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Microstructural Characteristics of Ti-Al-Dy Alloy Produced  
by High Energy Ball Milling

In this study, the alloying of Ti, Al and Dy powders by high energy ball milling, and the spark plasma sintering (SPS) charac-
teristics of as milled powders have been investigated based on the observation of microstructure. Pure Ti, 6wt% Al and 4wt% Dy 
powders were mixed and milled with zirconia balls at 600 ~ 1000 rpm for 3h in an Ar gas. The initial sizes of Ti, Al and Dy powders 
were approximately 20, 40, and 200 μm, respectively. With increasing the milling speed from 600 to 1000 rpm, the size of mixing 
powders reduced from 120 to 15 μm. On the other hand, from XRD results of powders milled at higher speeds than 700rpm, the 
peaks of Ti3Al and AlDy phases were identified, indicating the successful alloying. Therefore, the powders milled at 800 rpm have 
been employed for the SPS under the applied pressure of 50 MPa at 1373K for 15 min. In the SPSed sample, the Al3Dy and two 
ternary Ti-Al-Dy phases were newly detected, while the peak of AlDy phase disappeared. The SPSed Ti-6Al-4Dy alloy revealed 
high relative density and micro-hardness of approximately 99% and 950Hv, respectively.
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1. Introduction

Ti alloys have been recognized as very attractive materials 
for power generation, aerospace, automobile and biomedical 
industries because of their high specific strength, good creep 
and fatigue properties and excellent corrosion resistance and 
high biocompatability [1-4]. However, their low ductility and 
toughness at room temperatures prevent further application in 
engineering industry, and a low elastic modulus has been de-
manded for applications as medical implants. Guo et al. [5] have 
reported that Nb and Ta are suitable alloying elements to reduce 
the modulus. According to previous study [6], in addition, the 
addition of alloying elements such as V and rare earth elements is 
significantly effective for improving the low ductility. Recently, 
among rare earth elements, Dy could be easily extracted in large 
quantities from (Nd,Dy)FeB magnets waste [7,8]. Therefore, Dy 
has a potential as an alloying element for Ti alloys. However, the 
effect of Dy on microstructure and mechanical properties of Ti 
alloys has been well unknown. On the other hand, such Ti alloys 
have been generally produced by arc melting and powder metal-
lurgy processing due to their high melting temperature. Among 
powder metallurgy processing, in particular, high energy ball 
milling is an effective method currently used to obtain not only 

amorphous phase or nanocrystalline structure in inorganic mate-
rials synthesis [9,10] but alloying in metallic materials [11-13]. 
Additionally, the spark plasma sintering (SPS) method has been 
employed for new materials, such as fine ceramics [14,15], nano 
phase materials [16], magnetic materials [17] and ferrous materi-
als [18], because rapid heating rate, short holding time and low 
temperature during SPS lead to fine microstructure, high sintering 
density and easy manipulation compared to other conventional 
sintering methods [19,20]. Accordingly, it is of interest to apply 
the high energy ball milling and subsequently SPS for Ti alloys 
with Dy. The object in this study was to investigate the alloying 
of Ti-6wt% Al-4wt% Dy by the high energy ball milling and 
subsequently SPS based on the microstructural characteristics 
of as milled powders and as SPSed sample.

2. Experimental

Pure Ti, Al and Dy powders with a weight ratio of 90:6:4 
were charged with zirconia ball into jars for high energy ball 
milling. The ball milling was conducted at various milling rates 
of 600 ~ 1000 rpm for 3 h under Ar atmosphere. The milled 
powders were collected in the glove box filled with argon gas, 
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and were subsequently subjected to spark plasma sintering (SPS) 
at 1373K for 15 min with graphite mold under the applied pres-
sure of 50 MPa and argon atmosphere. The microstructures of 
powders and as sintered sample were observed by using a scan-
ning electron microscope (SEM), and the mean size and shape 
factor (= 4πA/P2, where A is area and P is perimeter of powder) 
of powders were measured by an image analysis. The component 
and phase analyses in as milled powders and as sintered sample 
were conducted by an energy dispersive spectroscope (EDS) 
and an X-ray diffractometer (XRD). The relative density of as 
sintered sample was obtained by an Archimedes method. Vickers 
micro-hardness test was carried out under a load of 1 kg for 5 sec.

3. Results and discussion

Figure 1 shows the SEM photographs of initial Ti, Al, 
and Dy powders employed in this study. The initial Ti and Dy 
powders are irregular in shape, whereas the Al powder shows 

round typed shape. The initial sizes of Ti, Al and Dy powders 
are approximately 20, 40 and 200 μm, respectively. The EDS 
analysis of Ti-Al-Dy mixing powders milled at 600 rpm and 
SEM photographs of as milled Ti-Al-Dy mixing powders with 
increasing the milling rate are shown in Fig. 2 and 3, respec-
tively. As shown in Fig. 2, the initial Ti, Al and Dy powders 
are well mixed by high energy ball milling and the mixing 
powders become round in shape. As the milling time increases, 
the mixing powders become obviously smaller. The mean size, 
shape factor and size distribution of mixing powders obtained 
from Fig. 3 are quantitatively plotted in Fig. 4. With increasing 
the milling rate from 600 to 100 rpm, the mean size of mixing 
powders is reduced from approximately 120 to 15 μm, and the 
shape factor increases to approximately 0.9, indicating that the 
mixing powders are almost sphere. The size distribution peak 
of mixing powders moves to the left with increasing the milling 
rate and is particularly in between 10 and 20 μm after milling 
at 1000 rpm. The highest number peaks well correspond to the 
mean size of mixing powders.

Fig. 1. SEM images showing initial Ti, Al and Dy powders

Fig. 2. EDS analysis of mixing powders milled at 600 rpm

10μm 10μμm

Fig. 3. SEM images showing Ti-Al-Dy mixing powders milled at 600 ~ 1000 rpm
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Figure 5 shows XRD patterns of Ti-Al-Dy mixing powders 
milled at various milling rates of 600 ~ 1000 rpm. As the milling 
rate increases, the main peaks become broader, which indicates 
the continuous decrease of particle size. In addition, newly ap-
peared peaks are detected at the milling rates of 800 ~ 1000 rpm. 
The peaks are analyzed as Ti3Al and AlDy compounds, indicating 
that the mechanical alloying occurs by high energy ball milling 
at higher milling rate than 700 rpm.

The typical SEM image and EDS analysis of as sintered 
sample are shown in Fig. 6, along with a photograph of as sin-
tered sample with a disc shape of 8mm in diameter and 4.1 mm 
in thickness. There are no observable cracks in the appearance 
of as sintered sample. The sintered sample reveals fully densi-
fied microstructure without any pores and approximately 99% 
in relative density, which results from the fact that the powders 
are sintered by joule heat occurring from spark plasma gener-
ated in the gap between powders for a short holding time at 
relatively low temperature. This indicates that sufficient sub-
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Fig. 6. SEM image and EDS analysis of as sintered sample

Fig. 5. XRD patterns of as milled powders

stance migration including diffusion have occurred during SPS 
[21]. In addition, there are still very fine grains due to the rapid 
densification process which has the potential to minimize grain 
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growth including second phases by enhancing sinterbility. From 
the EDS analysis, it is analyzed that the sintered sample contains 
the well-distributed 88.2wt%Ti, 6.3wt%Al and 5.4wt%Dy ele-
ments unlike the mixing powders shown in Fig.2, which well 
corresponds to the objective composition.

Fig. 7. XRD patterns of as sintered sample

Figure 7 shows the XRD patterns of as sintered sample. 
After SPS at 1373K, the peaks of AlDy phase shown in as 
milled powders disappeared, while the peaks of not only Ti3Al 
but Al3Dy were detected, which is generally considered to be 
due to the effective transfer of joule heat occurring from spark 
plasma. In the Ti-Al binary system, in general, there exist four 
intermetallic compounds such as Ti3Al, TiAl, TiAl2 and TiAl3 at 
773K [22]. In addition, it has been known that five intermetallic 
compounds of Al3Dy, Al2Dy, AlDy, Al2Dy3 and AlDy2 are in 
the Al-Dy system while no intermetallic phase is found in the 
Ti-Dy binary system [22]. Niemann et al. [23,24] have reported 
that two ternary compounds of DyTi2Al20 and Dy6Ti4Al43 were 
identified in the Ti-Al-Dy ternary system. Accordingly, in this 
study, two ternary DyTi2Al20 and Dy6Ti4Al43 phases might exist 
as revealed in Fig. 7. Consequently, it is reasonably understood 
that the formation of Ti3Al and AlDy phases during high energy 
ball milling might occur, and the Al3Dy and two ternary DyT-
i2Al20 and Dy6Ti4Al43 phases could be also formed by SPS. The 
size of second phases calculated by Debye-Scherrer’s equation 
using the half-value width of XRD peaks is 15 ~ 60 nm. 

On the other hand, the SPSed Ti-Al-Dy alloy reveals micro-
hardness of more than 950 Hv, which is much higher than the 
commercial Ti-6Al-4V alloy with approximately 350 Hv in 
micro-hardness [25]. In general, for materials containing such 
second phases, the amount and nature of interface between matrix 
and second phases have a sensitive influence on the mechanical 
properties because these depend on the capability to transfer the 
stress through the interface. In particular, solute segregation 
and enhanced dislocation density can often facilitate nucleation 
of imperfections such as debonding and crack at the interface 
[26]. Nevertheless, we have recently reported that there were no 
noticeable debonding and pores at the interface between matrix 
and reinforcements for TiC reinforced Ti matrix composite by 

mechanical alloying and SPS [27], indicating that the Ti-Al-Dy 
alloy in this study might have good bonding between matrix 
and second phases. Accordingly, it is reasonably considered that 
much higher micro-hardness in the Ti-Al-Dy alloy is due to not 
only the fine and dense microstructure but nano sized second 
phases with good bonding at the interface between matrix and 
second phases after SPS.

4. Conclusions

The high energy ball milling was carried out for the al-
loying of Ti, 6wt%Al and 4wt%Dy powders at various milling 
rates of 600 ~ 1000 rpm for 3h under Ar atmosphere. As the 
milling rate increased from 600 to 1000 rpm, the size of mixing 
powders reduced from 120 to 15 μm. The peaks of Ti3Al and 
AlDy phases in powders milled at higher speeds than 700 rpm 
were detected, indicating the occurrence of mechanical alloy-
ing. The Ti-Al-Dy powders milled at 800 rpm were subject to 
the SPS under the condition of 50 MPa in applied pressure at 
1373K for 15 min. The AlDy phase completely disappeared after 
SPS, while the Al3Dy and two ternary Ti-Al-Dy phases were 
formed. The SPSed Ti-6Al-4Dy alloy showed the dense and 
fine microstructure, resulting in approximately 99% in relative 
density. In addition, considering the commercial Ti-6Al-4V 
alloy showing approximately 350 Hv in micro-hardness, the 
SPSed Ti-6Al-4Dy alloy revealed much higher micro-hardness 
of more than 950Hv.
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