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EffEct of Ball on SPS charactEriSticS of ti-al-nd PowdErS PrEParEd  
By high EnErgy Ball Milling 

The effects of different types of balls on spark plasma sintering (sPs) characteristics of high energy ball milled Ti-48wt% 
al-4   wt% nd powders were investigated. after ball milling with sTs balls and zirconia balls at 800 rpm for 3 h in argon atmos-
phere, both powders showed shape factors of about 0.8, but their average powder sizes differed respectively at approximately 11 
µm and 5 µm. From XRD results, only the peaks of pure Ti, al and nd were detected in both powders. The obtained Ti-al-nd 
powders were consolidated by sPs technique at 1373 K for 15 min under a pressure of 50 MPa in vacuum, resulting in high density 
over 99%. eDs and XRD analyses indicated the formation of binary phases such as Tial3, Tial, Ti3al5, and ndal3 after sPs in 
both cases of sTs and zirconia balls, while the ternary Ti-al-nd phase was detected only in the case of zirconia balls. The size of 
second phases was slightly smaller in the case of zirconia balls. The microhardness of the sample was 790 Hv with zirconia balls 
and 540 Hv with sTs balls.
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1. introduction

Titanium and titanium alloys have been widely employed in 
industrial and biomedical applications because of their relatively 
low density, low modulus of elasticity, high specific strength, 
good biocompatibility, and corrosion resistance [1,2]. in par-
ticular, Ti-48wt% al based alloys display excellent toughness 
in high temperature and exceptionally low density due to the 
presence of an intermetallic compound TiAl(γ). This makes them 
suitable for automotive engines or aircraft turbines [3-7]. add-
ing rare elements to a Tial binary alloy can further increase its 
ductility, oxidation resistance, and hardness at high temperature 
[8,9]. Recently, a method was developed to successfully extract 
nd, a rare earth element, from recycled ndFeB magnets [10]. 
This proposes a strong possibility for nd to be used as a new 
alloy element for titanium alloys. However, not much is known 
about the effects of adding nd on the microstructure and the 
mechanical properties of Ti-al alloys. 

Ti alloys can be generally manufactured by arc melting or 
powder metallurgy processing methods. among these meth-
ods, high energy ball milling is an economic, simple, and yet 
powerful method to produce nanostructured and amorphous 
materials  [11-14]. However, high energy ball milling can be 

greatly affected by the composition of the powders as well as 
various milling conditions. some of the most important milling 
conditions are found in relation to the balls, such as their type, 
shape, weight, and size distribution [15,16]. additionally, spark 
plasma sintering (sPs) is a novel method that enables shorter 
sintering durations, relatively high sintering pressures, and low 
temperature during sintering. These unique features lead to fine 
microstructure and high sintering density [17-19].

in this study, pure Ti, al, and nd powders are high energy 
ball milled with two different types of balls: sTs and zirconia. 
The milled powders and their subsequently sPsed samples are 
evaluated based on their microstructures and microhardness.

2. Experimental

Pure Ti, al, and nd powders mixed with a weight ratio of 
48:48:4 were high energy ball-milled with either sTs or zirconia 
balls that are approximately 5.0 mm in diameter at 800 rpm for 
3 h in argon atmosphere [19,20]. The obtained Ti-al-nd milled 
powders were consolidated by sPs at 1373 K for 15 min under 
50 MPa pressure. The microstructures of the Ti-al-nd powders 
as well as their sintered samples were observed with an optical 
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microscope (oM) and a scanning electron microscope (seM). 
image analysis was used to calculate the mean size and shape 
factor of the powders. energy dispersive spectroscopy (eDs) 
and X-ray diffractometer (XRD) were utilized to analyze the 
components and phases of the milled powders as well as their 
sintered samples. The size of particles and the second phases was 
determined by measuring full width at half maximum (FWHM) 
(= 0.9λ/βcosθ, where λ is x-ray wavelength, θ is Bragg angle, β 
is line broadening in radians) in XRD peaks. The density of the 
sintered samples was measured according to the archimedes’ 
principle, and the micro-hardness was measured under a load 
of 1 kg for 10 sec.

3. results and discussion

The seM images of initial Ti, al, and nd powders are 
shown in Fig. 1. The initial Ti powders show irregular shapes, 
and the initial shapes of the al powders are round. Their re-
spective initial mean sizes are approximately 20 and 40 μm. In 
addition, the nd powders employed in this study revealed chip 
typed shapes with a mean size of ~150 μm. Fig. 2 shows the 
seM images and eDs analyses of the Ti-al-nd powder mixtures 
milled with sTs balls and zirconia balls. The figure confirms that 
46.3wt% Ti, 49.0wt% al and 4.7wt% nd powders are uniformly 
distributed after the ball milling process, which corresponds 

relatively well to the objective composition. it also shows that the 
powder size gets smaller when the ball type is changed from sTs 
to zirconia. The mean size, shape factor, and size distribution of 
the milled powders are quantitatively analyzed and represented 
in Fig. 3. The mean powder size is approximately 11 μm with 
STS balls whereas it is approximately 5 μm with zirconia balls. 
However, the change in ball material has little effect on shape 
factor, as both milled powders show similar value of approxi-
mately 0.8. The size distribution of powders milled with zirconia 
balls is 2~20 μm, whereas, in the case of STS balls, it is between 
3~30 μm. In addition, the highest number peaks of both powders 
well correspond to the mean powder size.

Fig. 1. seM images of initial Ti, al, and nd powders

Fig. 4 demonstrates the XRD patterns of Ti-al-nd mixed 
powders each milled with sTs balls and zirconia balls. only the 
peaks of pure Ti, al, and nd are observed, which indicates no 

Fig. 2. seM images & eDs analyses of mixing powders milled with (a) sTs balls and (b) zirconia balls

(a) 

                       

(b)

Fig. 3. (a)Mean powder size, shape factor and (b) size distribution of as-milled powders
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occurrence of mechanical alloying as well as no difference in 
the locations of the peaks. However, the peaks appear to be wider 
with the use of zirconia balls, which signifies decrease in particle 
size. The particle size measured by FWHM is 15~20 nm in the 
case of zirconia balls and 18~25 nm in the case of sTs balls.

Fig. 4. XRD patterns of as milled powders

The seM images and eDs analyses of the sintered samples 
are displayed in Fig. 5. no pores are found in the seM images 
of both samples, allowing them to exhibit a high density of ap-
proximately 99% as listed in TaBLe 1. From the eDs analysis, 
both sintered samples reveal uniform microstructure with rela-

tively well-distributed 46.8wt% Ti, 49.7wt% al and 3.5wt% nd 
elements. This composition is similar to the composition of the 
milled powders shown in Fig. 2. The microhardness of the sin-
tered sample is approximately 790 Hv when zirconia balls are 
used, whereas, in the case of sTs balls, it is 540 Hv.

TaBLe 1

Density and micro-hardness of as sintered samples

type of Balls density (%) hardness (hv)
sTs 99 540

Zirconia 99 790

Fig. 6 illustrates the XRD patterns of the sintered samples 
using powders prepared with sTs balls and zirconia balls. it is 
evident that the peaks of pure Ti, al, nd have disappeared after 
sPs, and also binary Ti-al phases such as Tial, Tial3, Ti3al5, and 
a ndal3 phase are detected in both samples sintered with powders 
prepared by sTs and zirconia balls. in the case of zirconia balls, 
in particular, the peaks of ternary ndTi2al20 phase are newly 
detected. This is because the powders milled with zirconia balls 
have experienced much severer plastic deformation compared to 
sTs balls during high energy ball milling. in the Ti-al system, 
in general, there are four intermetallic compounds such as Ti3al, 
Tial, Tial2, and Tial3 at 773 K [21]. The Ti3al5 also precipitates 
at 973 K in the case of al-rich Tial alloys [22]. in addition, there 
are six intermetallic compounds in the nd-al system such as 

Fig. 5. seM images and eDs analyses of sintered samples prepared with (a) sTs balls and (b) zirconia balls

Fig. 6. XRD patterns of as-sintered samples

nd3al11, ndal3, ndal2, ndal, nd2al, and nd3al. on the other 
hand, there is no intermetallic phase in the nd-Ti binary system 
[21]. However, niemann et al. [23] recently reported the exist-
ence of two Ti-al-nd ternary compounds such as nd6Ti4al43 
and ndTi2al20. accordingly, it is reasonably understood that the 
formation of Tial, Tial3, Ti3al5, ndal3 and ndTi2al20 phases 
could be formed by the effective transfer of joule heat during 
sPs. The size of second phases calculated by Debye-scherrer’s 
equation using the half-valued width of XRD peaks is 15~30 nm, 
however it is decreased slightly (approximately 5 nm) with 
zirconia balls compared to sTs balls. 

as listed in Table 1, the micro hardness of the sintered 
sample is approximately 790 Hv when zirconia balls are used, 
which is much higher than 540 Hv with the use of sTs balls. 
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This variance is believed to be due to the formation of the new 
ternary ndTi2al20 phase along with the much finer second phases 
in the sample milled with zirconia balls.

4. conclusions

Ti, 48wt% al, and 4wt% nd powders were ball-milled 
with two different types of balls, sTs and zirconia, at 800 rpm 
for 3 hours in argon atmosphere. The mean size of the milled 
powders was approximately 11 µm with sTs balls and approxi-
mately 5 µm with zirconia balls; however, there was no differ-
ence in the shape factor at approximately 0.8. XRD analysis 
detected the peaks of pure Ti, al, and nd in both powders. 
The ball-milled  Ti-al-nd powders were consolidated by sPs 
at 1373 K for 15 min under a pressure of 50 MPa in vacuum. 
Both sintered samples had high densities over 99%. The sPsed 
sample that had been ball-milled with zirconia balls resulted in 
a micro-hardness of 790 Hv, which was much higher than 540 
Hv in the case of sTs balls. The binary Tial3, Tial, Ti3al5, and 
ndal3 phases were detected in both sintered samples, whereas 
the ternary Ti-al-nd phase existed only in the case of zirconia 
balls. Furthermore, the second phase sizes were smaller in using 
zirconia balls than sTs balls. Consequently, it was reasonably 
concluded that the much finer second phases as well as the new 
ternary Ti-al-nd phase in the sintered sample milled with zir-
conia balls resulted in higher micro-hardness compared to the 
sample sintered with sTs balls.
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