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Abstract

Titanium aluminides are considered the choice material for next generation propulsion systems due to their high
specific strength and high temperature performance coupled with good oxidation resistance. They are considered best
materials for specific applications in the aerospace and automobile industry. Their production process, however,
determines the final phase in the alloy, which greatly affects their mechanical properties. The effect of the milling
parameters on the particle size and the formation of phases were studied on mechanically alloyed Ti-Al powder. A
high-energy ball mill (HEBM) was used to mill a mixture of CP Ti and Al to produce titanium aluminide. The alloy
was produced at a fixed ball-to-powder weight ratio of 10:1 whilst varying the milling speed and milling time. The
mechanically produced powders were analysed using SEM with EDX and XRD to investigate the chemical
homogeneity and the formation of phases after the mechanical alloying technique. The analysis of the mechanically
alloyed powders from the mill are reported in terms of the morphology evolution during different milling speed,
milling time, elemental composition and the phases formed. Alloys milled at a speed of 500 rpm for a milling time
range of 5 to 20 hours revealed the formation of Ti alpha (a-Ti) and gamma phase (y-TiAl).
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1. Introduction

Titanium aluminide have gained a considerable attention over the last decades due to its high oxidation resistance and
strength retention at high temperatures [1-4]. Titanium aluminide is largely used in the manufacturing of high
performance gas turbine engines [5] and is primarily considered suitable replacement for Ni based super alloys [6].
At equilibrium conditions, the solubility of Al in Ti is reported to be 0.5% whereas there is no solubility of Ti in Al at
room temperature. It has, however, been found that through mechanical alloying process, up to 60 % Al can be
dissolved in Ti whilst the solubility of Tiin Al is up to 36 % [7]. The mechanism of phase formation during mechanical
alloying is through solid state diffusion process. The identified engineering applicable phases within this alloy are the
TiAl or gamma (y) phase and TisAl or alpha 2 (a2) phase. The vy is formed between 48.5 and 66 % Al whereas the a,
is formed between 20 and 39 % Al [7]. A dual phase can be formed between 37 % and 49 % Al. The alpha 2 phase
have been identified to exhibit good oxidation resistance and high temperature performance with very little ductility
whilst the gamma phase has good oxidation resistance but no ductility at room temperature [8,9]. Research have shown
that these problems are somehow resolved with the dual phase but not completely done away with [10-12].

Manufacturing techniques such as casting, forging and rolling which have been traditionally employed to produce the
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titanium aluminides are found to be costly with high energy consumption and excessive material loss [13,14]. It has
however been pointed out that the above stated difficulties associated with the production process can be overcome
through the use of powder metallurgy and the solid state production techniques [15,16]. Mechanical alloying (MA)
which is a powder metallurgy process has been identified as a feasible and promising route for cost effective
production of Ti based alloys [16-18]. One major problem identified with the MA is the contamination with the milling
media and container, which are associated with the processing parameters such as speed, time and ball to powder
weight ratio [15]. Mechanical alloying involves repeated deformation, fracturing and re-welding of particles in highly
energetic ball collisions [19]. The result is a synthesis of an equilibrium phase with distinct mechanical properties and
characteristics, which are dependent on the mechanical milling, process parameters [20]. There is a critical speed at
which the balls should be mobilised beyond which the balls get pinned on the walls of the vessel [21]. It is
recommended that the rotational speed be set below the critical speed due to the fact that, high speed also increases
the milling temperature [16]. This may be advantageous especially if high diffusion and homogenization is a
requirement [13] but possible contamination cannot be ruled out in such a situation. On the other hand, increase in
temperature may accelerate the transformation process and result in decomposition of metastable phase formed during
milling [23]. This paper explores the possibility of producing titanium aluminide with 20 %Al through mechanical

alloying by assessing the effect of varying the milling speed and time on the expected alloy phase.

2. Experimental Procedure

The powders used in the current study consist of an 80 wt. % CP Ti and 20 wt. % Al. The ratio of 80% Ti: 20
% Al was chosen in order to increase the ductility of the alloy at room temperature (RT). The Ti was of ASTM
grade 2 quality with particle of 100 mesh (~150 um) whiles the Al was of ASTM grade 1 with particle size of
120 mesh (~120 pm). The starting material comprised of 99.79 % pure Ti and the 99.98% pure Al. The mixture
was milled using the Simoloyer high energy ball mill (HEBM), using a high strength stainless steel jar in order
to produce a mechanically alloyed Ti20Al alloy powder. The milling speed and milling time were varied as
shown in table 1 while ball-to- powder weight ratio (BPWR) was kept constant at 10:1. The mill feed was
composed of 200 g powder blend and 2000 g 5 mm diameter 100 Cr6 stainless steel milling balls.

Table 1: Milling speed and time used for the production of Ti20Al alloys.

Milling Parameters Ti20Al Alloys
Time (hr) 5 5 5 6 8 14 16 18 20
Speed (rpm) 250 500 1000 500 500 500 500 500 500

Scanning electron microscope (SEM), a JEOL® JSM-instrument 6510 with a tungsten electron gun equipped
with energy dispersive —ray spectroscopy (EDX) was used to study the morphology and chemical analysis. X-
Ray powder diffraction analysis was carried out in a PAN analytical X-Pert X-Ray diffractometer with Cu Ka
radiation (£ = 1.5421 A). Several powder samples were analysed over the 20 range of 5 = 90° with a scanning
step size of 20 = 0.026°, and a scan rate of 58 seconds/step. X Pert- High Score® analysis software package

was used to analyse the resulting X-ray diffraction patterns.



3.0. Results and Discussion

3.1 Morphology of the as-received Ti and Al elemental powder

The morphology of the as-received Al and Ti elemental powder, and Ti-20 wt. % Al mixture is shown in
Figures 1a, 1b and 1c respectively. The particle size distribution of the spheroidized Al powder ranged from 3
to 45 um, while the irregular Ti powder from 5 to 150 pm.

Figure 1: SEM Micrographs of the as received powders showing the morphology of a) Al particles b) Ti particles c) mixture of Ti and Al
particles. All images were taken at 300x magnification.

3.2. Effect of milling speed
SEM micrographs of Ti20Al alloys produced at milling speeds of 250, 500 and 1000 rpm are shown in Figures

2a, 2b and 2c respectively. Ti20Al particles change from coarse and irregular shape to fine and flake particles

as the milling speed increased.

Figure 2: SEM micrographs of Ti+20Al alloys produced at milling time of 5hrs, BPWR of 10:1 and milling speed of a). 250 rpm, b). 500 rpm
and c). 1000 rpm. All images were taken at a magnification of 50X

An increase in the homogeneity of the morphology with increasing milling speed was observed as shown by
the SEM micrographs in Figures 2. Surface morphology of the alloy produced at 250 rpm was found to be
inhomogeneous with individual elements being clearly distinct as seen in the Fig.2a. The 250 rpm sample
generally appears to be coarsened and exhibits incomplete alloying. The alloy produced at 500 rpm surface
morphology is partially homogeneous. The general appearance of this 500 rpm alloy is finer but shows
incomplete alloying with a combination of rounder and flat particles. The alloy produced at 1000 rpm shows a
homogeneous surface with finer particles. There appears to be some form of alloying in the sample milled at

1000 rpm but the images are not conclusive enough.



The X-ray diffraction of the mechanically milled Ti20Al alloyed at 250, 500 and 1000 rpm for 5 hours is given
in Figure 3. The as mix Ti+20 wt.% Al elemental powder showed a sharp Bragg diffraction peaks of Ti (hcp) and
Al (fce) with high count intensity, and the formation of a-Ti (hep), y (TiAl, tetragonal) and AlsTi (Tetragonal)

stable is revealed.
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Figure 3: X-ray spectrum of Ti20Al powders milled at different milling speeds

It is worth noting that after milling, Ti and Al peaks had shortened and broadened and some peaks in the range of
60-70 20 position completely disappeared with increasing speed. The repeated cold welding and fracturing of
particles led initially to solid state reactions/defects enhanced diffusion and subsequently to metastable and stable
solid phase transformation (crystalline structure change). This resulted in increase of density of crystalline defects
and dislocations. This increased in diffusion resulted in the broadening of the observed XRD peaks [6,7]. Titanium
and Aluminium dissolve to form a homogeneous Ti-Al solid solution or phase depending on Ti or Al content [7].
The Ti a-phase, y-TiAl and Al rich phase such as AlsTi are revealed by the XRD analysis. The expected phases
in the Ti-Al systems at 80 wt. % Ti and 20 wt.% Al are hexagonal TizAl (a2) and face-centred tetragonal TiAl (y),
but in the experimental mechanical milling conditions the face-centred tetragonal AlsTi was observed instead of
TisAl (a2).

The amount of formed stable phase such as a-Ti (hcp), y (TiAl, tetragonal) and AlsTi (Tetragonal) is given in



Table 2. High content in o-Ti and y (TiAl) is noticed at milling speed of 500 rpm which is the optimum milling
speed of the alloying. Increasing the milling speed decreased the efficiency of the alloying process due to the loss
of elemental powder by sticking effect.

Table 2. Phase composition in Ti-20Al mix and alloy after milling for 5 hours at different milling speeds

Elements/Phases, wt.% Ti Al a-Ti #AITi Al3Ti
Ti-20Al Mix 80 20
Ti-20Al 250 rpm 78 15 8
Ti20Al 500 rpm - 69 24 7
Ti20Al 100 rpm - 89 8 3

The average particle size of Ti20Al alloyed powder plotted as a function of the milling speed is shown in Figure
4. The particles were initially found to be increasing in size due to welding of the particles that took place. The
average particle size decreased from about 45 to 20 pm as the milling speed increased from 250 to 1000 rpm.

This trend showed a plateau slightly below 45 um from 1000 rpm for a constant milling time of 5 hours.
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Figure 4: The variation of average particle size of the Ti20Al alloyed powder as a function of the milling speed showing the inverse
relationship between the particle sizes and the milling speed.

3.3. Effect of milling time

Figure 5 shows SEM micrographs of the samples milled at different milling times of 6, 10 and 14 hours. The
micrographs show that there is an increase in homogeneity with increase in milling time. The morphology of the
alloy milled at 6 hours exhibited partial homogeneity consisting of both round and flat shaped particles. The alloy
milled at 8 hours have homogenous, rounder, and flat particles whereas the 14 hours milled alloyed being more

homogenous and platelet.



Figure 5: SEM Micrographs of alloys produced at milling speed of 500 rpm, BPR of 10:1 and milling duration of a). 6 hours, b). 8 hours

and c). 14 hours. All images taken at a magnification of 50X.

The XRD spectrum of Ti+20Al mixture milled at 500 rpm for 5, 8, 14, 16, 18 and 20 hours is given in Figure 6.
The as mix Ti+20 wt.% Al elemental powder showed a sharp Bragg diffraction peaks of Ti (hcp) and Al (fcc)

with high count intensity. The formation of a-Ti (hcp), v (TiAl, tetragonal) and AlsTi (Tetragonal) stable is

revealed as shown in Figure 6. The XRD patterns displayed a remarkable change as the milling time increased

with Ti and Al peaks broadening and decreasing intensity with increasing milling times. The broadening of the

peaks signify reduction in crystallite size and inducement of strain in the mechanically alloyed powders. It can

generally be noticed that there is an increase in the broadening and the weakening of the peaks of Ti and Al with

increased milling time.
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Figure 6: X-ray spectrum of Ti20Al mixture and mechanically alloyed powders milled at different milling times.

The a-Ti (hep), y (TiAl bet) and AlsTi (Tetragonal) phase contents are given in Table 3. High content in a-Ti and

v (TiAl) is noticed for milling time of 18 hours. Increasing the milling time had a favourable effect on the alloying

process of Ti +20 wt. % Al mixture.



Table 3. Phase composition of Ti-20Al mix and alloy after milling at 500 rpm for different milling times

Elements/Phases, wt.% Ti Al a-Ti 7AlTi Al3Ti

Ti-20Al Mix 80 20

Ti-20Al 5 hrs 69 24 7
Ti20Al 6 hrs - 77 15 8
Ti20Al 8 hrs - 79 15 6
Ti20Al 14hrs 79 15 6
Ti20Al 16 hrs 74 19 7
Ti20Al 18 hrs 62 29 9
Ti20AI 20 hrs 72 19 9

A comparison of the principal XRD peaks patterns for different milling times is an indication of an apparent
shift for the diffraction peaks to higher angles. The shifting of the peaks shows that the inter-diffusion between
different elemental atoms has taken place leading to formation of solid solution of Ti (Al). The line broadening
and peak shifting during the mechanical milling at different milling times can be attributed to lowering of lattice
parameter of Ti as a result of the Al diffusion which aids in the formation of Ti (Al) through solid solution. This
means there is phase formation in the alloy through solid solution during the mechanical alloying process [7].
This solid solution has however proven to be dependent on the milling time during the mechanical alloying
process. The broadening of the elemental peaks also confirms a decrease in the effective particle size. Refined

Nano particle sizes of TiAl powders were obtained only after 10 hrs of milling time as shown in figure 7.

The average particle size of Ti20Al alloy milled at 500 rpm for 6, 8, 10, 14, 16, 18 and 20 hours is shown in

Figure 7. The average particle size decreased from about 45 to 30 nm as the milling time increased from 5 to 20

hours.

50
— 45
€ [ ]
5 Seo
GN) ““&
5 40 ([ ) Seas

-

% [ J “~~~~~
=} S
B 35 .‘s~
o ‘*~
& it W
© S~es
o 30 ®
>
<

25

20

4 6 8 10 12 14 16 18 20 22

Milling time (hrs)

Figure 7: The variation of the average particle size of the Ti20Al alloyed powder as a function of the milling times



3.4, Conclusions
The phase formed, morphology and structure of the Ti-20 wt. % Al powder milled using high speed energy

ball mill at varied milling speed and milling times have been investigated. Based on the observations made on

the milled alloys at a constant ball to powder ratio of 10:1, the following conclusions were drawn:

Milling of Ti20Al with Nano crystalline particles sizes has been observed to be formed after 10 hours of

milling at a speed of 500 rpm.
The y-TiAl (gamma) and o-Ti (alpha) phase content increased with increasing milling time
Milling Ti+20 wt. %Al mixture led to the formation of a-Ti (hexagonal), AlsTi (tetragonal) and y-TiAl (face-

centred tetragonal) stable phases.

The particle sizes of mechanically alloyed Ti20Al decreased with increasing milling time.
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