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 Microstructure and mechanical properties of spark plasma sintered Ti were studied. 

 Sintering process was performed at 750–1350 ºC for 5 min under 50 MPa in vacuum. 

 A fully-dense sample with highest mechanical performance was obtained at 1200 ºC.
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Abstract

Titanium is a lightweight metal with particular properties which make it the material of 

choice for many different applications. Among powder metallurgy techniques, rapid 

manufacturing routes at relatively low temperatures, such as spark plasma sintering (SPS) 

process, which involve the simultaneous application of pressure and temperature, result in 

titanium engineering components with higher relative density and good mechanical 

properties, compared to the conventional sintering methods. The microstructure evolution 

and mechanical properties of spark plasma sintered commercially pure titanium were 

studied. Sintering process was performed at a temperature range of 750–1350 ºC for a 

dwell time of 5 min under an external pressure of 50 MPa in vacuum. The samples were 

investigated in terms of relative density, microstructure, phase analysis, tensile properties, 

bending strength, hardness and nanoindentation. Results were judgmentally discussed and 

associated to SPS temperature. A fully-dense sample with highest mechanical performance 

was obtained after SPS at 1200 ºC.

Keywords: Spark plasma sintering; Titanium; Microstructure; Mechanical properties; 

Nanoindentation.
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1. Introduction

Titanium-based materials have an extraordinary combination of characteristics such as 

good mechanical properties (e.g. high temperature strength), biocompatibility and excellent 

corrosion resistance in many different aggressive environments which nominate them as 

one of the most favorable candidates for particular applications. However, processing of 

titanium to fabricate reliable parts, especially by powder metallurgy techniques, is 

extremely complicated and costly [1-5].

Compared to the conventional powder metallurgy routes for fabrication of near fully dense 

metals such as hot pressing, the spark plasma sintering is known as an excellent method 

which quickly produces the product at lower temperatures. Employing a short-time 

sintering process is helpful when a fine-grained microstructure is strongly demanded. In 

SPS process, a pulsed electric current is applied while an external load is coupled, after 

placing the powder in a graphite die. Then, material transfer and diffusion phenomena are 

accelerated because of plasma generation between the starting particles which leads to 

breakdown and cleaning of oxide impurities from the surface layers. Moreover, joule effect 

and pressure-assisted plastic deformation result in better densification and sinterability [6-

10].

Eriksson et al. [11] rapidly densified coarse titanium powders (~45 µm) by SPS technique 

to obtain fully dense samples. The presence of pulsed electrical current had a positive effect 

on the densification process of titanium. Deformation was found as the dominant 

densification mechanism throughout the whole particles, particularly, in α-phase region. 

Zadra et al. [12] investigated the fabrication of commercially pure titanium (with two 

different powder grades) by SPS route at the temperature range of 700–1150 ºC for 5 min 

under 60 MPa. They confirmed that an excellent microstructural, chemical and mechanical 

properties is obtainable by spark plasma sintering at the temperature of 900 ºC.

Nanoindentation is known as an almost fully developed technique which employs the 

recorded penetration depth of an indenter into the sample together with the measured 

applied load to obtain some mechanical properties from the experimental load–

displacement curve. For example, hardness, elastic modulus, strain hardening index, 

fracture toughness, yield strength and residual stress can be determined by nanoindentation 
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technique. The most important advantage of such test is its localization. Indeed, it can be 

performed on only one grain (submicron sized region) and the test can be repeated several 

times [13-17].

This work deals with the processing of titanium powder by means of spark plasma sintering 

at different temperature of 750, 900, 1050, 1200 and 1350 ºC for dwell time of 5 min under 

pressure of 50 MPa in vacuum atmosphere and aims at investigating the 

physical/mechanical properties and microstructural evolution with the sintering 

temperature. A review of the available literature shows that although several research 

works have been performed on SPS of titanium powders, but little specific investigations 

were found on the processing of titanium by SPS method and characterizing by 

nanoindentation technique.

2. Experimental procedure

2.1. Processing

In this study, commercially pure hydride–dehydride (HDH) Ti powder (particle size <75 

μm, purity >98%) was purchased from Sigma-Aldrich company. SEM micrograph and 

XRD pattern of the as-received titanium powders are shown in Fig. 1. According to Fig. 1a, 

the morphology of powder particles is generally angular. The only detectable crystalline 

phase in the powder batch is titanium, based on the X-ray diffraction pattern presented in 

Fig. 1b. Chemical composition of the starting material is presented in Table 1.

A spark plasma sintering furnace (EF-SPS-20T-10) with a pulse duration of 3.3 ms and a 

current on-off ratio of 12:2 was used for sintering of the samples at different temperatures. 

Graphite dies, lined with thin flexible graphite foils as lubricant, were employed to 

fabricate disc–shaped samples (50 mm diameter and ~6 mm thickness). The temperature 

was monitored using an infrared thermocouple oriented towards a hole on the external wall 

of the die directly. The samples were spark plasma sintered at five designated temperatures 

of 750, 900, 1050, 1200 and 1350 °C with a heating rate of 50 °C/min through increasing 

the direct current. Applied external pressure during the sintering process was 50 MPa in 

vacuum condition of <1 Pa. Isothermal dwelling at the sintering temperature was 5 min. 
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2.2. Characterization

Bulk density was measured by the Archimedes technique with distilled water as the 

immersion medium. Theoretical density of titanium powder was supposed 4.45 g/cm3, 

based on the supplier’s datasheet. Relative density is the ratio of the measured density to 

the theoretical density. Conventional methods of grinding, polishing and etching (Krolls 

reagent: 5 ml HF, 10 ml HNO3, 85 ml H2O) were employed for surface preparation. Phase 

characterization of the as-received Ti powder and the polished surfaces of sintered bodies 

was fulfilled by XRD analysis (Siemens D5000, Cu lamp, λ=1.54 Å, 40 kV, 30 mA). 

Microstructures of the polished and fracture surfaces were studied by optical microscopy 

(PMG3, Olympus, Japan) and scanning electron microscopy (Cam Scan 2300, Czech 

Republic), respectively. Microhardness was measured by carrying out ten Vickers’ 

indentation (Eseway, UK) on the polished surface of each sample with a load of 0.3 Kg for 

15 s. For evaluation of mechanical properties, the samples were cut to standard dimensions 

by electrical discharge machining (EDM). Room temperature tensile strength and three-

point bending strength were assessed by STM-250 universal testing machine at 0.5 mm/min 

constant crosshead speed. The sample dimensions for bending test were 3×4×34 mm3 

(according to ASTM B528) with a span of 15 mm. Tensile specimens have gauge 

dimensions of 2×5×15 mm3 (according to ISO 6892-1:2016 and ASTM E8/E8M) and a 

total of three tests were done to obtain an average value of bending and tensile strength [18-

20]. 

Nanoindentation measurements were made on the surface of one sample, which reached the 

optimal properties in this research, using a mechanical properties microprobe (Agilent 

G200, USA). Three samples of polished surface were used with six indentation 

measurements on each sample. A Berkovich diamond tip indenter was used to make low 

and ultra-low load (5–150 mN) indentations on the selected locations. The displacement of 

the indenter was continuously monitored and a load-time history of the indentation was 

recorded. Hardness, H, is defined as the ratio of the maximum applied load, Pmax, to the 

projected area of the indented impression, Ac, based on the following equations [14]:

𝐻 =  
𝑃𝑚𝑎𝑥

𝐴𝑐
(1)



 

ACCEPTED MANUSCRIPT

𝐴𝑐 = 𝑓(ℎ𝑐
2) = 24.5ℎ𝑐

2 (2)

where hc is the contact depth at the maximum load. According to Oliver-Pharr analysis, the 

actual depth of contact (hc) is usually less than the total depth of penetration 

(hmax=displacement measured at maximum load) and a corrected depth of contact is 

obtained from the following relationship [14]:

ℎ𝑐 = ℎ𝑚𝑎𝑥 ‒ 𝜀
𝑃𝑚𝑎𝑥

𝑆
(3)

Where ε is a geometrical constant associated with the shape of the indenter (for the 

Berkowich indenter is a triangular pyramid, ε=0.75) and S is the contact stiffness 

determined from the initial slope of the unloading curve at Pmax as follows [14]:

𝑆 = (
𝑑𝑃
𝑑ℎ)ℎ = ℎ𝑚𝑎𝑥

= 𝛽
2
𝜋

𝐸𝑟 𝐴𝑐 (4)

The term β is a constant that depends on the geometry of the indenter and is equal to 1.034 

for the Berkovich indenter. Er is the reduced elastic modulus which defines as the elastic 

modulus, takes into account the elastic contributions of specimen and the indenter tip as 

follows [14]:

1
𝐸𝑟

=
1 ‒ 𝜈2

𝑠

𝐸𝑠
+

1 ‒ 𝜈2
𝑖

𝐸𝑖
(5)

here, Ei and Es are the respective elastic moduli of the indenter and sample, whereas υi and 

υs are the Poisson’s ratios of the indenter and the specimen, respectively.

3. Results and discussion

3.1. Densification

Fig. 2 presents the relative density values versus the spark plasma sintering temperature for 

five titanium samples. Generally, the relative density increased with the SPS temperature 

from 750 °C to 1200 °C, but, ~1.3% drop was observed at the highest temperature of 1350 

°C. It seems that the SPS temperature of 750 °C was not enough to reach a dense material 

as ~9% porosities were remained after sintering process. Despite the full densification 

(~99.8%) is achieved at 1200 °C; other samples, which were sintered at 900, 1050 and 1350 

°C, have reached ~98% of their theoretical density. The reduction in relative density at 
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1350 °C seems to be due to the increment of residual fine porosities caused by the grain 

growth at the highest sintering temperature designated for this research work. 

3.2. Phase analysis

XRD patterns of the spark plasma sintered titanium samples, fabricated at 750 °C, 1050 °C 

and 1350 °C, are shown in Fig. 3. As it can be seen in the spectrum of the sample sintered 

at 750 °C, the only detectable crystalline phase is titanium (α-Ti), which is similar to that of 

the as-received Ti powder (Fig. 1b). Therefore, no obvious phase transformation happened 

after SPS process at 750 °C. Some β-Ti phases were detected by XRD analysis in the 

samples sintered at 1050 °C and 1350 °C. It seems that the amount of β-Ti increases with 

sintering temperature, according to the increased intensity/width of the respective peaks. 

Moreover, the quantitative phase analysis of XRD patterns with the help of X'pert 

HighScore Plus and Materials Analysis Using Diffraction (MAUD) software (not presented 

here) indicated the higher amounts of β-Ti at 1350 ℃ compared to the lower sintering 

temperatures. The allotropic transformation of ultra-pure titanium, i.e. the conversion of α-

Ti to β-Ti occurs at 882 °C [21]. Despite that, the reverse transformation has not been 

entirely finalized during the rapid cooling step in SPS process, and hence, some β phases 

were remained together with α-Ti.

3.3. Microstructure

Microstructural analysis was carried out to study the development of the microstructure and 

the evolution of the porosity. The representative optical micrographs of the polished 

surfaces of spark plasma sintered Ti samples are shown in Fig. 4. As it can be clearly 

observed, two-phase microstructures, containing light “α” grains segregated by 

intergranular dark “β” layers, were formed in the as-sintered titanium samples. 

Since the reverse allotropic transformation has not been totally completed, due to the rapid 

cooling, some remained β-Ti layers are seen between α-Ti phases. Hence, the 

microstructure of the samples is composed by α+β lamellae uniformly distributed 

throughout the microstructure (Fig. 4). Such a phenomenon was slightly occurred in the 

sample sintered at the temperature of 750 °C which is lower than the allotropic temperature 
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of 882 °C. As a commercially pure Ti powder (purity> 98%) was used in this work, it 

seems that the presence of <2% impurities in the starting material may lead to the 

decreasing of α→β transformation temperature in the as-sintered sample. However, the 

amount of β-Ti phase (after SPS at 750 °C) was not high enough to be detected by XRD 

analysis (Fig. 3).

As it can be comparatively seen in Fig. 4, with increasing the SPS temperature, the grains 

grow significantly. It should be noted that the crystal lattice of β-Ti is body centered cubic 

(bcc) which has a lower atomic packing factor than that of α-Ti with hexagonal close 

packed (hcp) structure. Hence, the presence of a less compacted phase assists the diffusion 

which consequently promotes the grain growth. Microstructure of the sample consolidated 

at 750 °C (Fig. 4a) is comparatively finer than those sintered at ≥900 °C (Fig. 4b-e). Zadra 

et al. [12] have also reported an extraordinary grain growth for spark plasma sintered 

titanium over 900 °C. At sintering temperatures of >900 °C, the self-diffusion coefficient of 

β-Ti is extremely higher than that of α-Ti [22]. Hence, the growth of β layers is faster than 

α phases. It should be noted that with increasing the sintering temperature, both α and β 

layers grow together, but, according to the optical micrographs (Fig. 4), the growth 

proportion of β-Ti is slightly more.

Fig. 5 shows the microstructure of the sample sintered at 750 ⁰C, whose characterization 

was carried out by means of a scanning electron microscope on the cross section of 

specimens previously ground, polished and etched with Kroll’s reactant. As it can be seen, 

the micrograph of the specimen spark plasma sintered at 750 ⁰C indicates that such 

temperature was not high enough to guarantee the complete densification.

3.4. Mechanical properties

Fig. 6 shows the mechanical properties of the spark plasma sintered Ti samples as a 

function of sintering temperature. The ultimate tensile strength and elongation at break 

(tensile properties) of samples versus the SPS temperature are reported in Fig. 6a and Fig. 

6b, respectively. The worst tensile property belongs to the sample fabricated at the lowest 

sintering temperature of 750 °C. Ignoring the elongation value at 1050 °C, an obvious trend 

can be extracted that both ultimate tensile strength and elongation increase with relative 
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density. To maximize the tensile properties, titanium material has to be spark plasma 

sintered at 1200 °C. Over this temperature, both tensile properties tend to drop remarkably. 

The bending strength curve of titanium samples versus the SPS temperature is displayed in 

Fig. 6c. As it can be clearly seen in this graph, achieving a bending strength of >2000 MPa 

is possible by spark plasma sintering at 900-1200 °C. Relatively low bending strengths of 

the samples sintered at 750 °C and 1350 °C can be related to the high porosity content and 

fanatic grain growth, respectively. 

Fig. 6d displays microhardness test results, precisely HV0.3, as a function of the sintering 

temperature. The sample sintered at 750 °C has a low hardness of 188 HV, may be due to 

its low relative density value (~91%). In a general manner, hardness increases with SPS 

temperature up to 1200 °C; but, over this temperature, moderately decreases from 391 to 

352 HV (~10% drop). Such a trend was also observed in the relative density curve versus 

SPS temperature (Fig. 2).  Hence, it seems that the hardness strongly depends on the 

relative density, similar to the trend observed for tensile properties. 

The mechanical behavior is due to the compromise between the microstructural evolution, 

the amount, shape and distribution of the residual porosity and characteristics of the two 

microstructural features (relative amount of alpha and beta phases) of titanium. In fact, the 

increase in grain size (growth of alpha and beta layers) and the decrease in relative density 

of the sample sintered at 1350 °C are two main factors that reduce the tensile and flexural 

strength of this sample, compared to the specimen sintered at 1200 °C. Moreover, the 

hardness variations are in agreement with the relative density variations. 

Comparing all the mechanical properties measurements, reported in this section, it can be 

concluded that the optimal sintering temperature for SPS of titanium material is 1200 °C.

3.5. Nanoindentation

Some mechanical properties of the sample sintered at optimal SPS temperature (1200 °C; 

based on the results discussed in sections 3.1 and 3.4) were characterized by 

nanoindentation technique. In this way, hardness, elastic modulus and harmonic contact 

stiffness of α-Ti and β-Ti phases were estimated. Fig. 7 shows the typical load-contact 

depth curves for α and β phases in the Ti sample spark plasma sintered at 1200 ⁰C. Values 
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of hardness, elastic modulus and contact stiffness as a function of contact depth for the 

different phases in Ti sample (sintered at optimal SPS temperature of 1200 °C) are shown 

in Fig. 8a-c, respectively. The curves of hardness (Fig. 8a) and elastic modulus (Fig. 8b) 

can be generally divided to two regions, based on the contact depth. In first region (contact 

depth of <100 nm), the hardness and elastic modulus rapidly increase; however, in second 

region (contact depth of >100 nm), the elastic modulus almost remains constant but the 

hardness slightly decreases. For the measurement of hardness, it is required to obtain a fully 

developed plastic zone by reaching the limiting value of mean contact pressure. Hence, it 

seems that the primary rise in hardness is due to the elastic contact between indenter tip and 

the investigated phase and the value of hardness measured under the low applied load 

cannot reflect the hardness of α-Ti and β-Ti. By obtaining a fully plastic zone, the hardness 

reaches a plateau. However, fall-off zone in hardness of β phase at higher penetration 

depths is probably due to the fact that surface roughness is not considered when calculating 

the hardness value using the Oliver-Phare method based on loading/unloading curves. The 

incorrect determination of the zero contact point increases the maximum tip penetration 

depth value at the applied load, and consequently the projected contact area value for the 

ideal Berkovich tip [23]. In addition, the presence of microscopic pores below the indenter 

in the investigated area may also decrease the hardness of β-Ti at high penetration depths. 

Fig. 8c shows an almost linear increase in contact stiffness values in both α and β phases 

with increase in contact depth. Such an observation can be related to the work-hardening 

effect as a result of applied indentation load. Li and Bhushan [24] were also reported that 

the contact stiffness is linearly proportional to the contact depth in the uniform materials 

with constant elastic modulus. For materials that exhibit strain-hardening, the yield strength 

effectively increases as its strain increases. Therefore, during the nanoindentation test, the 

material within the plastic zone becomes harder as the amount of deformation increases 

which leads to the stiffness increment [16]. In fact, during applying load on the selected 

phase (α or β), with increased penetration depth and consequently nucleation of dislocation 

loop, the amount of strain hardening increases, due to the enhanced shear stress required for 

the expansion and displacement of the dislocation loops by the slip mechanism.
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Mechanical properties of existent phases in the Ti sample sintered at 1200 °C, which were 

separately calculated based on Oliver-Pharr method [14], are presented in Table 2. It should 

be noted that the indentation loading-unloading curves (Fig. 7) are plotted for different 

loads, but, the reported values of hardness, elastic modulus and contact stiffness (in Table 

2) are their average amounts at the maximum contact depth of 520 nm.

3.6. Fractography

Fig. 9 shows the SEM fractographs of titanium samples spark plasma sintered at different 

temperatures. The fracture surface of Ti sample sintered at 750 °C (Fig. 9a) exhibits the 

presence of remarkable large-sized porosities which is consistent with the previously 

measured value for the relative density of this sample (~9%). It seems that the mass 

transport phenomenon has slightly transpired even at low SPS temperature; but, incomplete 

cohesion between the powder particles is clearly seen in this fractograph. This is the reason 

that such a sample was not able to withstand the mechanical loads and deformations, as 

discussed in previous sections. Therefore, fabricating a fully dense titanium sample with 

moderate mechanical properties is not possible at such low sintering temperature. 

In other fractographs (Fig. 9b-e), i.e. in the samples spark plasma sintered at temperatures 

≥900 °C, well-developed joints between the particles can be definitely observed. The 

morphology of fracture surface significantly changed with increasing the sintering 

temperature from 750 °C (Fig. 9a) to 900-1350 °C (Fig. 9b-e). Not only large porosities are 

not remained after SPS at ≥900 °C, but also a ductile fracture mode with quasi-cleavage 

areas is seen in the fractographs. The presence of dimples and ripped areas can be attributed 

to their high plasticity. A laminar morphology is seen in the fractograph of sample sintered 

at 1350 °C. Zadra et al. [12] explained that the colonies of such plates are responsible for 

low ductility of titanium when sintered in β phase. This is in consistent with the decreased 

mechanical properties after SPS at 1350 °C (Fig. 6). 

4. Conclusions

Commercially pure titanium samples were spark plasma sintered at different temperatures 

of 750, 900, 1050, 1200 and 1350 ºC for 5 min under 50 MPa in vacuum. Influences of 
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sintering temperature on microstructural and mechanical characteristics of spark plasma 

sintered titanium were investigated. The sample reached only 91% of theoretical density 

when sintered at 750 ºC with the weakest mechanical properties, compared to other ones. 

Grain size increased with the SPS temperature, especially above α-Ti to β-Ti transition 

temperature. Highest relative density of 99.8% and optimal mechanical performances were 

obtained for the sample sintered at 1200 ºC. This sample was also characterized by 

nanoindentation technique in order to find and compare the hardness, elastic modulus and 

contact stiffness of α and β phases.
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Figures captions:

Fig. 1. (a) SEM micrograph and (b) XRD pattern of as-received commercially pure Ti 
powder.

Fig. 2. Relative density of the titanium samples spark plasma sintered at different 
temperatures.

Fig. 3. XRD patterns of Ti samples spark plasma sintered at 750 °C, 1050 °C and 1350 °C.

Fig. 4. Optical microscopy images of the polished surface of titanium samples spark plasma 
sintered at (a) 750 °C, (b) 900 °C, (c) 1050 °C, (d) 1200 °C and (e) 1350 °C.

Fig. 5. SEM micrograph of the polished surface of titanium sample spark plasma sintered at 
750 °C.

Fig. 6. Mechanical properties of the titanium samples as a function of spark plasma 
sintering temperature: (a) ultimate tensile strength, (b) elongation at break, (c) bending 
strength and (d) Vickers hardness.

Fig. 7. Indentation loading-unloading curves for α and β phases in the Ti sample sintered at 
1200 °C.

Fig. 8. Average values of (a) hardness, (b) elastic modulus and (c) contact stiffness as a 
function of contact depth for α and β phases in the Ti sample sintered at 1200 °C.

Fig. 9. SEM fractographs of titanium samples spark plasma sintered at (a) 750 °C, (b) 900 
°C, (c) 1050 °C, (d) 1200 °C and (e) 1350 °C.
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Table 1. Chemical composition of as-received Ti powder.
Element Ti Fe Al V O N H

Content (wt.%) 98.21 0.42 0.23 0.18 0.57 0.09 0.31
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Table 2. Nanoindentation results of mechanical properties for different phases of Ti sample sintered at 1200 
°C 

α-Ti β-Ti

Hardness (GPa) 5.33 5.68

Elastic modulus (GPa) 147.92 134.32

Stiffness (N/mm) 385 337


