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Abstract

The results of a study of the microstructure evolution of pre-mechanically activated 
elementary powders based on the Ti-25Al-25Nb (at.%) compositions differing 
in the particle size of the aluminum (Al) component are presented. It was found 
that during the mechanical activation, most of the Al was dissolved in the Ti 
and Nb lattices by interpenetration with the formation of solid solutions (Ti, Al) 
and (Nb, Al). It has been established that an increase in temperature to 1400 °C, 
when sintering powder materials based on the Ti-Al-Nb system, leads to a sharp 
increase in the temperature of Al particles, as a result of the melting of which it is 
impossible to control the phase formation, which ultimately leads to the difficulty 
of obtaining the required product. It was determined that in the process of spark-
plasma sintering of mechanically activated compositions, intermetallic compounds 
are formed based on phases ‒ α2, B2 and O, and with an increase in the sintering 
temperature, their morphology and distribution in the alloy volume change.
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1. Introduction

Recently, the issue of using hydrogen as an al-
ternative energy source has been widely considered 
[1, 2]. The main difficulties in its practical use are 
issues related to ensuring its safe storage and trans-
portation, which directly depend on the chemical 
and physical properties of hydrogen [3, 4]. Today 
titanium aluminides with a high niobium content 
are considered as one of the promising materials 
for the storage and transportation of hydrogen 
since these compounds have a wide range of ho-
mogeneity. However, one of the main problems in 
the development of this area is the lack of a reliable 
manufacturing technology that could provide the 
necessary properties for these materials, depending 
on their purpose [4‒8].

Spark plasma sintering (SPS) is one of the effec-
tive methods for producing high-quality products 

from powder compositions. This method makes it 
possible to form complex coordination compounds 
and multicomponent compositions of various dis-
persion with increased operational properties in a 
small amount of time and one stage [9, 10]. The 
use of pre-mechanical activation (MA) of reaction 
mixtures in high-energy mills before SPS allows 
the formation of a more uniform fine-grained struc-
ture of synthesis products with increased content 
of dissolved elements (above the values of limiting 
solubility) and activates less thermodynamically 
preferable reactions, thereby providing the abili-
ty to control the phase composition of composite 
powders [11‒14]. In addition, it is known [15] that, 
during sintering, the boundary diffusion coefficient 
is determined by the surface layer structure, and 
not by the refractory core of the particles, as a re-
sult of which, after MA of the powder mixture, 
there is a significant decrease in temperature of 
their consolidation, grain growth and bridges due 
to high surface diffusion.
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Thus, the use of technological methods for the for-
mation of highly nonequilibrium materials in pow-
der metallurgy of intermetallic compounds (IMC) 
based on the Ti-Al-Nb system enables creating a 
new class of materials with the required structure 
and desired properties. In this regard, in the paper, 
the possibility of obtaining an IMC by combining 
technological methods of preliminary MA with 
subsequent SPS was studied, as well as the evolu-
tion of the microstructure and phase composition 
of material obtained with MA and SPS was deter-
mined.

2. Material and research method

The IMC studied in this paper based on the 
Ti-25Al-25Nb (at.%) system was obtained by 
combining the MA and IPA methods. As starting 
materials, titanium powder with a particle size of 
45‒60 μm, niobium powder with a particle size 
of 40‒63 μm, as well as aluminum powders with 
a particle size in a wide range (aluminum nano-
powder; aluminum powder (50‒60 μm); aluminum 
shavings (100‒150 μm)) were used. 

Mixing of powders followed by MA was car-
ried out using a P100SM planetary mill at a ratio 
of masses of 10 mm milling materials to the pro-
cessed material as 23: 1. To prevent contamination 
of the powder composition with the material of the 
grinding bodies in the MA process, grinding bowls 
with a protective jacket and balls of zirconium ox-
ide were used. Detailed parameters of the MA and 
SPS are given in Table.

The SPS of the mixtures was carried out on an 
SPS-515S installation (Syntex Inc., Japan) in vacu-
um (5*10-2 mbar). The change in the linear dimen-
sions of the ceramic material during the sintering 
was recorded by the built-in means of technological 
equipment. The temperature during sintering was 
recorded with a high-temperature pyrometer (mea-

surement temperature range is 575‒2500) through 
a technological orifice in the side wall of the mold. 
The block diagram of the systematic combination 
of preliminary MA of a three-component powder 
mixture and subsequent SPS is shown in Fig. 1.

The morphology and particle size distribution 
of mechanically activated powders, as well as mi-
crostructure and elemental composition of the ob-
tained IMC, were researched in the topographic 
and compositional contrast mode using a Tescan-
Vega3 scanning electron microscope with an ener-
gy dispersive spectral analysis attachment. Deter-
mination of the particle size distribution after the 
MA process was carried out using the Altamistudio 
software package.

X-ray phase analysis (XRD) of the studied mix-
tures was carried out on an Empyrean multipurpose 
X-ray diffractometer in Cu-Kα monochromatic 
radiation using an automation system. The phase 
composition was deciphered using the HighScore 
program.

 

Fig. 1. The block diagram of technological process 
combination to obtain the IMC system Ti-Al-Nb.

Table 
MA parameters

Material Duration, min Rotation speed, rpm Sintering temperature, °С Exposure, min
Mixing

Spark plasma sinteringMixture Ti-Al-Nb 35 250
MA

Mixture Ti-Al-Nb (МА-1Sh, shavings)
20 650 1000

1200
5Mixture Ti-Al-Nb (МА-1P, powder)

Mixture Ti-Al-Nb (MA-1Np, powder)
Mixture Ti-Al-Nb (МА-2Sh, shavings) 180 350
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3. Results and discussion

3.1. Mechanical activation

The main results on the study of MA parameters 
influence the morphology and structure formation 
of composite particles in a mixture based on the 
Ti-25Al-25Nb (at%) system are given by the au-
thors in [16, 17]. 

In particular, it was shown in [16] that during 
MA, most of Al was dissolved in the Ti and Nb lat-
tices by interpenetration with the formation of solid 
solutions (Ti, Al) and (Nb, Al). Thus, during MA, 
as a result multiple effects of “cold welding” Al, Ti, 
Nb are destroyed and formed into layered compos-
ite particles. However, in the case of the MA-1Np 
mixture with the use of aluminum nanopowder, af-
ter treatment for 20 min, aluminum “adhered” to 
titanium and niobium particles without the forma-
tion of a solid solution (Fig. 2). After MA, pro-
duced composite particles were characterized by 
high inhomogeneity and had a multifaceted shape. 

Analysis of the particle size after MA showed 
that the distribution of particles is uneven through-
out the volume of mixtures (Fig. 3). This distribu-
tion is due to the multiple plastic deformations of 
particles, their cyclic conglomerations and destruc-
tion, as a result of which, after MA, the proportion 
of both small and large fractions increases [18‒20]. 
The most susceptible to the conglomeration of par-
ticles powder mixed with aluminum shavings MA-
1Sh and MA-2Sh and a particle size greater than 
100 μm, wherein the mixture with the use of alumi-
num powder and nano-powder fraction with a size 
greater than 300 μm were not be identified. Thus, 
it can be concluded that the conglomeration of par-
ticles depends on the duration of the MA process, 
since with an increase in the MA time, constant 

activation of the particle surface occurs, which in 
turn leads to the “cold welding” of particles. Ac-
cording to the authors of [21], as the MA time 
increases, the particle size in the powder mixture 
continuously decreases to nanometer-sized with 
the formation of various phases, similar to the in-
termetallic B2 and O phases. At the same time, the 
atmosphere of the MA process plays an important 
role, since the nominal atmosphere affected the 
time required for the formation of different phases 
and also the final constitution of the powder.

3.2. Spark plasma sintering

Primary experiments were carried out at a tem-
perature of 1500 °С, static pre-pressing pressure of 
60 MPa, a heating rate of 100 °С/min, and an iso-
thermal holding time for 15 min. In the produced 
samples, melting of the aluminum component of 
the mixture was observed, which hurt the quality 
of products. In this regard, further experiments 
were carried out at temperatures of 1000‒1300 °С, 
static pre-pressing pressure of 20 MPa and isother-
mal holding for 5 min.

Figure 4 shows the curve of the change in the lin-
ear dimensions of Ti-Al-Nb samples in the course 
of electro-pulse plasma sintering up to a tempera-
ture of 1200 °С, analysis of which has made it pos-
sible to set the following features during the con-
solidation of the test material. The shrinkage curves 
of the samples are of two stages. High intensity of 
thermal shrinking under pressure of 20 MPa is a 
country with relatively low temperatures (below the 
sensitivity limit of the pyrometer) and proceeds to 
temperatures up to 635‒685 °С (depending on the 
type of powder), its intensity with approaching the 
temperature of 575 °С, increases. Within the tem-
perature range of 635‒840 °С (depending on the 

Fig. 2. MA-1Np powder mixture overlay maps after MA 
(Ti-red, Al-blue, Nb-green).
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type of powder), shrinkage almost stops. For MA-1 
(P) and MA-2 (Sh) powders, the period of slow 
shrinkage is too short, which can be explained by 
melting and uniform distribution in the volume of 
the aluminum component of the powder mixture. 
A further increase in temperature to 1100‒1200 °С 
(depending on the type of powder) is accompanied 
by significant shrinkage. It should be noted that the 
main share of shrinkage falls on the non-isothermal 
stage of heating, which indicates a high intensity of 
material consolidation.

3.3. Microstructural studies of the IMC of the Ti-
Al-Nb system obtained by combining MA and SPS 

Figure 5 shows the XRD study results of sam-
ples obtained by combining MA and subsequent 
SPS at 1000 °C. Sintering temperatures were se-
lected experimentally and depending on the phase 
diagram of the Ti-Al-Nb ternary system. Accord-
ing to the XRD results for all samples (Fig. 5a), 
three main phases α2, AlNb2, and B2 were observed 
at a relatively low sintering temperature (1000 °C), 
and relatively low content of the O-phase was also 
found. In this case, in diffraction patterns of the 
MA-2Sh and MA-1Np samples, the peaks of the 
O-phase are have higher intensity, whereas for the 
other two samples (MA-1Sh, MA-1P), the reverse 
pattern emerged. Samples sintered at 1000 °C are 
characterized by a volumetric amount of unreact-
ed Nb. However, the Nb content, the same as with 
O-phase, depends on the time of the MA process 
and aluminum component size of the initial bur-
den. The highest (Fig. 5b) content of unreacted Nb 
is typical for samples with aluminum shavings in 
the initial composition, where, as a result of MA, 
the conglomeration of particles with a size of more 

Fig. 4. Dynamics of linear shrinkage of reaction mixtures 
based on Ti-Al-Nb in the course of electro-pulse plasma 
sintering at a temperature of 1200 °С.
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than 300 μm was observed. Аt the same time with 
MA-2Sh sample increased content of the O-phase 
was also found in comparison with other samples. 
Increasing the length of time MA leads to improved 
fluidity of mixed powders, which in turn has a pos-
itive effect on the formation of the O-phase [22].

All samples sintered at 1000 °C are character-
ized by an inhomogeneous multiphase structure 
(intermetallic α2, AlNb2, B2, O phases) without 
pores and cracks with massive secretions of unre-
acted niobium. Figure 6 shows images of the het-
erogeneous structure surface of the samples sin-
tered at 1000 °C in the composite shooting mode, 
obtained using SEM.

The increase in sintering temperature to 
1200 °C in all samples led to a noticeable decrease 
in the structural heterogeneity of the obtained ma-
terials. According to the results of XRD for the 
samples, increased content of the B2-phase is ob-
served, while (Fig. 7b) the volume fraction of the 
-α2 phase has significantly decreased. Thus, sam-
ples sintered at both 1000 °C and 1200 °C are char-
acterized by an increased content of the B2 phase 
(Fig. 7b).

 

 

Fig. 5. The XRD results of samples sintered at 1000 
°С/5 min/20 MPa: (a) ‒ diffraction pattern; (b) ‒ phase 
distribution.

(a)

(b)
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Fig. 6. SEM image of samples of the Ti-25Al-25Nb (at%) system sintered at 1000 °C/5min/20 MPa.

(a) МA-1Sh (b) МA-2Sh

(c) МA-1Np (d) МA-1P

 
 

Fig. 7. The XRD results of samples sintered at 1200°С/5 min/20 MPa: (a) ‒ diffraction pattern; (b) ‒ phase distribution.
(a) (b)

According to the authors of [23, 24], during 
SPS in dynamics of linear shrinkage of reaction 
mixtures based on Ti-Al-Nb at a temperature of 
1200 °C, two endothermic peaks are observed in 
the temperature range of 850–1150 °C, which, ac-
cording to the Ti-22Al-Nb phase diagram [24], cor-
responds to the IMC phase transformation Ti2AlNb. 
S.L. Semiatin and others assume that the first peak 

corresponds to the transition of the α2 + B2/β + O 
phases to the α2 + B2 phase, while the second peak 
corresponds to the transition of the α2 + B2 phase 
to the B2 phase, which explains increased content 
of the B2 phase in all samples obtained both at the 
sintering temperature of 1000 °C and 1200 °C. In 
our case, during the consolidation of elementary 
powders after MA, we observed a similar two-stage 
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dynamics of linear shrinkage of the sintered sam-
ples (Fig. 4). However, temperature boundaries of 
the phase transformations of the IMC were smaller 
and took place in the range of 575‒850 °C. This 
may be due to preliminary MA, which had a bene-
ficial effect on the subsequent consolidation of el-
emental powders. It should be considered that the 
compositions studied in this work have a higher 
content of aluminum, and this can shift the bound-
aries of phase transformations very much.

In the microstructure of the obtained samples, 
regardless of aluminum component particle size, 
individual grains of the B2 phase was found, where 
the formation of the Widmannstatten structure was 
observed. In addition, in the samples obtained 
from mechanically activated powders for 20 min 
(MA-1Sh, MA-1Np and MA-1P), in addition to the 
O-phase, a small amount of the α2-phase and the 
AlNb2 phase was observed.

An increase in the sintering temperature leads 
to significant changes in the size and distribution 
of the O-phase. This phase has become larger and 

lamellar in a structure of 10 μm thick and up to 
50 μm long and is mainly concentrated in the body 
of B2 grains. This can be explained by the fact that 
higher temperature provides more active energy for 
the diffusion process, which accelerates the growth 
of the O-phase lamellar shell. Another feature of 
the O-phase at a given temperature is its distribu-
tion at the B2/α2 interface, which plays the role of 
a diffusion barrier between the α2 and B2 phases, 
limiting the growth of the size of these phases. 

It should be noted that the AlNb2 phase distri-
bution on the surface of all samples at the sinter-
ing temperature of 1200 °C has clear boundaries 
and is dispersed around the inclusions of unreacted 
niobium, enveloping them. However, when study-
ing the microstructure of samples of MA-1Np and 
MA-1P powder mixture, an accumulation of this 
phase is observed in the form of short needle-like 
inclusions up to 2‒3 μm thick and 10‒15 μm long, 
distributed over the entire grain boundary of the B2 
phase, and in some cases in the grain body of B2 
phase (Figs. 8c, d).
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According to the results of electron micro-
scopic studies, well seen that the distribution and 
morphology of the O-phase have many facets, 
which depends to a greater extent on the size of 
Al particles in the initial burden and the modes of 
the preliminary MA and as shown in Fig. 8. For 
example, for MA-2Sh, MA-1P and MA-1Np sam-
ples, the presence of a wide lamellar structure of 
the O-phase with a size of fewer than 8 μm in the 
grain body of the B2 phase is inherent. As shown 
in Figs. 8c, b and d by the whole grain boundary 
phase B2 and α2 are observed aligned long strap 
O-phase which create a potential barrier between 
the base B2 and α2-phase. At the same time, in the 
MA-2 Sh and MA-2P samples, the presence of 
2‒3 μm globular accumulations of the O-phase 
in the body of the B2-phase grain was recorded, 
while in the MA-2P sample, the presence of a 
round-shaped O-phase with an average diameter of 
18 μm was detected. In this case, along the bound-
aries of this O-phase, a change in the stoichiomet-
ric composition was found, where a continuous 
section depleted in niobium is observed. Y. He and 
others [25] explain this effect in the samples by the 
decomposition of the metastable B2 phase into the 
α2 and/or O phase as a result of multiple transfor-
mations during sintering and subsequent cooling 
in the furnace. A feature of the distribution of the 
O-phase in the sample with aluminum shavings in 
the initial burden and mechanically activated for 
20 min (MA-1Sh) is the presence of thin continu-
ous veinlets of the O-phase along the entire bound-
ary of needle inclusions of the AlNb2-phase.

As evidenced in Fig. 7b, the highest O-phase 
content of 39% was recorded in the MA-2Sh sam-
ple, which was activated for 180 min. However, 
it is necessary to pay attention to the fact that the 
large size of particles in the initial mixture and their 
conglomeration during MA negatively affects the 
O-phase fraction in the sample volume and reduces 
it. This is well illustrated in the MA-1Sh sample, 
where the lowest content of the O-phase and the 
highest content of the α2-phase were recorded.

4. Conclusion

According to the results of experimental work 
to study the evolution of the particle structure of a 
metal powder mixture based on the Ti-Al-Nb sys-
tem of preliminary MA and subsequent SPS, the 
following conclusions can be drawn:

1. During MA, most of Al dissolves in the Ti 
and Nb lattices by interpenetration with the forma-

tion of (Ti, Al) and (Nb, Al) solid solutions. Thus, 
at the time MA, as a result of multiple effects of 
“cold welding” of Al, Ti, Nb and destruction of 
layered composite particles are formed, the size of 
which depends on the duration of the MA process. 
With an increase in the MA time, constant activa-
tion of the particle surface occurs, which in turn 
leads to the “cold welding” of particles (to the con-
glomeration of particles).

2. An increase of the temperature to 1400 °C, 
when sintering powder materials based on the Ti-
Al-Nb system, leads to a sharp increase in the tem-
perature of Al particles in the mixture. Due to par-
ticle melting, it is impossible to control the phase 
formation, which ultimately leads to the complex-
ity of obtaining the desired product. Based on the 
results of the work, it can be concluded that the 
search for optimal modes of electric pulse plasma 
sintering for powder mixtures of MA-1 (Sh), MA-1 
(Np), MA-1 (P) and MA-2 (Sh) should be carried 
out in the temperature range of 850‒1200 °С with 
heating rates of 150‒200 °С/min, which will min-
imize the risk of melting of the aluminum compo-
nent during high-temperature consolidation.

3. All samples sintered at 1000 °C are charac-
terized by a non-uniform multiphase structure (in-
termetallic α2, AlNb2, B2, O phases) without pores 
and cracks with massive secretions of unreacted 
niobium.

4. An increase in the sintering temperature to 
1200 °C in all samples leads to a noticeable de-
crease in the heterogeneity of structure of the ob-
tained materials. The main surface matrix for these 
samples is the B2 phase.

5. The distribution and morphology of the 
O-phase have a versatile character, which depends 
to a greater extent on the size of Al particles in 
the initial burden and the preliminary MA modes. 
Thus, for MA-2Sh, MA-1P and MA-1Np samples, 
the presence of a wide lamellar structure of the 
O-phase in the body of B2 phase grains is inher-
ent. While the presence of globular accumulations 
of the O-phase was recorded on the MA-2Sh and 
MA-2P samples.
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