanism under the lower
load of 10N is oxidation.

6. Wear resistance is improved in accordance with the addition of particles.

Wear loss in composites increased with an increase in load.

8. At alower sliding velocity, wear loss is higher than at higher velocities.

~
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