
 

 

 
J. Cent. South Univ. (2020) 27: 10−17 
DOI: https://doi.org/10.1007/s11771-020-4273-6 
 

 

Microstructure and mechanical properties of three kinds of 
titanium alloys by SPS 

 
YANG Xin(杨鑫)1, SHI Ming-jun(时明军)2, LIU Shi-feng(刘世锋)2, LI An(李安)2 

 
1. College of Materials Science and Engineering, Xi’an University of Technology, Xi’an 710048, China; 

2. School of Metallurgical and Engineering, Xi’an University of Architecture & Technology, 
Xi’an 710055, China 

 
© Central South University Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020 

                                                                                                  
 

Abstract: High-density titanium alloys with different grains were prepared by spark plasma sintering (SPS) at 900 °C 
and 15 MPa using spherical powder generated by the plasma rotating electrode process (PREP) and nonspherical 
powders generated by hydrogenation-dehydrogenation (HDH) and molten salt electrolysis (MSE) as raw materials. 
Studies have shown that the PREP sample is a dense lamellar α structure and that the sample is clean. The 
microstructure of the HDH sample is composed of equiaxed α and lamellar α structures, and there are many flaws on 
the surface of the sample. The MSE samples are composed of α lamellar and coarse equiaxed crystals. The integral 
grain size is bulky, there are many irregular pores in the samples, and the samples are not clean. Of the three    
samples, the HDH sample has the largest compressive strength (526.85 MPa) and hardness (HV 293.1) but poor       
plasticity (compression strain is 26.61%); the compressive strengths of the PREP and MSE samples are 268.47 and 
251.23 MPa, the compressive strains are 45.08% and 17.44%, and the microhardness values are HV138.6 and HV203.4, 
respectively. 
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1 Introduction 
 

Pure titanium has one of the highest hydrogen 
absorption densities and has been used as a 
hydrogen storage material or tritium storage target 
[1, 2]. At present, titanium is used as a storage 
element for the reaction energy of tritium-deuterium 
thermonuclear fusion. However, some deficiencies 
still exist, for example, the grain size is coarse, and 
the grain boundary is low. The helium produced by 

tritium decay will accumulate at the grain boundary, 
which will lead to material failure when the helium 
concentration exceeds the critical threshold [3−5]. 
Developing new tritium solid helium storage 
materials is of great strategic significance and 
economic value. An effective way to improve the 
properties of these storage materials is by refining 
the grains and increasing the internal interface of 
the materials. SPS technology combines hot 
pressing, electric resistance heating and plasma 
activation, and the spark discharge instantly 
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produces plasma, which evaporates the oxide layer 
on the powder surface to purify and activate while 
simultaneously reducing the atom diffusion free 
energy and realizing rapid prototyping of the fine 
crystal material [6−12]. PANG et al [13] found that 
the helium storage capacity of thin titanium 
materials is much higher than that of coarse 
crystalline material. The He/Ti atomic ratio of 
nanocrystalline titanium films with grain sizes of 
10−20 nm can reach 35% to 48%. 
    Hydrogenation-dehydrogenation (HDH), 
molten salt electrolysis (MSE) and the plasma 
rotating electron processing (PREP) are three 
important methods for preparing titanium powder 
[14]. HDH is the most mature and widely used 
titanium powder production method at present. It 
usually requires low-performance and inexpensive 
raw materials, but the powder grain size distribution 
is wide, and the fluidity is poor. The oxygen and 
nitrogen contents are relatively high [15]. The 
preparation of titanium powder by MSE shows 
unparalleled value and advantages in reducing the 
cost and shortening the production cycle. In recent 
years, great progress has been made in the 
preparation of high-purity and low-cost titanium 
powder by using MSE [16]. The PREP method is a 
common method for the preparation of high-quality 
spherical titanium powder based on the centrifugal 
force of droplets rotating at high speed and the 
effect of surface tension on the formation of 
spherical particles in an inert atmosphere [17]. In 
order to study the effect of powder prepared by 
different processes on the properties of the sample, 
three different kinds of powders were used as raw 
materials to prepare high-density titanium alloys 
with different grains size at a sintering temperature 
of 900 °C and a sintering pressure of 15 MPa by 
spark plasma sintering (SPS). The microstructures 
and mechanical properties of the samples were 
studied. 
 
2 Experimental 
 
    Different titanium powders generated by PREP, 
HDH and MSE were used as raw materials, and a 
graphite mold and HP D25/3-type spark plasma 
sintering furnace were used in the experiment. The 
sintering temperature was 900 °C, and the sintering 
pressure was 15 MPa. The heating rate was 
150 °C/min from 0 to 700 °C, 100 °C/min from 

700 °C to 800 °C, 50 °C/min from 800 °C to  
850 °C, and 25 °C/min from 850 to 900 °C. After 
maintaining constant pressure for 5 min, a d40 mm 
sample was obtained as the furnace cooled to room 
temperature. The density of the samples was 
determined by the Archimedes method. The 
microstructure of the sample was measured by an 
OLMPUS-PMG3 optical microscope. The pore 
morphology of the powder and sintered sample was 
observed by a JSM-6700F scanning electron 
microscope (SEM), and the phase structure of the 
powder and sample was measured by a D8 
ADVANCE A25 XRD using Cu Kα irradiation at 
40 kV from 30° to 90°, and the scanning step size 
was 0.02°. The compression properties of the 
samples were tested by an INSTRON-3369 test 
machine; the compressed sample sizes were      
d 6 mm×9 mm and the loading rate was        
0.5 mm/min. 
 
3 Results and discussion 
 
3.1 Phase analysis of titanium powder made by 

different process 
    Figure 1 shows the SEM image of the original 
powder and the XRD diffraction pattern. It can be 
seen that the whole surface of the PREP powder is 
smooth, the shape is regular and spherical, and a 
“satellite ball” or flake powder is not observed. This 
is related to the preparation process of the PREP 
powder. Molten metal droplets were emitted from 
the bar under centrifugal force, and then a powder 
with a high degree of sphericity was formed as a 
result of surface tension. The number of particles 
with diameters less than 100 μm increased, and no 
obvious difference in the size of the large particle 
powder was observed. There is no significant 
difference between the size of fine particles in the 
powder and the maximum particle size of less than 
200 μm. The shape of the HDH powder is irregular, 
and the angle is high. For the obvious mechanical 
crushing characteristics, the large powder particles 
form a more compact agglomeration, and the 
surface is rough. The morphology and particle size 
of the MSE powder differ from those of the HDH 
powder, but the MSE sample mainly exists in 
powder shape and a dense particle state. The fine 
powder particle size is relatively uniform, but the 
surface is rough and aggregates into a spongy shape, 
and the powder has large pores. Fine dendritic 
particles can be observed on some of the rough  
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Figure 1 SEM images of original powder and XRD diffraction patterns: (a) PREP; (b) HDH; (c) MSE; (d) XRD 
 
powder surfaces, as shown by the rectangular wire 
frame in the Figure 1(c), and the surface of the large 
powder particles is more compact and smoother. 
The results show that the particle size of MSE 
titanium powder is related to the concentration of 
titanium ions in the molten salt system. When the 
concentration of titanium ions is low, the crystal 
nucleus is difficult to grow, eventually forming 
smaller titanium powder particles. When the 
concentration of titanium ions is high enough, the 
crystal grain nucleates and grows. Finally, more 
compact large titanium powder particles were 
obtained. 
    Compared with the results of the PREP 
spherical titanium powder, the shapes of the HDH 
and MSE powders are irregular, the HDH and MSE 
powders are looser, and the apparent density is 
higher than that of the PREP powder. It is easy for 
the powders to absorb air moisture, oxygen, 
nitrogen and other impurities, thus reducing the 
compression and sintering properties of the powder. 

However, the higher oxygen content easily forms an 
oxide film on the surface of the sample, which is 
not conducive to the diffusion and absorption of 
tritium helium in the tritium solid helium storage 
element. 
    The XRD patterns of the three kinds of 
powders show that the diffraction peaks on the 
crystal planes of HDH and MSE are strong and 
sharp. At the same time, no abnormal diffraction 
peaks have been observed, which indicates that the 
crystallinity of the original HDH and MSE powders 
is high. In addition, the diffraction peaks of the 
HDH powder were obviously narrower and sharper 
than those of the MSE sample, and the diffraction 
peak intensity was enhanced. The results show that 
the crystallization degree of the HDH powder is 
higher and the grain size is more uniform than those 
of the MSE sample. Compared with the XRD 
patterns of PREP powders, the diffraction peak 
intensity is decreased, and the diffraction peak type 
of the PREP powder is narrower. 
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3.2 Microstructural analysis of samples prepared 
by different processes 

    Figure 2 shows the microstructure of 
SPS-sintered samples. Figure 2(a) shows that the 
microstructure of the HDH sample is roughly 
composed of two forms after sintering by SPS: the 
equiaxed α structure and a small amount of coarse α 
lamellar structure (B) in Figure 2(a). The equiaxed 
α structure is composed of double-scale equiaxed 
crystals, that is, the fine equiaxed α structure with a 
grain size less than 1 μm and the coarse equiaxed α 
structure (5−15 μm) with a small quantity of grains 
larger than 20 μm; the α-lamellae are short and 
thick and interlaced into a net basket structure. 
There are only a few holes in the sample and the 
relative density of the sample is 98.68%.     
Figure 2(b) is a high-magnification metallographic 
structure of a sample prepared by SPS using HDH 
powder as a raw material, and the whole structure is 
composed of lamellar α and equiaxed α (shown as A 
in Figure 2(b)), and the surface of the sample 

exhibits partial microcrack defects. The 
microstructures of the MSE samples are composed 
of equiaxed α-structure (A) in Figure 2(c) and 
coarse lamellar α-tissue (shown in Figure 2(c) B). 
Compared with the HDH samples, the α grains in 
the samples are larger as a whole, and most of the 
equiaxed α crystal sizes are approximately 5−20 μm. 
MSE grain sizes greater than 20 μm are larger than 
those of the HDH sample, and some grains reach  
30 μm. In the microstructural images, α lamellar 
layer is fine and long, the thickness of α lamellar 
layer is 20−50 μm, and the length is 50−150 μm. 
There are many holes in the MSE sample, and the 
larger pores can be observed; most of them are 
distributed along the boundary of the original 
particles. The relative density of the sample is 
95.74%. In addition, there are many small pores 
scattered in the equiaxed crystal region of the 
sample, and the pore shape is relatively smooth and 
subject to spheroidization. Figure 2(d) shows a 
metallographic structure of the PREP sample. The 

 

 
Figure 2 Microstructure of different SPS samples: (a, b) HDH; (c) MSE; (d) PREP 
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PREP samples showed dense baskets with a 
thickness of 2−10 μm and a length of 20−100 μm. 
Only a small number of small spherical pores were 
observed between the α-layers. The relative density 
of the sample is 98.42%. 
    Figure 3 shows SEM images of the HDH and 
MSE samples. It can be seen that the whole HDH 
sample is compact, and there are no coarse pores in 
the sample; only a few fine pores can be observed, 
which indicates that the HDH powder is fully 
sintered after mechanical crushing. Partial plastic 
deformation of the powder and a small number of 
dislocations occur, while during sintering, 
dislocations are easily diffused. In addition, a large 
number of thin microcracks were observed in the 
HDH samples, and the crack size was 50−200 μm. 
Because of the complex and irregular shape of 
HDH powder, the “arch bridge” effect occurred 
easily, which resulted in uneven pressure transfer 
from the surface to the center of the sheet and 
ultimately formed a crack. At the same time, 
 

 
Figure 3 SEM images of HDH and MS samples:      
(a) HDH; (b) MSE 

during SPS sintering, there exists a certain 
temperature gradient between the core and the edge 
of the sample, and the cooling rate between the core 
and the edge is inconsistent during the cooling 
process of the sample. Cracks are produced by 
residual stress release during sample cooling. The 
matrix of the MSE sample is compact but irregular. 
The polygonal pores are coarse, and there are many 
dark impurity oxides in the pores. Under high 
magnification, the pore size is 5−10 μm, and the 
fine pores are nearly circular or elliptical compared 
with the coarse pores. The acuity angle of the pores 
is obvious, and the passivation surface is relatively 
smooth. 
 
3.3 Compression properties and microhardness 

analysis of PREP, HDH and MSE samples 
    Figure 4 shows the compressive stress−strain 
curves of different specimens at room temperature. 
The yield strength of the PREP sample is     
90.25 MPa. With increasing stress, the relationship 
between stress and strain is approximately a 
first-order function. The compressive strength is 
lower than 268.47 MPa, but the compressive strain 
is up to 45.08%, and the plasticity is good. When 
the HDH sample is compressed, the elastic 
deformation of the sample is approximately 5%, 
and the yield strength is approximately 236.36 MPa 
compared with the PREP sample. With increasing 
pressure, the stress−strain is similar to that of the 
PREP sample, and the linear relationship is similar 
to that of the PREP sample. When the stress reaches 
526.85 MPa, the crack in the sample propagates and 
eventually leads to fracture of the sample. The high 
tensile strength of HDH samples may be explained 
 

 
Figure 4 Stress−strain curves of different sintered 
samples 
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by the influence of a large number of equiaxed α 
and lamellar α staggered, the crack is easily 
bifurcated to form a secondary crack, so the 
propagation path of the crack in the lamellar 
structure is more tortuous, resulting in an increase 
in the total length of the crack and requiring more 
energy to be consumed. Compared with those of the 
HDH samples, the pores in the MSE samples 
deformed rapidly with an increase in pressure at the 
plastic deformation stage until the final collapse and 
densification. The density was 95.74%, the yield 
strength was 183.03 MPa, the compressive strength 
was 251.23 MPa, and the strain was only 17.44% 
because of the existence of the pores in the samples. 
Compared with PREP samples, the compressive 
strain of the HDH and MSE samples decreased 
significantly and showed poor plasticity. The 
corresponding elastic moduli were 6.06 GPa and 
7.07 GPa, respectively, which are slightly higher 
than that of the PREP samples (5.32 GPa). 
    According to the Vickers hardness diagram of 
the samples (Figure 5), the microhardness of the 
MSE and HDH amples significantly increased to 
HV 203.4 and HV 293.1, respectively, compared 
with that of the PREP sample (HV 138.6).   
Figure 2(a) shows that the samples are compact and 
have more fine equiaxed α in their microstructure. 
According to the Hall-Petch formula, the finer the  
 

 
Figure 5 Vickers hardness of different sintered samples 

grain in the sample is, the higher the strength of the 
material is and the higher the hardness of the HDH 
sample is. There are still fine equiaxed α structures 
in the same sample, but the quantity is reduced 
greatly, the density of the sample is slightly lower 
than that of the HDH sample, and the hardness is 
slightly lower. However, the microhardness of the 
two kinds of SPS powder samples is higher than 
that of the PREP sample. Table 1 lists the 
microstructure, relative density, microhardness and 
compression properties of samples prepared from 
three powders. 
 
4 Conclusions 
 
    Titanium alloys based on PREP, HDH and 
MSE were prepared by SPS. Research shows that 
the cost of HDH powder is lower, but the 
comprehensive mechanical properties of sintered 
samples are better, which has great application 
prospects as raw materials for titanium alloys. 
However, how to reduce the formation of TiH and 
reduce the surface defects in the process of 
preparing titanium alloy from HDH powder needs 
further investigation. 
    1) The sphericity of PREP powders is high, 
and the powder surface is smooth. The shape of the 
HDH powder is irregular. The particle size of the 
MSE powder is different, with fine powder particles 
gathered into a sponge-like structure; the powder is 
fine dendrite, and the surface of the powder is 
relatively smooth. The HDH and MSE powders are 
loose, and the pores are looser; the XRD analysis 
shows that three kinds of powder are formed. These 
samples showed only a single phase, with no 
impurity or alloy phase diffraction peak. 
    2) The PREP sample is a compact lamellar α 
tissue that is highly clean, and the microstructure of 
the HDH sample is composed of ISO axis α and 
lamellar α tissues; there are few small pores in the 

 
Table 1 Microstructure, relative density, microhardness and compression properties of samples prepared from three 
powders 

Sample Microstructure Relative 
density/% Hardness (HV) Elastic 

modulus/GPa 
Compressive 
strength/MPa 

Compressive 
strain/% 

PREP Lamellar α 98.42±0.43 138.6±6.82 5.32±0.24 268.47±4.63 45.08±0.76 

HDH Equiaxed α and lamellar α 98.68±0.32 293.1±7.24 6.06±0.11 526.85±8.90 26.61±0.44 

MSE Lamellar α and 
coarse equiaxed α 95.74±0.36 203.4±6.40 7.07±0.26 251.23±6.22 17.44±0.97 
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sample, and there are many cracks on the sample 
surface. The MES samples are composed of coarse 
equiaxed grains and α lamellas, but the grain is 
relatively coarse, and irregular pores are contained 
in the samples. There are many impurities and 
oxides, and the cleanliness is poor. 
    3) The compressive strengths of PREP, HDH 
and MSE samples were 268.47, 526.85 and 251.23 
MPa, respectively, and the compressive strains were 
45.08%, 26.61% and 17.44%, respectively. The 
microhardnesses were HV 138.6, HV 203.4 and  
HV 293.1, respectively. 
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中文导读 
 

三种钛粉末的 SPS 显微组织及力学性能 
 
摘要：以旋转电极(PREP)球形粉末和氢化脱氢(HDH)及熔盐电解(MSE)非球形粉末为原料，采用放电

等离子烧结技术在 900 °C 和 15 MPa 下制备不同晶粒高致密钛合金。研究表明，PREP 样品为致密的

片层 α 组织，样品干洁度较高；HDH 样品显微组织由等轴 α 和片层 α 组织组成，样品表面有较多的

裂纹存在；MES 样品由 α片层和粗大等轴晶组成，晶粒整体较为粗大，样品中存在较多不规则孔隙，

干洁度较差。HDH 样品压缩强度最大(526.85 MPa)，硬度最高(HV 293.1)，但塑性较差(压缩应变为

26.61%)；PREP 及 MSE 样品压缩强度分别为 268.47 MPa 和 251.23 MPa，压缩应变分别为 45.08%和

17.44%，显微硬度分别为 HV 138.6、HV 203.4。 
 
关键词：钛粉；放电等离子烧结；显微组织；力学性能 


