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Abstract: In this study, metallic elements that have limited/negligible solubility in pure
magnesium (Mg) were incorporated in Mg using the disintegrated melt deposition
technique. The metallic elements added include: (i) micron sized titanium (T1) particulates
with negligible solubility; (ii) nano sized copper (Cu) particulates with limited solubility;
and (iii) the combination of micro-Ti and nano-Cu. The combined metallic addition
(Ti + Cu) was carried out with and without preprocessing by ball-milling. The
microstructure and mechanical properties of the developed Mg-materials were investigated.
Microstructure observation revealed grain refinement due to the individual and combined
presence of hard metallic particulates. The mechanical properties evaluation revealed a
significant improvement in microhardness, tensile and compressive strengths. Individual
additions of Ti and Cu resulted in Mg-Ti composite and Mg-Cu alloy respectively, and their
mechanical properties were influenced by the inherent properties of the particulates and the
resulting second phases, if any. In the case of combined addition, the significant
improvement in properties were observed in Mg-(Ti + Cu)gm composite containing ball
milled (Ti + Cu) particulates, when compared to direct addition of Ti and Cu particulates.
The change in particle morphology, formation of Ti;Cu intermetallic and good interfacial
bonding with the matrix achieved due to preprocessing, contributed to its superior strength
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and ductility, in case of Mg-(Ti + Cu)gm composite. The best combination of hardness,
tensile and compressive behavior was exhibited by Mg-(Ti + Cu)gm composite formulation.

Keywords: magnesium composites; metallic additions; mechanical alloying;
microstructure; mechanical properties; Scanning Electron Microscopy (SEM)

1. Introduction

The growing demand for reduced fuel consumption and fuel energy savings in automobile and
aerospace applications is constantly driving the materials community towards the development of new
light-weight metallic materials [1,2]. Magnesium with density ~1.74 g/cc, has the highest
strength-to-weight [o/p] ratio among the available metals for structural applications. It is ~35% lighter
than aluminium [p = 2.7 g/cm3] and ~65% lighter than titanium [p = 4.51 g/cm3] [2—4]. Hence,
Mg-based materials are receiving increased attention for weight critical applications [4,5]. Further, the
advantages of Mg materials include superior damping capacity, high specific stiffness, good
dimensional stability, machinability and castability. Despite these advantages, the extended wide
spectrum of applications of Mg materials is constrained by the low ductility and inferior fracture
toughness, which is due to the hexagonal closed packed crystal structure of Mg [1-6]. Most of these
limitations can be circumvented through the judicious addition of selective alloying elements such as
Al, Zr, Zn and RE metals. Mg alloys containing Al (AZ, AM alloys) are used commonly in the
transportation sector and the other alloys such as ZK, ZC alloys with excellent creep resistant
properties are used in critical applications [6—10]. However most of the commercially available alloys
exhibit poor thermal stability. However, the addition of ceramic reinforcements such as Al,O3 and SiC
improves the strength, wear resistance and also, the thermal stability of Mg and Mg alloys [11-13].
However, the ductility/formability is often compromised due to the inherent brittleness of the ceramic
reinforcements [11-13]. Various researchers have observed the simultaneous improvement in strength
and ductility in Mg and its alloys through the addition of insoluble metallic elements like Ti, Mo and
nano-sized ceramic particulates (Al,O3, Y,03). Similar results were also obtained by Eugene et al.
through the addition of nano-sized Cu particulates having limited solubility in Mg [14-20]. Recently,
the high strength, high modulus, hard intermetallic phases (such as Al;Ti and TiB,, etc.) were also
being used as reinforcements [21-23].

In this work, an attempt is made to synthesize the Ti—Cu based intermetallic phases through the
mechanical alloying (M.A) process and to use the M.A composite powder as a reinforcement to
improve the mechanical response of Mg. The influence of individual Ti and nano-Cu elements and
their combination (hybrid metallic additions) on the microstructure and mechanical properties of Mg
are studied. The effects of prior ball-milling of hybrid metallic additions on the particle morphology
and on the properties of Mg materials are also discussed.
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2. Results and Discussion
2.1. Synthesis

Synthesis of pure Mg and the Mg-based materials required for the study was successfully carried
out by the disintegrated melt deposition (DMD) technique followed by hot extrusion. The surface of
both the as-cast billets and extruded rods were smooth and free from any visible defects. The absence
of any macro-defects in the as-cast and extruded samples indicates the suitability of processing
methodology and parameters used in this study [12,23].

2.2. Density and Porosity

The density and porosity values of the developed Mg-materials are shown in Table 1. An increase
in the experimental density and porosity values was observed due to the addition of metallic elements.
However, the obtained experimental values are relatively low in comparison to similar works and this
confirms the successful synthesis of near-dense materials with minimal porosity (<0.16%) through
DMD technique followed by hot extrusion [12—15].

Table 1. Results of density and porosity measurements.

Density Measurements

S. No. Material Theoretical Density Experimental Density Porosity
(g/cc) (g/cc) (%)
1 Pure Mg 1.7400 1.7397 £ 0.0015 0.02
2 Mg-Ti 1.8019 1.8002 +0.0017 0.09
3 Mg-Cu 1.9685 1.9681 +0.0010 0.04
4 Mg-Ti-Cu 2.1106 2.1089 £0.0019 0.16
5 Mg-(Ti + Cu)pm 2.1106 2.1096 +0.0016 0.09

2.3. X-ray Diffraction

The x-ray diffractograms of the developed Mg-based materials are shown in Figure 1. In Mg-Ti,
only peaks corresponding to pure Mg and Ti are observed which indicates the absence of any
intermetallic formation between Mg and Ti [21-24]. Based on Mg-Cu phase diagram, the reaction
between Mg and Cu would result in Mg,Cu intermetallic formation, as observed in the XRD pattern.
In Mg-(Ti + Cu)gw, in addition to Mg, Ti, Cu and Mg,Cu phases, low intensity peaks corresponding to
Ti-Cu intermetallic phase can be seen; in contrast, in the un-ball milled, directly added Mg-Ti-Cu these
peaks are not prominent. Considering that the formation enthalpies of various Ti-Cu intermetallics
phases such as TiCu, TiCus, TiCu,, Ti,Cus, Ti3Cus, Ti,Cu, Ti3Cu and TiCu; are close to each other,
the reaction between Ti and Cu can result in any of these intermetallics phases [24—28]. On comparing
the experimental diffraction peaks with the standard powder diffraction data, it can be associated to
either Ti,Cus or TisCu phase. However, as the Ti,Cuj; intermetallic phase formation occurs only at
~780 °C to 860 °C and also at a much slower cooling rate, the observed Ti-Cu intermetallics peaks can
hence be identified as Ti;Cu [25].
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Figure 1. X-ray diffractograms of developed Mg based materials.
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2.4. Microstructure

The microstructural observation (Figure 2a—d) reveals the distribution of the metallic particles and
the intermetallic/secondary phases formed due to metallic additions. It can be seen from Figure 2a that
the Ti particulates are found to be distributed uniformly in Mg-Ti without any interfacial products.
Although no phase formation could occur, effective interfacial bonding with Mg is facilitated by the
good wettability of Ti by molten Mg [22,29]. Hence the addition of the negligibly soluble Ti
particulates acts as metallic reinforcement in Mg, i.e., Mg-Ti composite, which is composed of
(Mg + Ti). In Mg-Cu (Figure 2b), the reaction between Mg and Cu above 725 °C results in
Mg + Cu/Mg,Cu eutectic mixture as observed from the x-ray diffraction analysis results (Figure 1).
Hence the addition of nano-Cu to Mg forms Mg-Cu alloy with primary Mg and secondary Mg,Cu
eutectic phases evenly distributed along the grain boundaries. In both these cases, the presence of
either Ti-particles or Mg,Cu intermetallics inhibits the grain growth and acts as sites for grain
nucleation [19,30], thus resulting in significant grain refinement as observed from the image analysis
results in Table 2 and optical micrographs in Figure 3a—c. However, in comparison (Table 2), the grain
refinement due to nano-Cu addition is more prominent than that due to micron-Ti addition.



Metals 2012, 2 278

Figure 2. SEM micrographs showing the distribution of (a) Ti particulates in Mg-Ti
composite; (b) Cu/Mg,Cu intermetallic particulates in Mg-Cu alloy; (¢) Ti and Cu/Mg,Cu
intermetallic particulates in Mg-Ti-Cu composite and (d) Ti, Cu/Mg,Cu and TizCu
intermetallic particulates in Mg-(Ti + Cu)gm composite.

Table 2. Results of microstructure studies *.

S. No. Material Grain size (um) Aspect ratio (um)
1 Pure Mg 21+3 1.63 +£0.44
2 Mg-Ti 15+4 1.58 £0.40
3 Mg-Cu 11+2 1.66 + 0.24
4 Mg-Ti-Cu 9+3 1.60 +0.52
5 Mg-(Ti + Cu)pm 743 1.56 + 0.50

*Based on approximately 100 grains.

Figure 3. Optical micrographs showing the grain morphology and characteristics of
(a) Pure Mg; (b) Mg-Ti; (c) Mg-Cu; (d) Mg-Ti-Cu and (e) Mg-(Ti + Cu)gm.
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Figure 3. Cont.

For the Mg-materials developed by the combination of micron-sized Ti and nano-sized Cu
(i.e., Mg-Ti-Cu, Figure 2c and Mg-(Ti + Cu)gym, Figure 2d respectively), significant grain refinement
due to grain boundary pinning is observed, which is due to the presence of Ti particulates and
Cu/Mg,Cu grain boundary precipitates [19,30,31]. As observed from XRD results (Figure 1), no
interfacial reaction products form at the Mg/Ti interface of Mg-Ti-Cu (Figure 2¢), whereas in the case
of Mg-(Ti + Cu)gm, Ti3Cu/Mg,Cu intermetallics will form at the Ti/Mg interface (Figure 2d). While
good wettability between Mg/Ti ensures good interfacial bonding [29], the presence of Ti;Cu in
Mg-(Ti + Cu)gm not only improves the Ti/Mg-matrix interfacial bonding but is also expected to
increase the strength at the interface [29,32]. The microstructure of the as-received Ti particulates and
the ball milled (Ti + Cu)py particulates indicates that the sharp corners of as-received Ti-particulates
(Figure 4a) were rounded off when subjected to ball milling (Figure 4b) [21,22]. The combined
metallic additions (micron-Ti and nano-Cu) also lead to the reduction in grain size in both the cases,
with ball milling or without ball milling, Figure 3d,e. But the grain refinement effect is more
pronounced in Mg-(Ti + Cu)gym, wherein the metallic elements were added after ball milling. Amongst
all the materials developed, Mg-(Ti + Cu)pm shows the least grains size value with an average grain
size of ~7 um (Table 2). The grain refinement attributes to the presence of large number of small-sized
Ti-particulates obtained due to ball-milling, since the ball milling operation involves repeated flattening,
cold-welding and fracture of the particulates which act as sites for grain nucleation to occur [33,34].
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Figure 4. SEM micrographs showing the morphology of (a) as-received Ti particulates and
(b) ball milled (Ti + Cu)gym powder.

2.5. Mechanical Properties

The results of microhardness measurements (Table 3) indicate that the addition of metallic elements
to pure Mg results in the increase the hardness values. Relatively higher hardness values are obtained
when the metallic elements are added in combination (hybrid metallic elements) compared to those
added individually. Among the hybrid addition, Mg-(Ti + Cu)gm incorporated with elements after prior
ball milling shows the highest mean microhardness value, i.e., ~90% increase in comparison to pure Mg.

Table 3. Results of microhardness measurements.

S. No. Material Microhardness [Hv]
1 Pure Mg 48 +1
2 Mg-Ti 7142
3 Mg-Cu 82+4
4 Mg-Ti-Cu 86 +2
5 Mg-(Ti + Cu)pm 91+3

The mechanical properties evaluation of Mg incorporated with individual Ti and nano-Cu
particulates (Mg-Ti composite and Mg-Cu alloy) indicates an improvement in strength properties
under both tension and compression as observed from Table 4 and Figure 5a, b; yet the increment in
strength values in the case of Mg-Cu due to nano-Cu addition is more significant in comparison with
micron-sized Ti addition in Mg-Ti. In both the cases, while the improvement in strength properties
under tensile loading occurs with a corresponding increment in tensile ductility, under compressive
loading, strength improvement occurred with reduction in compressive ductility. When both the
micron-Ti and nano-Cu particulates were directly added (Mg-Ti-Cu), the tensile strength properties
showed an improvement when compared to those with individual elements, but however exhibited low
fracture strain values. In contrast, when both the metallic elements were added after ball-milling,
Mg-(Ti + Cu)gym, the significant improvement in strength values was accompanied by a marginal
improvement in failure strain values compared to Mg (Table 4). Under compressive loads, the
combined addition of micron-Ti and nano-Cu particulates either with or without pre-processing by ball
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milling had improved the yield strengths, however the compressive strength and the ductility has been
adversely affected. Even though, both the composites with combined metallic addition exhibited lower
ductility when compared to individual nano-Cu addition, the addition of Ti and nano-Cu particulates
after ball milling i.e., Mg-(Ti + Cu)gm, revealed higher compressive ductility when compared to the
values obtained due to either direct addition (Mg-Ti-Cu) or individual Ti addition (Mg-Ti).

Table 4. Results of room temperature tensile and compression tests.

Tensile properties Compressive properties

S.No.  Material 02YS  UTS Failure 0.2 UCS Failure
[MPa] [MPa] Strain CYS [MPa] Strain
[%0] [MPa] [%0]
1 Mg 125+9 16911 62+07 74+3 273+11 22.7+49
2 Mg-Ti 158+6 22646 80+15 85+3 360+5  13.6+12
3 Mg-Cu 182+4 220+4 89+09 102+8 386+4  21.1+17
4 Mg-Ti-Cu 196+9 227+4 57+16 116+5 342+3  161+14
5  Mg«(Ti+Cujgy 201+£7 265+11 75+08 12648 38046  19.1+29

Figure 5. Engineering stress-Strain curves showing the mechanical behavior of developed
Mg materials under (a) tension and (b) compression loading.
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The fracture surfaces of all the test materials under tensile and compressive loading are shown in
Figure 6a—¢ and Figure 7a—e, respectively. The fractographs of the test materials supplement the test
results. In case of pure Mg, predominant cleavage mode of fracture is observed under tensile loading
as in Figure 6a. While the tensile fracture surface of Mg-Ti indicates Ti-particle interface debonding as
seen in Figure 6b, mixed mode fracture with predominant cleavage type fracture Figure 6¢ is observed
in Mg-Cu. In case of combined addition, dominant cleavage mode fracture with Ti particle interface
debonding (Figure 6d) is observed in the case of Mg-Ti-Cu composites whereas mixed mode fracture
with good interface bonding and ductile features of plastic deformation (Figure 6e) is observed in Mg-
(Ti + Cu)gm composite. The fracture under compressive loading occurred at ~45° angle with respect to
the compression test axis in all the test samples. Under compression, pure Mg exhibited dominant
shear failure and showed more shear bands when compared to the developed Mg-based materials.
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These materials on other hand, exhibited rough fracture surfaces with mixed mode of shear and brittle

features, as evident from the fractographic evidences shown in Figure 7a—e.

Figure 6. Fractographs of Mg-based materials after tensile loading showing: () Dominant
cleavage fracture in pure Mg; (b) particle debonding in Mg-Ti; (C) cleavage fracture with
ductile features in Mg-Cu; (d) dominant particle debonding features in Mg-Ti-Cu and
(e) mixed fracture mode with good interface bonding with plastic deformation in

Mg-(Ti + Cu)pm.
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2.5.1. Influence of Individual Ti Addition

The mechanical properties improvement in Mg-Ti composite compared to pure Mg (Tables 3 and 4)
can be ascribed to the microstructural observations, the inherent properties of Ti particulates and the
following strengthening effects: (i) thermal residual stress arising from the mismatch between the



Metals 2012, 2 283

thermal expansion coefficients of Mg and Ti; (ii) grain refinement; (iii) the increased stress
concentration at the pointed corners of Ti-particles [35]; and (iv) increase in the load carrying capacity
due to higher hardness of Ti [31,36,37]. In addition, as reported by various researchers, the difference
in CTE values (between the matrix and reinforcements) and the sharp corners of particulate
reinforcements contribute to the matrix strengthening through the increased dislocation density at the
matrix-reinforcement interface [35—40]. The inherent higher tensile and lower compression fracture
strain values of Ti have resulted in the increased tensile and poor compressive ductility of Mg-Ti
composite [38,40]. The fracture surface of Mg—Ti composite under tensile loading indicates mixed mode
fracture (ductile + cleavage) (Figure 6b). The hard Ti particulates resist matrix crack propagation, which
results in the delay in failure of the composite. Thus the presence of Ti particulates has efficiently
improved the load bearing capacity and also the ductility [16]. In the absence of chemical bonding (no
phase formation between Ti and Mg due to negligible solubility), the good wettability between Ti and
Mg only governs the mechanical bonding [32]. Hence debonding of Ti particulates occurs once the peak
load is reached, rather than Ti-particle fracture. The fracture surface of Mg—Ti composite under
compressive loads shows relatively rough surface attributing to the dominant shear (shear + brittle) mode
fracture (Figure 7a,b).

Figure 7. Fractographs of Mg-based materials under compression showing dominant
shear failure. (a) Pure Mg; (b) Mg-Ti; (c)Mg-Cu; (d) Mg-Ti-Cu and (e) Mg-(Ti + Cu)gm.
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Figure 7. Cont.

2.5.2. Influence of Individual Nano-Cu Addition

The combined effects from: (i) thermal mismatch between the matrix (Mg) and the second phases
(Cu/Mg,Cu); (ii) grain refinement; (iii) matrix work hardening/strain misfit due to the presence of
second phase particulates; and (iv) non-basal slip system activation contribute to the mechanical
properties enhancement, as reported elsewhere [40—43]. In addition, (v) the presence of harder
Mg,Cu/Cu agglomerates and (vi) the efficiency of Mg,Cu/Cu in effective load transfer between Mg
matrix [31], contribute to an appreciable improvement in strength properties. The tensile fracture
surface of Mg-Cu alloy confirms the mixed mode fracture with dominant cleavage fracture with the
evidences of ductile features attributing to the plastic deformation (Figure 6¢) when compared to the
fracture surface of pure Mg, which shows fracture by cleavage (Figure 6a). The well-bonded second
phases (Cu/Mg,Cu agglomerates) attribute to efficient load transfer, which results in mixed mode
fracture interspersed with cleavage steps and ductile features as shown in Figure 6¢c. Compressive
fracture surfaces of both pure Mg and Mg-Cu alloy shows failure by shear band formation
(Figure 7a,c). Thus the combined effects of grain refinement, uniform distribution of nano-sized
particulates without agglomeration and slip on extra non-basal slip system attributes to the
improvement/little adverse effect in ductility under tension and compression respectively [42].

2.5.3. Influence of Direct addition of Hybrid (Ti and nano-Cu) Metallic Particulates

The mechanical properties evaluation indicates a higher value of microhardness and strengths in the
case of Mg-Ti-Cu involving the direct addition of hybrid (micro-Ti and nano-Cu) metallic addition
than that of pure Mg, and individual metallic addition (Tables 3 and 4). However, the strength
improvement under tension and compression occurred with the drastic reduction in ductility (Table 4).
The strength properties increment follows similar effects observed with the individual addition of
metallic elements (Ti/nano-Cu), as explained earlier. But the overall increase in second phases and
their clustering near the sharp cornered Ti particulates as seen in Figure 4a have resulted in the large
reduction in fracture strain as observed from Table 4 [44]. During solidification and subsequent
extrusion, these sharp corners of Ti particulates would act as favorable sites for the second phase
agglomeration to occur (Cu/Mg,Cu formation), due to the high energy and stress concentration
associated with irregularly-shaped particulates [32]. Hence, matrix cracking along with Ti-particle
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debonding would occur preferentially at the sites with intermetallic phases and thus results in the poor
ductility [21,22,35]. Figure 6d shows the image of fracture surface seen in Mg-Ti-Cu indicating the
brittle fracture with prominent cracking under tension and dominant shear failure under compression
as shown in Figure 7d.

2.5.4. Influence of Prior Ball-milling of Hybrid (Ti and nano-Cu) Metallic Particulates

The improvement in the microhardness and strength properties is more significant in
Mg-(Ti + Cu)pwm as it exhibits the highest values amongst the developed materials. The yield strength
under tension and compression has improved by ~60% and ~70% respectively when compared to pure
Mg. While the strength improvement under tensile loading is accompanied by corresponding
increment in tensile ductility by ~20%, a slight reduction in ductility (~16%) is seen under
compression due to combined metallic addition (Table 4). The increment in strength properties in
Mg-(Ti + Cu)gm composite is due to the presence of relatively hard metallic particulates (Ti) and
intermetallic phases (Mg,Cu, Ti;Cu), which in turn gives rise to one or more of the strengthening
effects arising from individual Ti or nano-Cu and effective load transfer due to good interfacial
bonding [21,22,36,37,41]. Unlike Mg-Ti-Cu, wherein the sharp and angular particles contribute to
stress concentration and resulting in lower ductility (Table 4), the improved ductility under tension in
Mg-(Ti + Cu)pmis due to the change in morphology and size of the micron-sized Ti-particles. Hence,
the substitution of particles with blunted and rounded edges aid in the retention in tensile ductility
without affecting the strengthening effect. These results are similar to those observed by various
researchers [22,35]. Further, the presence of blunt-edged particles would also minimize the preferential
agglomeration of nano-Cu in Ti-particle corners, as observed in directly added Mg-Ti-Cu. Also, as the
presence of Ti3Cu intermetallic improves the interfacial bonding at the Mg/particle interface, it would
also improve the shear strength at the interface, thereby increasing the load bearing capacity [44]
However, the relatively lower ductility under compression of Mg-(Ti + Cu)gm when compared to pure
Mg (although higher than Mg-Ti-Cu) is attributed to the presence of inherent properties of harder
Ti-particles and Mg,Cu/Cu, Ti3Cu intermetallics. The tensile fracture surface of Mg-(Ti + Cu)gm is
thus characterized by mixed mode fracture with significant plastic deformation respectively as shown
in Figure 6e, while the compression fractographs indicates shear mode fracture with rough surfaces as
observed in Figure 7e.

To summarize, the incorporation of metallic elements to pure Mg improved the mechanical
properties significantly. While the addition of insoluble micron-sized element (Ti) acted as a metallic
reinforcement and formed the Mg-Ti composite, the addition of metallic element with limited
solubility (Cu) formed the Mg-Cu alloy. Both these additions resulted in the enhancement of strength
and ductility. When a combination of soluble and insoluble elements was incorporated in Mg, the
resulting microstructure and mechanical properties depended on their mode of addition. The direct
addition of elements to pure Mg resulted in properties that were similar to or lower than that of Mg-Ti
and Mg-Cu. On the other hand, the prior ball milling of the soluble and insoluble elements not only
changed their morphology but also resulted in solid-state reaction forming in-situ Ti;Cu intermetallic
phase, thus markedly improving the strength properties of the composite. Hence, depending on the
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final application, the metallic alloying/reinforcing elements and their combination should be
judiciously selected.

3. Experimental Procedure
3.1. Materials

Mg turnings of >99.9% purity (ACROS Organics, New Jersey, NJ, USA), was used as the matrix
material. The metallic additions were: (i) insoluble micron sized Ti particulates, Mg-Ti; (i1) addition of
nano sized Cu particulates with limited solubility, Mg-Cu; (iii) addition of a combination of Ti and
nano-Cu particulates by (a) incorporation after pre-processing, Mg-(Ti + Cu)gym and (b) direct addition
without any pre-processing, Mg-Ti-Cu. Elemental Ti particulates of particle size <140 pum (purity 98%)
supplied by Merck, and nano-Cu particulates of average particle size ~50 nm (purity 99%) supplied by
Nanostructure and Amorphous were used. The compositions of the Ti and nano-Cu were identified as
5.6 wt % and 3 wt % respectively based on previous investigations [20,21].

3.2. Processing

3.2.1. Pre-processing of Metallic Additions

The pre-processing of the metallic additions was carried out using ball-milling, which is a
solid-state processing technique. Retsch PM-400 mechanical alloying machine was used for
ball-milling the metallic elements (Ti and nano-Cu), herein referred to as (Ti + Cu)gy. Prior to ball
milling, the elemental Ti and nano-Cu particulates were blended for 1 hour (with 0.3 wt % stearic acid as
process control agent) so as to ensure uniform mixing of Ti and nano-Cu particulates. After blending,
hardened stainless steel balls of diameter 15 mm were added and the blended mixture was ball-milled for
2 hours. Ball-milling was carried out so as to allow the metallic particles to react with each other and to
get the nano-sized Cu particles effectively embedded in the micron size Ti-particles [22,23]. The ball to
powder weight ratio was kept at 20:1 and the speed of the milling machine was set at 200 rpm during
the blending and ball milling processes [21-23].

3.2.2. Melting and Casting

The Mg-based materials were prepared using the DMD technique [12,13]. The Mg turnings
together with the metallic additions were heated in a graphite crucible to 750 °C in an electrical
resistance furnace, under inert argon gas protective atmosphere. The superheated molten slurry was
stirred for 5 min at 460 rpm using a twin blade (pitch 45°) mild steel impeller. This facilitates uniform
distribution of the incorporated metallic elements in the Mg-matrix. The impeller was coated with
Zirtex 25 (86%ZrO,, 8.8%Y,03, 3.6%Si10,, 1.2%K,0 and Na,O, and 0.3% trace inorganic) to avoid
iron contamination of the molten metal. The melt was then released through a 10 mm diameter orifice at
the base of the crucible and it was disintegrated by two jets of argon gas (at a flow rate of ~25 L/min),
which was located at a distance 265 mm from the melt pouring point and oriented normal to the melt
stream. The disintegrated melt slurry was subsequently deposited onto a metallic substrate located
500 mm from the disintegration point. An ingot of 40 mm diameter was obtained following the
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deposition stage. The synthesis of pure Mg was carried out in a similar fashion, except that no alloying
elements were added.

3.2.3. Hot Extrusion

The pure Mg and the Mg-based materials obtained were machined to a diameter of 36 mm and
soaked at 400 °C for 60 min. Hot extrusion was then carried out using a 150 T hydraulic press at
350 °C with an extrusion ratio of 20.25:1 to obtain rods of 8§ mm in diameter. Samples from the
extruded rods were used for further characterization as detailed in the next section.

3.3. Materials Characterization

3.3.1. Density Measurements

The experimental mass densities of pure Mg and the Mg-based materials developed were
determined using Archimedes’ principle. This involved weighing the sample in air and then in distilled
water using an A&D ER-182A electronic balance with an accuracy of £0.0001 g. The theoretical
densities of composites were calculated using the rule of mixtures [10].

3.3.2. X-ray Diffraction Studies

X-ray diffraction (XRD) analysis was carried out on the polished samples of developed
Mg-materials using an automated Shimadzu LAB X XRD-6000 diffractometer. The samples were
exposed to Cu Ka radiation (A = 1.54056 A°) at a scanning speed of 2°/min. The Bragg angles and the
values of interplanar spacing, d, obtained were matched with standard values for Mg, Ti, Cu and other
related phases.

3.3.3. Microstructural Characterization

The grain morphology and distribution of second phases/particulates in Mg matrix were studied on
the as-polished samples. A Hitachi S-4300 field emission scanning electron microscope (FESEM)
equipped with energy dispersive X-ray spectroscopy (EDS), a Jeol JSM-5800 LV scanning electron
microscope (SEM), an Olympus metallographic optical microscope and Scion image analysis software
were used for this purpose. The microstructure of the as-received Ti and ball milled (Ti + Cu)gm
powders were also investigated using SEM for determining the average particle size and
particle morphology.

3.3.4. Mechanical Properties Measurements

The microhardness measurements were carried out on the as-polished samples of pure Mg and other
Mg-based materials using Matsuzawa MXT 50 automatic digital Microhardness tester. Vickers
indenter under a test load of 25 gf and a dwell time of 15 s was used to perform the micro hardness
tests in accordance with the ASTM standard E3 84-99. The tests were conducted on three samples for
each composition for 10—15 repeatable readings.
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A fully automated servo-hydraulic mechanical testing machine, Model-MTS 810 was used to
determine the tensile properties of the Mg-based materials, in accordance with ASTM test method
E8M-96. The crosshead speed was set at 0.254 mm/min. Specimens with 5 mm diameter and 25 mm
gauge length was used. Instron 2630-100 series clip-on type extensometer was used to measure the
failure strain. For each composition, a minimum of 5 tests were conducted to obtain repeatable values.
The compressive properties of the developed Mg-based materials along with pure Mg were determined
in accordance with ASTM test method E9-89a using MTS 810 testing machine with a crosshead speed
set at 0.04 mm/min. Compressive test specimens of 8 mm diameter with length to diameter ratio,
1/d~1, were used. For each composition, a minimum of 5 tests were conducted to obtain repeatable
values. The fracture surface analyses of all the Mg-materials, tested under tension and compression,
were studied using Jeol JSM-5800 LV SEM and Hitachi S-4300 FESEM.

4. Conclusions

The following are the conclusions that could be drawn from the present study:

(1) The addition of micron sized (Ti) particulates with negligible solubility and nano-sized Cu
particulates with limited solubility in Mg, resulted in the formation of Mg-Ti composite and
Mg-Cu alloy, respectively.

(2) While the inherent properties of Ti such as hardness, ductility and the good wettability of Ti and
Mg enhanced the strength and ductility of the Mg-Ti composite, the Mg,Cu eutectic phase
formation refined the grain size and significantly improved the mechanical properties in
Mg-Cu alloy.

(3) The effects of the combined addition of (micro-Ti and nano-Cu) metallic elements on the
properties of Mg primarily depend on their method of addition.

(4) In Mg-Ti-Cu, involving direct addition of micro-Ti and nano-Cu, strength properties improvement
with an adverse effect on ductility occurred and the reduction in ductility is attributed to the
overall higher volume fraction of the metallic particulates and intermetallics, morphology of
micron-sized Ti-particle, formation and agglomeration of Mg,Cu/Cu.

(5) The best strength properties were obtained in Mg-(Ti + Cu)gy, through the combined addition of
micron-sized Ti particles and nano-sized Cu particles after prior ball-milling. The elimination of
sharp corners of Ti particulates and Ti3Cu intermetallic formation during ball milling attributes to
the simultaneous improvement in strength and ductility when compared to Mg-5.6Ti-3Cu.
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