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INVESTIGATIONS ON THE WEAR BEHAVIOUR AND MECHANISM OF Mg-3A1/5.6Ti COMPOSITE
UNDER DRY SLIDING

Magnesium containing 3 weight percentages of aluminium particles and 5.6 weight percentages of titanium particles (rein-
forcement) was prepared using the disintegrated melt deposition technique to investigate their synergistic effect on the tribological
behaviour of Mg-3Al/5.6Ti composite. Metallographic features of the composite samples were analysed using x-ray diffraction
analysis and scanning electron microscopy to disseminate the particle distribution and phase formation. The wear behaviour of
the samples was studied using dry sliding wear testing by systematically varying load and sliding velocity over a sliding distance
0f 2000 m. The post-failure analysis was performed on the worn surface of pins, and the collected debris using scanning electron
microscopy and the mechanisms involved in the wear behaviour of composite samples were identified.
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1. Introduction

Magnesium-based alloys and composites are the most pre-
ferred eco-friendly material and find extensive applications in
many industries, including automotive, aerospace, marine, bio-
medical and defence sectors, due to their lightweight, high spe-
cific stiffness and good damping capacity [1-3]. The replacement
of existing components with magnesium composites directly
helps in the reduction of weight and carbon emission. The major
automotive components include the steering, wheel, transmis-
sion, and engine parts. However, owing to its lower strength and
instability at high temperatures, the usage of pure magnesium is
limited, which in turn primes the making of magnesium alloys
[4] and composites with particulate reinforcements. Aluminium,
copper, nickel, and silicon are some common alloying elements
added to magnesium to enhance its characteristics [5-8]. Among
the various magnesium alloys available, AM (Mg-Al-Zn) are
the magnesium alloy series with a higher weight percentage of
aluminium as an alloying element [9].

Further, the major challenge in using magnesium based
materials in engineering industries is their resistance to wear,
which can be addressed by understanding their tribological
behaviour [10]. Likewise, identifying the tribological response
of magnesium-based materials, including composites, provides

aclear idea of their usage, and further, it is helpful during the re-
placement of existing materials. Various researchers have already
conducted much research to explore their tribological behaviour
in line with the progress in synthesising newer magnesium-
based materials. Taltavull et al. investigated the tribological
behaviour of magnesium alloy (AMS50B) with the dry sliding
wear test and identified the wear mechanisms under different
conditions [11]. Similarly, the wear behaviour of magnesium
alloys Mg97Zn1Y2 [12], and Mg-Si [10] was studied, and the
wear mechanisms that influence the wear rate were identified
and reported. The effect of the addition of magnesium on the
wear behaviour of functionally graded composite was investi-
gated, and observed a considerable improvement in the wear
resistance on the composite [13]. Based on the investigations
on the dry sliding wear of magnesium alloy AZ3 1B, Srinivasan
et al. reported that the wear rate decreased with an increase in
sliding speed due to the formation of oxide film [14]. Seenu-
vasaperumal et al. investigated the tribological behaviour of the
squeeze-cast magnesium alloy with and without calcium hexa-
boride and identified the primary wear mechanisms responsible
for wear [15]. The tribological behaviour of magnesium alloy
Mg-3Al-0.4Si-0.1Zn was investigated at different combinations
of load and temperature, and the effect of parameters on the wear
mechanisms was studied [16]. Investigations on the effect of the
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wear behaviour of magnesium alloy Mg-3Al-0.4Si were carried
out at different combinations of load and sliding velocity, and the
results explored the mild and severe wear regimes in the wear
map [17]. Investigations on the mechanical and wear behaviour
of magnesium alloy Mg-Al-Zn were carried out, and the domi-
nant wear mechanisms were identified as abrasion, oxidation
and delamination [18]. Investigations on the wear behaviour of
magnesium alloy Mg-3Al1-3Sn were carried out at two different
loads, and a reduction of wear rate with an increase in strontium
addition was observed [19]. Investigations on the wear behaviour
of magnesium composite produced through powder metallurgy
were carried out, and the delamination and deformations were
observed on the worn surface of composites [20]. Based on the
earlier research on the tribological behaviour of magnesium and
its alloys, an in-depth investigation of the tribological behaviour
and a detailed study of the wear mechanisms is found essential
for every material synthesised. Considering the potential of dis-
integrated melt deposited Mg-3Al/5.6Ti metal-metal composite,
the present work primarily aims to investigate its tribological
behaviour with a more specific and in-depth analysis of various
wear mechanisms exhibited during dry sliding wear tests.

2. Experimental Details
2.1. Material synthesis

Aluminium (>98% purity; Alfa Aesar) and Titanium
powders (>98% purity; Merck) with particle sizes less than
140 micrometres and 15 micrometres, respectively, were used
to produce Mg-3Al1/5.6Ti metal-metal composite [4,6]. Magne-
sium (>99.9% purity; ACROS Organics, USA) and the required
amount of aluminium and titanium were heated to 750°C in
a graphite crucible under a controlled argon environment. The
melt was intermittently stirred at 460 rpm with a Zirtex 25-coated
steel twin-blade stirrer for 5 minutes to attain the uniform distri-
bution of elements. Then, the melt was allowed to pour through
an orifice with a diameter of 10 mm, and it disintegrated with two
argon gas jets [4]. The disintegrated melt was allowed to solidify
to obtain an ingot of 40 mm in diameter. Next, the ingot was
machined to a dimension of 36 mm diameter, and it was soaked
at a temperature of 400°C for one hour in an electric furnace
under an argon environment. Then, it is hot extruded with an
extrusion ratio of 20.25:1, and the composite was obtained as
cylinders with an 8 mm diameter. From the extruded magnesium
metal-metal composite, samples were cut, polished and etched
with Nital solution to obtain the microstructure and subsequently
immersed in a solution mixture of 10 ml HF and 90 ml H,O mix-
ture to darken the Mg;,Al;, as per ASM standard [21]. Then, the
samples were subjected to metallographic examinations, namely
Rigaku Ultima IIT XRD x-ray diffraction analysis, Carl Zeiss
Gemini SEM S300H scanning electron microscopic analysis, and
the energy dispersive spectroscopy analysis. From the extruded
Mg-3Al/5.6Ti metal-metal composite, cylindrical pin samples of
8 mm diameter and 20 mm height were also sectioned for wear

tests. The sliding end of the pins and the surface of the counter-
part disc were polished using a Bainpol variable speed double
disc polishing machine to obtain a uniform surface roughness
of less than 0.5 micrometres.

2.2. Wear test

As per ASTM G99 standards, dry sliding wear tests were
performed on a Ducom Pin-on-Disc tribometer using EN 31 die
steel as a counterpart. Wear tests were performed on the samples
by varying the sliding velocity (1, 2 and 3 m/s) and applied load
(9.81, 19.62 and 29.43 N) for a constant sliding distance of
2000 m [22,23]. The pressure corresponding to the applied 9.81,
19.62 and 29.43 N is 0.1952, 0.3903 and 0.5855 N/mm?, respec-
tively. During the wear tests, the amount of wear, frictional force
and coefficient of friction were recorded using a computerised
data acquisition system. After dry sliding wear tests, with dif-
ferent combinations of load and sliding velocity over a constant
sliding distance, the wear of magnesium metal-metal composite
was obtained in the linear wear measures, as it is more precise
compared with the weighing method [24]. Then, the obtained
wear in the linear measure is converted to wear rate with ap-
propriate geometric relation, as shown in equation (1) [25-27].

Wear rate (mm3 /m) =

(4 * Diameter of pin® * Linear wearin pli’lj

= A (M
Sliding distance

3. Results and discussion
3.1. Metallurgical analysis

The magnesium metal-metal composite (Mg-3Al1/5.6T1)
comprises aluminium and titanium. The possible intermetal-
lic phase formation due to adding aluminium and titanium are
Mg-,Aly,, Mg,Als, AlTi, AL Ti, Al3Ti, Ti)Al and TizAl. When
considering the free energy required to form these intermetallic
phases, the free energy formation for Mg;;Al;, is lower than
the other phases [4]. Fig. 1 displays the peaks of the magnesium
metal-metal composite observed from the x-ray diffraction
analysis. The observed peaks were annotated as shown, display-
ing the peaks relevant to magnesium and titanium. Besides the
peaks, relevance to the phase Mg;;Al;, is observed, resulting
from the reaction of added aluminium with magnesium. The
higher peak intensity is observed for magnesium due to its
higher concentration. At the same time, titanium and phase
Mg;,Al;, intensities are observed to be lesser than magnesium.
Fig. 2 shows the microstructure of the produced magnesium
metal-metal composite with titanium in the form of particles and
needles. Also, intermetallic Mg;-Al;, is observed in the micro-
structure (Enlarged view inside Fig. 2), which is confirmed by
the spectrum analysis inside Fig. 2. The estimated free energy



formation of the intermetallic Mg;,Al,, is lesser than that of other

intermetallics like A13Ti. Thus, the addition of aluminium in the
liquid processing helps in the Mg;;Al;, intermetallic formation.
Similar findings of Mg;7Al,, intermetallic formation due to the
addition of aluminium are observed elsewhere [4,28-30]. From
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the energy dispersive spectroscopy analysis, the elemental maps
were attained for the produced magnesium composite as shown
in Fig. 3a-c. Fig. 3a shows the SEM image of the magnesium
composite corresponds to the EDS analysis. Fig. 3b shows the
map corresponding to the magnesium, where the entire region of

Ti K 0 /I

(@)

Fig. 3. Elemental mapping of Mg-3Al/5.6Ti with elements of (a) SEM image (b) Magnesium (c¢) Aluminium (d) Titanium
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the map is filled with a few voids (appearing in black). Fig. 3¢
shows the map corresponding to the aluminium, which shows the
uniform distribution of added elements. Fig. 3d shows the map
corresponding to the titanium in which clusters of red spots are
observed, and the same is matched with the void region of the
magnesium element map. As the aluminium is mutually solu-
ble with the magnesium matrix, it is shown as fully dispersed,
whereas the titanium was retained as it is in the matrix due to its
insolubility with magnesium. Thus, the elemental maps confirm
the presence of magnesium, aluminium and titanium particles.

3.2. Wear analysis

The wear behaviour of magnesium metal-metal composite
is analysed by plotting the wear rate of the composite against
the sliding distance for the different loads and sliding velocities.
The wear rate for a 9.81 N load with different sliding velocities
is shown in Fig. 4; at 1 m/s sliding velocity, a little reduction
in wear rate is observed with an increase in sliding distance.
Whereas, at 2 m/s and 3 m/s sliding velocities, a higher wear rate
is observed at the initial stages (i.e., 500 m sliding distance), and
a further increase in the sliding distance leads to the reduction of
wear rate. The reason is that the pressure acting on the surface is
lower at lower loads, and the surface contact is at asperity levels.
The wear rate of magnesium metal-metal composite at different
sliding velocities for 19.62 N and 29.43 N load is shown in Figs. 5
and 6. A higher wear rate is observed at a lower sliding velocity
of 1 m/s, and a lower wear rate is observed at a higher sliding
velocity of 3 m/s in 19.62 N and 29.43 N loading conditions.
Atall loads, an increase in sliding velocity results in the reduction
of wear rate; this is due to the formation of oxide layers between
the contact surface and the same is observed in the worn surface
and wear debris analysis. Similar findings of the formation of
oxide layers at increased sliding velocity on the wear pins were
reported by Turan et al. and Zhang et al. [31,32]. When compar-
ing the wear rate of pure magnesium (from literature) [33-35]
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Fig. 4. Wear rate with respect to varying sliding velocity at 9.81 N load

with the wear rate of magnesium metal-metal composite, the
wear rate is found to be high for pure magnesium and less for
magnesium metal-metal composite. The reason is due to the
addition of titanium and the formation of intermetallic phase
Mg;,Al}, (as observed in XRD (Fig. 1) and SEM image (Fig. 2)).
The addition of aluminium and titanium in the developed Mg-
3Al/5.6Ti composite improved the hardness value from 48 HV
(Pure Magnesium) to 78 HV, along with the grain refinement
reported by Sankaranarayanan et al. [4].
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Fig. 6. Wear rate with respect to varying sliding velocity at 29.43 N load

The coefficient of friction at 9.81 N load for different sliding
velocities is shown in Fig. 7. At 1 m/s sliding velocity and 500 m
sliding distance, the coefficient of friction is found to be higher,
and then it decreases with the increase in sliding distance. As the
contact between the sliding pairs is at asperity levels, the coeffi-
cient of friction at the initial stages is found to be higher. Further,
an increase in sliding results in the reduction of the coefficient
of friction due to the nonlinearity of the contact area, as reported
by Shizhu and Ping [36]. At 2 m/s and 3 m/s sliding velocities,



the coefficient of friction is found to be slightly reduced with
an increase in sliding distance, and this is due to the formation
of a thin oxide film layer between the contact surface at higher
velocities. The coefficient of friction at 19.62 N load for differ-
ent sliding velocities is shown in Fig. 8. At all sliding velocities,
the coefficient of friction is found to be slightly reduced with an
increase in sliding distance. The coefficient of friction at 29.43 N
load for different sliding velocities is shown in Fig. 9. At all slid-
ing velocities, the coefficient of friction is higher at the initial
sliding stages and a further increase in sliding distance results in
the reduction of the coefficient of friction. As said earlier, at the
initial stages, the contact is at asperity levels, the coefficient of
friction is higher and further sliding of the pin results in a uniform
area of contact. Almost in all the conditions, the lowest coefficient
of friction is observed at lower loads and lower sliding velocity,
and this is due to the minimum force acting on the pin at lower
loading conditions. It is obvious that the frictional force has direct
kinetics with the applied load, induces the plastic deformation
of the surface, and results in the variation of the actual area of
contact as observed elsewhere [37-41].
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3.4. Wear mechanism

Analysis of the worn pin surface of magnesium metal-metal
composite explored the wear mechanisms involved during the
dry sliding, and the mechanisms of adhesion, abrasion, thermal
softening, oxidation, and delamination are observed.

3.4.1. Abrasion

Abrasive wear occurs due to the contact of hard asperities
during relative motion, resulting in micro-cutting and fatigue
over the soft and ductile materials. The worn surface image of
the pin at 9.81 N load and 1 m/s sliding velocity is shown in
Fig. 10, which shows the existence of several grooves along with
the marks of the plough in the direction of sliding. Similarly,
grooves and ploughs along the direction of sliding were observed
in the worn surface of pins under the 9.81 N load with all sliding
velocities and at 19.62 N load with 1 and 2 m/s sliding veloci-

- - ~ ey —r‘t- =
Debris fragments

g ¥

Fig. 10. Worn surface for 9.81 N load and 1 m/s sliding velocity explor-
ing abrasion mechanism



92

ties [42]. The reason for the generation of grooves and ploughs
is due to the impact of micro-cutting by the contact of sharp
asperities and micro fatigue by the contact of blunt asperities,
respectively, as the magnesium is low strength and high plastic
in nature as observed elsewhere [31,32,43,44]. Although there
was a material removal through abrasion at the initial stages,
further sliding of a pin ended in transforming mechanisms such
as softening and melting, diminishing the significant appear-
ance of grooves. The effect of micro-cutting results in debris
formation in the form of ribbons and a similar type of ribbon is
observed in the collected wear debris shown in Fig. 11. Further,
the micro-examination of wear debris shows that the ribbon
strips were twinned with themselves and that there were stacked
ribbons with more than one layer.

Fig. 11. Wear debris obtained for 9.81 N load and 1 m/s sliding velocity
showing ribbon strips

3.4.2. Thermal softening

Due to the continuous action of loading and sliding, the
temperature of sliding pairs increased, making the material soften
and transform into a plastic state. Then, the softened material is
pulled or wiped away due to the action of sliding, accumulating
at pin ends [37], which is termed thermal softening. At higher
load and higher sliding velocity, extruded layers at the corners
of wear pins are similar to the observation reported by An et
al. [45]. The worn surface of the pin for 29.43 N load and 3 m/s
sliding velocity is shown in Fig. 12, which shows the deposition
of wiped materials in the form of segregated layers accumulated
at the ends of the wear pin. The thermal softening mechanism left
out the wear debris as thin flakes or large sheets, which convey
the transition from mild to severe wear. The wear debris collected
for 29.43 N load and 3 m/s sliding velocity shows the presence of
large sheets and thin flakes, as shown in Fig. 13, which conveys
the softening mechanism reported by Huang et al. [46]. Besides,
the surface of wear debris is smooth with glazed layers, which
expresses the thermal softening condition reported by Lim et al.
and Nguyen et al. [47,48].
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Fig. 12. Worn surface for 29.43 N load and 3 m/s sliding velocity ex-
ploring thermal softening and melting
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Fig. 13. Wear debris obtained for 29.43 N load and 3 m/s sliding veloc-
ity showing large sheets

3.4.3. Oxidation

The formation of the oxide layer on the pin surface due to
the reaction with atmospheric oxygen is called oxidation, and
the temperature directly influences the oxidation rate. The worn
surface of the pin at 3 m/s sliding velocity at all load combina-
tions exhibited the formation of oxidation. The worn surface of
the pin for 29.43 N load and 3 m/s sliding velocity is shown in
Fig. 14, shows the oxide formation, and it is confirmed with the
elemental mapping, which shows the presence of oxygen content
(embedded EDS map in Fig. 14). Also, the oxide formation over
the pin surface is confirmed with the spectrum analysis, which
shows the oxygen weight percentages as 55.99 and 55.74 at
points 1 and 2, respectively. In the process of oxidation, a thin
film of the oxide layer is formed in reaction with the atmospheric
oxygen on the sliding surface due to the intense temperature rise



[49], and further sliding of the pin disintegrates the formed thin
film layer into a fine powder of debris as reported by Turan et al.
and Zhang et al. [31,32]. The wear debris collected for 29.43 N
load and 3 m/s sliding velocity shows the fine powder debris, as
shown in Fig. 15, confirms the oxidation mechanism.

4@

conflrmatlon
Ry <y S

with EDS

Fine Poyvder e

" - E
» . M adebris L S

100w“m

Fig. 14. Worn surface for 29.43 N load and 3 m/s sliding velocity ex-
ploring oxidation mechanism
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Fig. 15. Wear debris obtained for 29.43 N load and 3 m/s sliding velocity
showing powders of debris

3.4.4. Delamination

Delamination is primarily based on dislocation theory,
which is the fracture and deformation of materials plastically.
During sliding, the hard asperities exert surface traction on the
softer surface, which induces plastic deformation by means of
shear. This deformation initiates the crack at the subsurface and
further nucleates, resulting in the loss of worn-out particles as
debris in the form of flakes [36,50,51]. At lower loading condi-
tions, the samples unveiled traces of delamination on the worn
surface. The worn surface for 9.81 N load and 3 m/s sliding
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velocity shown in Fig. 16 shows the existence of shallow craters
due to the effect of delamination. The crater is 150 micrometres
in length and 30 micrometres in width, with several steps down
layers. The collected wear debris for 9.81 N load and 3 m/s
sliding velocity shown in Fig. 17 shows the presence of large
flakes and sheets, conveying the existence of a delamination
mechanism as observed by Elleuch et al. [52]. Two large flakes
are observed in Fig. 17; one is 110-micrometre length with 45 mi-
crometres in width, and the other is 130 micrometres in length
with 13 micrometres in width, which articulates the detachment
of the first flake from the top layer of the crater and the second
flake may show the subsequent detachment of debris from the
shallow craters.

Fig. 16. Worn surface for pin at 9.81 N load and 3 m/s sliding velocity
exploring delamination mechanism

-Df‘

Flg 17. Wear debris obtained for 9.81 N load and 3 m/s sliding veloc-
ity showing flakes

3.4.5. Adhesion

The normal force acting on the wear pin and the relative
motion during sliding made the material softens, and an interface
bond in terms of a micro-weld is formed between the soft mate-
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rial and hard material [31]. Further, the relative motion induces
the shear force, which leads to the peel of the adhesive bond in
the direction of sliding from the softer material as it seems to be
weaker. The dominance of the adhesion mechanism is observed
in combination with lower sliding velocity with medium and
higher loads. The worn surface of the pin for 19.62 N load and
1 m/s sliding velocity is shown in Fig. 18, which shows the
presence of deep ploughs due to the smear of adhesive layers,
along with a crack perpendicular to the direction of sliding [37].
The wear debris for 19.62 N load and 1 m/s sliding velocity is
shown in Fig. 19, which shows the wiped-out adhesive layer of
debris with the formation of furrows in a row. This is evident
in the occurrence of adhesion mechanism, and similar observa-
tions are reported elsewhere [37,44,47]. Also, the traces of thin
adhesive film layers over the counter disc surface are observed
due to material deformation, as observed by Elleuch et al. [52].
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Fig. 18. Worn surface for 19.62 N load and 1 m/s sliding velocity ex-
ploring adhesion mechanism

Fig. 19. Wear debris obtained for 19.62 N load and 1 m/s showing row
of furrows

3.5. Wear mechanism summary

The influence of tribological parameters during the dry
sliding of magnesium metal-metal composite is experimentally
investigated and analysed. With the attained results, the mecha-
nism involved in the tribological behaviour of the produced
magnesium composite is displayed in TABLE 1 for better and
easier understanding. Abrasion, adhesion, and delamination
mechanisms dominate at lower load and lower sliding velocity.
Further, an increase in sliding velocity induces the transforma-
tion in the mechanism by forming an oxide layer along with the
adhesion mechanism. The increase in both the load and sliding
velocity increases the force acting on the pin, which induces the
metal-softening and melting of magnesium composite, which
leads to a segregation of deformed layers protruding on the pin
edges.

TABLE 1
Summary of wear mechanisms
‘Wear mechanisms

g
= = = o0 = o0
Parameters 2 2 g £ % E
S s 222
= | 2| £ =8| &

a

09.81 N, I m/s N Y N

09.81 N, 2 m/s N N N
09.81 N, 3 m/s v Y N N N

19.62 N, 1 m/s N Y N
19.62 N, 2 m/s N N Y N
19.62 N, 3 m/s N N N
29.43 N, 1 m/s N N N Y N
29.43 N, 2 m/s y N N
29.43 N, 3 m/s y N N

4. Conclusion

Using the disintegrating metal deposition approach, Metal-
Metal Composite with particle reinforcement, 3 weight percent
aluminum and 5.6 weight percent titanium was successfully
developed. Metallurgical investigation revealed the presence of
added particulates in a homogenous way. Further, the dry sliding
wear test was conducted with the produced metal-metal com-
posite by varying load and sliding velocity parameters. Almost
all the increases in load and sliding velocity have a significant
effect directly on the wear; the increase in sliding velocity results
in a positive effect with a reduction in wear, and the increase
in load results in a diverse effect with an increase in wear. The
coefficient of friction is observed to increase with the increase
in load. At lower and medium loads, the coefficient of friction
is observed to increase from 1 m/s to 2 m/s sliding velocity,
and then it decreases to 3 m/s sliding velocity. Meanwhile, the
coefficient of friction decreases with increased sliding velocity
for higher loads. The micro examinations on the worn surface



of wear pins and the collected debris particles helped reveal the
mechanism involved in the wear. Abrasion, adhesion, oxidation,
delamination, thermal softening, and melting are the identified
mechanisms that dominate the dry sliding wear behaviour of the
produced metal-metal composite.
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