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Face centred cubic Ti–10 and 20Mg and Ti–6Al–4Mg (wt.%) alloy powders have been produced by high energy
ball milling, under argon, of elemental powder mixtures containing a process control agent (PCA). Milling
leads to a multi-disperse particle size distribution without affecting the particle morphologies. This affects the
thermal stability of the powders and the green densities of compacts. The green densities varied in tandem
with the d10 sizes of the powders and went through a minimum at 20 h of milling. Milling for 20 h could be
detrimental to powder consolidation and further processing.
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1. Introduction

Light weight structural materials are increasingly being used for
electronics, automotive and aerospace applications. The aerospace
industry in particular aspires to decrease the densities of materials
used for components because reducing density is the most effective
way of lowering the overall weight of a structural component [1].
Even though there is already an extensive use of Ti and its alloys in the
aerospace industry because of their low density, there is ongoing
research to find even lower density Ti alloys. There is a focus of
producing Ti-based alloys in combination with other light metal
elements such asmagnesium (Mg) and aluminium (Al). Magnesium is
particularly attractive since it has a density two-thirds that of Al.
Besides structural applications in the transportation industry, Ti–Mg
alloys have also been identified as potential materials for hydrogen
storage because of their safety, small volume and low weight [2].

The alloying of Ti andMghas a number of challenges that have already
been noted in literature (e.g., [3,4]). These include the fact that the
solubility of Mg in Ti is very low. Also, the boiling point of Mg (1380 K) is
much lower than the melting point of Ti (1941 K). This temperature
difference is important because conventional alloying would involve
melting of the elements, and this would lead to substantial losses of Mg.
Possible routes to achieve alloying of Ti and Mg are non-equilibrium
processes, notably vapor quenching [5] and mechanical alloying [6].
Mechanical alloying is themost popular process andhas also been applied
to Ti–Mg-based powders, e.g., Ti–Mg–Al [7].

The powders produced by mechanical alloying are consolidated by
powder metallurgy (PM) techniques, where they are pressed to form
82
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85
“green compacts,” also “green bodies” and then sintered at an appropriate
temperature-time combination. The PM process is affected by the
characteristics of the powder being processed. On the other hand, the
characteristics of the powder are affected by, in this case, the milling
parameters.

There is currently anappreciatevolumeof literatureon themechanical
milling of Ti–Mg-based powders, e.g., Refs 4 and 6 where the alloy
powders have been produced using attritor and planetary mills and the
SPEX milling machines. This powder has been obtained in the hexagonal
close packed (h.c.p.) crystal structure form. This work reports on face
centred cubic Ti–Mg-based alloy powders that have been produced using
a high energy ball mill. Unlike literature, we have linked the effect of one
milling parameter, time, to the ease of processing as determined by the
densities of the green compacts obtained after cold compaction. This is
important because green body densities affect further processing [8].

2. Experimental procedure

2.1. Materials

The nominal composition of powders were Ti–10Mg, and Ti–20Mg
and Ti–6Al–4Mg (all compositions in wt.%). The powder mixtures were
made from elemental titanium powder (~99.5% purity), elemental
magnesium powder (~99.5% purity) and elemental aluminium powder
(~99.5%purity), respectively. Thematerial safety data sheets provided the
powder particle sizes, determined by sieve analysis, as: 90%ofMgpowder
particleswere less than 71 μm, and 95% of both Al and Ti powder particles
were less than 45 μm. To enable comparisons with the mechanically
alloyed powders (Section 2.2), the mean sizes of the powders were
determined using a laser diffraction technique (Section 2.3) and found to
be 25±2 μm, 27±1 μm, and 73±8 μm for Ti, Al and Mg, respectively.
These sizes were within the ranges provided by the sieve analysis
c. Ti–Mg-based powders, Powder Technol. (2010),
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Fig. 1. SEM image of as-blended Ti–Al–Mg powder mixture. Particles identified using
EDS in SEM. Titanium powder particles are spherical, aluminium particles are nodular
and magnesium powder particles are platy.
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performed by the powder suppliers. The morphologies of the particles of
the Ti, Mg, and Al powders, obtained using scanning electronmicroscopy
(Section 2.3), were spherical, platy and nodular, respectively (Fig. 1).

2.2. Mechanical alloying

Carefully weighed elemental metal powder and process control agent
(PCA)mixturesweremilled at room temperature in a Simoloyer CM01-2l
high energy ball mill using a rotation speed of 800 rpm, a ball-to-powder
(mass) ratio (BPR) of 20:1 and uninterruptedmilling periods of 16, 20, 24
and 32 h. These periods were selected to allow complete alloying and
homogenization. The grinding media were 5-mm diameter DIN 100Cr6
chrome steel balls. Each milling run used 100 g of powder mixture to
which 8 wt.% stearic acid, the PCA, was added. The PCA reduces cold
welding of powder particles and their adhesion to the milling chamber
walls and grinding media (balls). To minimise powder oxidation, milling
was carried out under an argon atmosphere.

2.3. Powder characterisation

Milled powders were characterized for phases using a Phillips PW
1710 X-ray Diffractometer equipped with a Phillips Analytical X'pert
Fig. 2. XRD patterns of Ti–10Mg powders milled for (a) 0 h, (b) 16 h, (c) 20 h, (d) 24 h, and (
solid solution.

Please cite this article as: C. Machio, et al., Characterization of mechan
doi:10.1016/j.powtec.2010.11.023
Highscore software for identifying phases. A monochromatic Cu-Kα
radiation was used at 40 kV and 20 mA. The crystallite sizes of the milled
powders were approximated using the Scherrer equation [9] and
parameters of the main peak on the respective XRD patterns, in line
with literature on milling of powders [10,11]. The crystallite sizes were
determined only for comparison purposes because the Scherrer equation
does not consider the effect of strain and the sizes obtained have a large
margin of error [11]. However, the trend of variation of the sizes is similar
to that obtained by other models like the Williamson–Hall method [12].
Prior to the acquisition of patterns, the XRDwas calibrated using a silicon
single crystal. Powder particle morphologies were determined using a
JEOL JSM-6510 Scanning Electron Microscope (SEM). The Mg content in
the powders was approximated from a semi-quantitative SEM energy
dispersive spectroscopy (SEM-EDS) analysis using 10 different fields of
view. The size and size distributions of the particles were determined
using a Microtrac® Bluewave particle size analyser. Two samples were
used for each powder to determine the reproducibility of the particle size
distributions.

The thermal behavior of the powders was determined in the range
room temperature to 660 °C in an argon atmosphere using a
simultaneous thermal analyzer (Netzsch STA 449 F3 Jupiter). The
heating rate was 10 °C/min and the samples were furnace cooled to
room temperature after the maximum temperature was attained.

2.4. Powder compaction

The powders were compacted at room temperature using a hand
operated uni-axial press set to either 27 or 33 MPa. These translated to
pressures of 270 and 330MPa, respectively. Four compacts were pressed
from each powder. The densities of the compacts were determined using
their weights and dimensions, and presented as averages.

3. Results and discussion

3.1. Phases in alloy powders

TheXRDpatterns ofmilled Ti–10Mg andTi–20Mgpowders are given
in Figs. 2 and 3, respectively. All the patterns of the Ti–10Mg powders
had peaks of the same phase. The Ti and Mg peaks observed in the
unmilled Ti–10Mg powder mixture disappeared after 16 h of milling
e) 32 h. The unlabelled peaks on the XRD patterns of the milled powders belong to TiMg

ically alloyed f.c.c. Ti–Mg-based powders, Powder Technol. (2010),
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Fig. 3. XRD patterns of Ti–20Mg powders milled for (a) 0 h, (b) 16 h, (c) 20 h, (d) 24 h, and (e) 32 h.
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indicating the formation of a TiMg solid solution having peaks at ≈36°
(2θ) (major peak) and≈41.9° (2θ) (minor peak). On the other hand, the
XRD pattern for Ti–20Mg powder milled for 16 h (Fig. 3) had poorly
formed TiMg peaks, unlike the case for Ti–10Mg. This indicates that
alloyingwas delayed in the Ti–20Mg powders. This happened because a
higher amount of energy is required to force increasingly higher
amounts of Mg into the Ti crystal structure. When the energy imparted
to the powder mixtures is less as occurs when the milling time and/or
speed are low, only a small amount of Mg enters the Ti lattice [13].
Further milling of the Ti–20Mg powders led to the formation of peaks
similar to those of Ti–10Mg, indicating the complete formation of a TiMg
solid solution.

Reitveld analysis showed that the milled Ti–Mg powders all had a
face centred cubic (f.c.c.) crystal structure (Fig. 4) and that the patterns
could be approximated by f.c.c. Ti–(≈7 wt.%)Mg alloy. The observation
of the f.c.c. Ti–Mgsolid solution here is unlike literaturewhere theTi–Mg
alloy powder has been found to have an h.c.p. crystal structure [6,13,14].
These differences can be attributed to the fact that earlier researchers
used the SPEX 8000 milling machine, while the present work has been
Positi
10 20 30 40

Counts

0

100

400  Ti-10Mg 24 h 800rpm 8%PCA
Ti-10Mg D7 100.0 %

Fig. 4. Experimental and Reitveld-fitted XRD patterns of a Ti–Mg powder milled for 24 h

Please cite this article as: C. Machio, et al., Characterization of mechan
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done using a Simoloyer CM01-2l high energy ball milling machine. The
Simoloyer CM01-2l is more energetic than the SPEX 8000 [15].

The XRD patterns of milled Ti–6Al–4Mg are shown in Fig. 5. All the
elemental peaks had disappeared after 16 h of milling and on
subsequent milling, suggesting that a solid solution, Ti–(Al,Mg), had
formed. The position of peaks of the alloy powders were similar to the
position of peaks for milled Ti–10Mg and Ti–20Mg (Figs. 2 and 3),
implying that the crystal structure of the Ti–(Al,Mg) solid solution is
also f.c.c. The formation of an f.c.c. crystal structure is unlike literature
where milled Ti–Al–Mg powder have been reported to have an h.c.p.
crystal structure [7]. As was the case for Ti–Mg above, the Ti–Al–Mg
powder referred to had been milled in a planetary ball mill, which is
less energetic than the SPEX 8000 mill already mentioned above [16]
and is therefore much less energetic compared to the Simoloyer CM01
used in the current study [15].

The formation of f.c.c. solid solutions in both the TiMgandTi–6Al–4Mg
powders observed here is similar to milled Ti–Al powders [17]. ts
occurrence is attributed to the polymorphic h.c.p. to f.c.c. transformation
that occurs for highenergymilled h.c.p. Ti [10,17] powder. Theh.c.p.→ f.c.
on [°2Theta]
50 60 70 80

. Similar fitted patterns were obtained for the powders milled for 16, 20 and 32 h.

ically alloyed f.c.c. Ti–Mg-based powders, Powder Technol. (2010),
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Fig. 5. XRD patterns of Ti–6Al–4Mg powders milled for (a) 0 h, (b) 16 h, (c) 20 h, (d) 24 h, and (e) 32 h. Peaks on the XRD patterns of milled powders are for Ti(Al,Mg).
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c. Ti transformation is accompaniedby an increase in volumeof the crystal
unit cell [10], and it this increase that can account for the observed high
solubility of Mg in Ti. It is difficult to have higher amounts of Mg in Ti in
milling events where the Ti remains h.c.p. after milling [13].

The XRD peaks of the f.c.c. phase formed after milling were
broadened and similar to other milled powders [7,11,18]. The peak
broadening is associated with a decrease in the size of the crystallites
interacting with X-rays to the nanometer range and plastic strain in the
powder particles. Table 1 gives crystallite sizes for the powders in this
study. Thesizes,which are comparable to those found in literature [6,19],
decreasedwith increasingmilling time, a phenomenon that is also in line
with literature of other milled powders [18]. However, unlike an earlier
study where the crystallite size decreased with Mg content, in the
current study, the crystallite size is independent of the magnesium
content [6]. In general, the crystallite size is a function of the amount of
plastic deformation,whichdetermines the amount of crystal defects that
form in thematerial beingmilled and the possible recovery process, and
is dependent only on the melting point of the alloy [20].
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3.2. Powder particle morphologies and mg content

All the milled powders had a collection of both small and large
particles. The particle shapes was a mixture of globular, granular and
irregularly shapes, similar to literature [6]. Fig. 6 (for Ti–10 wt.% Mg)
shows representative morphologies. The particles also appeared
rougher and this was found to have been due to the collection of
smaller particles on the surfaces of other larger particles (Fig. 7).

Table 2 gives the Mg content of the milled powders. While the
overall composition of each powder was close to the nominal
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Table 1
Crystallite sizes of milled powders.

Milling time (h) Crystallite size1 (nm)

Ti–10Mg Ti–20Mg Ti–6Al–4Mg

16 22.0 24.6 -
20 18.0 13.9 11
24 9.2 10.1 10
32 9.2 8.3 -

1 Only the major peak of each powder was used to determine the grain sizes.
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composition, the standard deviations showed the compositions of
the powders varied from point to point. This chemical heterogeneity is
common for milled powders [21]. It probably occurs because of the
lack of extensive diffusion that is required to allow a redistribution of
atoms to eliminate concentration gradients. The solute atoms
ordinarily segregate at the grain boundaries [22].

3.3. Particle size analysis

Figs. 8–10 show the characteristic normal size distribution curves
for the milled powders. Size in this case refers to the diameters of the
powder particles. Compared to before milling, the curves for the
milled powders were shifted to the left, i.e., to smaller values. The
powder blends before milling were mono-disperse while the milled
powders were multi-disperse, with the degree of multi-dispersion
depending on the milling time. The Ti–10 wt.% and Ti–6Al–4Mg (wt.%)
milled for 20 h had a tri-modal particle size distribution, implying the
presence of very small particles (fines) while milling for the other
durations led to powders with a bi-modal particle size distribution. On
the other hand, the milled Ti–20Mg (wt.%) powders were only bi-modal
and without any fines.

The d10, d50 and d90 particle sizes are provided in Tables 3–5. The
initial milling of 16 h led to a substantial decrease of powder particle
size. However, the rate of decrease slowed down on continuedmilling
and particle size values went through a minimum before gradually
increasing and becoming independent of the milling time on
continued milling, as shown in Fig. 11 for the mean sizes (d50).

The evolution of particle size duringmilling observed here, as in other
milling work, is a function of two competing processes: particle
fragmentation and agglomeration through cold welding [23]. An initial
steep decrease of particle size occurs due to particle fragmentation. In the
current study, the process of fragmentation continued to about 20 h of
milling (Fig. 11). At the same time, agglomeration by cold welding was
starting to occur. While fragmentation dominated agglomeration during
milling up to 20 h, longer milling resulted in agglomeration dominating
fragmentation. This led to a slight increase of particle size (Fig. 11). It
would have been expected that the agglomeration produced larger
particles, but this is stopped by the development of a steady state
between fragmentation and agglomeration. The steady state situation
leads to the particle size becoming independent of the milling time
(Fig. 11), and is line with literature [11]. The mean particle size (d50) of
ically alloyed f.c.c. Ti–Mg-based powders, Powder Technol. (2010),
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Fig. 6. SEM micrographs of Ti–10Mg powders milled for (a) 16 h, (b) 20 h, (c) 24 h, and (d) 32 h.
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the powders appeared to converge to the same value after 32 h of
milling, implying that the particle size evolution on continued milling
was determined by the Ti, which was present in larger quantities.

The slight agglomeration observed on milling beyond 20 h occurred
probably because the PCA became less effective on longer milling due to
decomposition [24]. The fact that the fracturing process appears to have
peaked at 20 h can explain the occurrence of the tri-modal particle size
distribution observed in Figs. 8–10. The formation of the finer particles in
Fig. 7. Roughened appearance of large particles was caused by a collection of smaller
particles on the surfaces of other particles.

Please cite this article as: C. Machio, et al., Characterization of mechan
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Ti–20Mg appears to have been mitigated by the presence of a larger
volume fraction of the coarser Mg powder:
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3.4. Thermal behavior

Fig. 12 shows the characteristic thermal behavior of both the Ti–Mg
and Ti–6Al–4Mg milled powders. All the graphs have a broad
endothermic peak centred at around 100 °C that was probably caused
by the evaporation of the PCA, which had been intentionally added to
aid in the milling process (Section 2.2). The thermal behaviors of the
of the Ti–10Mg powders milled for 16, 24 and 32 h were similar, with
a characteristic appearance as shown in Fig. 12a for powder milled for
16 h. A broad exothermic peak between 100 °C and 430 °C preceded a
sharp exothermic peak at around 480 °C and a sharp endothermic
peak at about 648 °C. In contrast, the powders milled for 20 h were
characterized by two broad exothermic peaks between 100 °C and
430 °C, centred at 291 °C and 405 °C, respectively. These were
followed by smaller exothermic peaks at 497 °C and 542 °C. There
were also endothermic peaks centred at 359 °C and 517 °C. In
Table 2 t2:1

Mg and Al contents of milled powders as determined by EDS.
t2:2
t2:3Milling time (h) Mg content (wt.%) Al content (wt.%)

t2:4Ti–10Mg Ti–20Mg Ti–6Al–4Mg Ti–6Al–4Mg

t2:516 8.9±0.6 16.6±0.8 4.0±0.3 6.5±0.4
t2:620 8.5±0.6 16.8±1.0 4.1±0.6 6.5±0.9
t2:724 9.0±0.5 16.4±1.2 3.7±0.3 5.9±0.5
t2:832 9.0±1.0 17.9±0.8 3.8±0.3 5.6±0.3

ically alloyed f.c.c. Ti–Mg-based powders, Powder Technol. (2010),
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Fig. 8. Particle size distribution curves for milled Ti–10Mg powders.
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Table 3 t3:1

Particle size distribution of Ti–10Mg powders.
t3:2
t3:3Milling time d10 (μm) d50 (μm) d90 (μm)

t3:40 h 24.1±0.2 53.4±0.5 104.3±3.5
t3:516 h 1.7±0.1 9.5±0.1 38.2±6.8
t3:620 h 1.1±0 10.6±0.7 50.8±8.9
t3:724 h 1.6±0.3 11.3±0.4 43.8±3.1
t3:832 h 1.5±0.3 12.6±0.2 52.2±3.5

Table 4 t4:1

Particle size distribution of Ti–20Mg powders.
t4:2
t4:3Milling time d10 (μm) d50 (μm) d90 (μm)

t4:40 h 25.2±0.3 46.2±0.7 106.9±1.5
t4:516 h 3.3±0.4 13.8±0.4 38.3±1.1
t4:620 h 2.9±0 11.7±0.1 32.2±0.4
t4:724 h 3.1±0.2 13.8±1.5 45.1±12.7

Table 5 t5:1

Particle size distribution of Ti–6Al–4Mg powders.
t5:2
t5:3Milling time d10 (μm) d50 (μm) d90 (μm)

t5:40 h 8.9±0.2 25.2±0.6 76.0±1.0
t5:516 h 1.8±0.2 10.7±0.5 33.5±1.9
t5:620 h 0.8±0.2 6.8±0.4 28.7±1.7
t5:724 h 1.6±0.3 8.5±0.4 28.5±0.3
t5:832 h 1.3±0.3 11.5±1.7 45.0±7.0

50

60

0)

Ti-10Mg Ti-20Mg Ti-6Al-4Mg
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comparison to the Ti–10Mg powders, the Ti–20Mg powders had very
similar curves regardless of the milling time (of 16, 20, 24, and 32 h).
These were characterized by a broad exothermic peak between 100 °C
and 500 °C, followed by an exothermic peak at about 527 °C as shown
for powders milled for 16 and 20 h (Fig. 12b).

The thermal behaviors of the Ti–6Al–4Mg powders were similar to
those of the Ti–10Mg powders. The powders milled for 16, 24, and 32 h
had one broad exothermic peak between 100 °C and 550 °C, centred at
approximately 330 °C, followed by an endothermic peak at 548 °C and by
anotherexothermicpeakat592 °C.On theotherhand, thepowdersmilled
for 20 hhad two exothermic peaks between 100 °C and 550 °C, centred at
290 °C and 410 °C respectively, followed by an endothermic peak at
528 °C (Fig. 12c).

The very broad exothermic peaks on the thermograms of all the
powders at lower temperatures can be associated with the occurrence of
recovery processes, which help release the strain energy stored in the
powders due to themillingprocess [25]. On theotherhand, the very sharp
exothermic peaks obtained for both the Ti–10Mg and Ti–20Mg powders
(milled for 16, 24, and 32 h) (Fig. 12a and b) could have been caused by
the decomposition of the supersaturated TiMg solid solutions. Similar
sharp exothermic peaks are not obtained for the Ti–6Al–4Mg powders
because the level of saturation is less since Ti dissolves some Al and the Al
also dissolves some Mg under equilibrium conditions. It could also be
argued that the sharp exothermic peaks on the curves for the Ti–Mg
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Fig. 10. Particle size distribution curves for milled Ti–6Al–4Mg powders.
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powderswere causedbya reductionof thegrainboundary areadue to the
growth or coarsening of the nanosize grains. However, this does not
appear to be the case since the curves of the Ti–6Al–4Mgpowders did not
have similar sharp exothermic peaks yet they also had nanosize grains
(Table 1). Also, it has been shown that grain growth/coarsening is not
associated with a large enthalpy change [26]. On the other hand, similar
exothermic peaks have been associated with a phase change [27] for
milled Fe–Cu powders, which, like the Ti–Mg powders in this study, are
immiscible under equilibrium conditions. It is therefore possible that a
similar phenomenon is occurring for the Ti–Mgpowders in this study, and
will be investigated. The smaller exothermic events for Ti–10Mg and Ti–
6Al–4Mgpowdersmilled for 20 h couldbe decomposition events brought
about by varying powder particle size.

The endothermic peaks at approximately 359 °C and 517 °C on the
curves of the Ti–10Mg powder milled for 20 h were probably caused by
themelting of thefines thatwere generatedduringmilling (Figs. 8 and9).
The same can be said of the endothermic peak at approximately 370 °C on
the curve for the Ti–6Al–4Mg powder milled for 20 h. The endothermic
peak at about 550 °C for the Ti–6Al–4Mg powders milled for 16, 24 and
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Fig. 11. Variation of mean particle size (d50) with milling time.
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Fig. 12. Thermal behavior of milled powders (a) Ti–10Mg, (b) Ti–20Mg, and (c) Ti–6Al–4Mg.
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32 h and a similar peak at about 530 °C on the curve of the powdermilled
for 20 hwere probably caused by themelting of Alwhosemelting point is
decreased by milling [18], while the sharp endothermic peak at about
648 °C on the curves for Ti–10Mg (wt.%) powders is associated with the
melting of Mg.

3.5. Green density and compaction effects

The green densities after compaction went through a minimum at
20 h (Fig. 13) andmirrors the variation of themean particle size of the
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10th percentile (d10) (Tables 3–5) which for all the powders went
through a minimum at 20 h. This indicates that the green densities
were a function of the amount of the fine particles in each milled
powder, and not necessarily the mean particle size (d50). As already
noted, the d50 values of all the powders converged to a similar value
with continued milling up to 32 h (Fig. 11). In general, powders with
fine particles are associated with lower green densities [28].

The variation of green density with milling time (Fig. 13) is similar
to the variation of tap density with milling time. The suggestion in
literature is that this variation is caused by the evolution of
morphology from spherical through lamellar back to spherical [29].
This sequence of evolution was not observed in the current study,
where the powder particle morphologies of the different powders
were similar (Figs. 6 and 7).

The green density is an important parameter for materials processed
by the powder metallurgical route because it affects the properties of the
sintered components. Ideally, the green density needs to be as high as
possible [30]. It is possible that the lowdensities obtained for the powders
milled for 20 h can be detrimental to further processing steps.

4. Conclusions

This work has shown that high energy milling of Ti–10Mg, Ti–20Mg,
and Ti–6Al–4Mg powder mixtures lead to the formation of f.c.c. Ti-based
alloy powders whose crystallite size decreases with milling time. The
particle size distribution is dependent on themilling timeandMgcontent.
Milling for20 hproduces tri-modalparticle sizedistributionwithveryfine
particles compared to bi-modal distributions for the other milling
durations and for higher Mg contents. The fine particles formed after
milling for 20 h lead to the appearance of more thermally induced events
leading tomoreexothermicpeaksduringheating. The thermalbehaviorof
the powders is however more complicated and further experimental
work is continuing to provide a better understanding of the behavior. The
milling time needs to be optimized for any alloy system since it affects
green densities and further processing of the milled powder.
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