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Abstract  

Titanium has been used as a model substance to study how it behaves in a SPS apparatus 

when heating rate and/or pressure were varied during the sintering and deformation process. 

The sintering and deformation of Ti in SPS were compared with that occurring in the 

conventional hot pressing (HP) in order to reveal if there are any positive effects added by the 

use of SPS. The ductility of Ti was explored in order to understand the sintering and 

deformation of (Ti)x (TiB2)1-x composites with x = 0.05, 0.1, and 0.2, respectively, expressed 

in mol ratio. The temperature difference (∆T) between the monitored and the temperature that 

the samples are exposed to was evaluated.  

 

It was noticed that Ti can be sintered at relatively low temperatures. High heating rate implied 

that the onset temperatures of the sintering and deformation processes decreased. Increasing 

pressure did not affect the onset temperature but revealed that the deformation of Ti is 

different if the experiments are conducted within the stability region of the α-phase region of 

Ti or if the deformation takes place in a temperature region that covers both α-and β-phase 

areas, i. e. the use of high pressures implied a one step deformation process while the use of 

low implied that the main part of the deformation took place in the β-phase region.  

 

(Ti)x (TiB2)1-x composites were prepared to full densities at 1500 ˚C using a holding time of 3 

min and pressure of 50 MPa. During the SPS sintering the composite with x= 0.2 revealed the 

presence of TiB due to the reaction Ti + TiB2,→2TiB while the composites with low x values 

did not show any formation of TiB. The formation of TiB impaired the mechanical properties. 

The deformation of composites was very difficult. Their deformability increased with 

increasing x and temperature as well as pressure. During the deformations of pre-sintered 

samples TiB was formed in all of the composites. 
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1 Introduction 

1.1 SPS  

The Spark Plasma Sintering (SPS) technique, described in some details below, is a relatively 

new sintering technique that allows preparation of fully dense samples at lower sintering 

temperatures and shorter holding times (min) of materials that by conventional sintering 

methods like pressureless sintering, hot pressing (HP), and hot isostatic pressing (HIP) need 

extended holding times (hours) at higher temperatures (1) .  

The Spark plasma sintering (SPS) technique (also called Field Assistant Sintering Technology 

(FAST), Pulsed Electric Current Sintering (PECS), and Electric Pulse Assisted Consolidation 

(EPAC)) was firstly developed in the 30s but at that time the technology was not good enough 

to be commercialized. In the 80s the technique was developed further and it started to be used 

at various research laboratories especially in Japan (2, 3) . A schematic picture of an SPS unit is 

shown in the Figure 1. The SPS unit is similar to a conventional hot press apparatus, i. e. the 

powder is loaded into a pressure die and the powder is submitted to a uniaxial pressure that 

can be varied during the sintering process. In HP the heating is normally performed by 

heating the elements, implying that limited heating rates can be used in hot pressing, this can 

take hours. In the SPS apparatus a pulsed direct current is lead through the sample holder, 

which is made of a conductive material (usually graphite) and in appropriate cases also 

through the sample. Thus the pressure die serves as heating element. This enables very fast 

heating rates (up to 600 oC·min-1). The sintering is normally performed in vacuum in a 

chamber that is water cooled. The direct current is regulated by pulses and the pulses have a 

duration of 3.3 ms. The number of pulses per time unit can be varied. The manufacturer 

recommended pulse sequence is 12:2 which means that twelve pulses of DC current goes 

through the die/sample followed by two time periods (6.6 ms) of no current.  

Applying an uniaxial pressure up to 500 MPa is possible with a special die arrangement but 

with a simple die setting as that shown in Figure 1, which is used in this study, the maximum 

possible pressure is in the range of 150 to 200 MPa in part depending on the size of the die 

but mainly depending on the mechanical properties of the graphite. This pressure is higher 

than in conventional HP and because of the simpler die setting the pressure is faster to apply 

or remove. 
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The benefits with the SPS unit are i) rapid heating/cooling rates shortens the sintering times ii) 

higher pressures can be used than in conventional hot press technique that in turn yield higher 

densities at lower temperatures iii) the presence of an electric current/field is said to enhance 

the sintering iv) Several materials can be densified at surprisingly low temperatures in the 

SPS unit. 

 

 

Figure 1: A schematic picture of SPS unit 

 

The temperature is measured either with a pyrometer focused on the surface of the graphite 

die or with the thermocouple inserted 1-2 mm into the die. Usually, the measured temperature 

is lower than what the specimen is exposed to. The magnitude of this temperature difference 

depends on a number of factors such as thermal conductivity of the die and the sample, the 

heating rate used, the pressure used, how well the die is thermal insulated etc. Some 

preliminary experiments have been performed to determine this temperature difference in the 

case of sintering of Ti and this point will be evaluated further below in connection with the 

description of these measurements.  

1.2 Sintering of metals and ceramics 

Sintering is a process where thermal energy is used for producing products with a controlled 

density. This process is usually divided in four categories: solid state sintering, liquid state 

sintering, viscous flow sintering, and transient liquid phase sintering. The sintering in the SPS 

belongs usually to solid state, transient and/or liquid phase sintering categories. There are tree 

overlapping states: initial (packing, necking, achieving 2-3%, 60-80% of the total shrinkage 

for pressureless and pressure aided sintering, respectively), intermediate (densification before 
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closed porosity is reached, achieving ∼92%, ∼93% of the total shrinkage) and finally 

removing of the isolated pores. (4, 5). The densification mechanism depends on many factors, e. 

g. material, particle size and shape, pressure, temperature and time. For solid-state sintering 

there are several mass transport mechanisms which are effective: surface diffusion, volume 

diffusion, grain boundary diffusion, viscous flow, plastic flow, and vapour transport from 

solid surfaces. For pressureless sintering usually the most important mechanism that affects 

the densification and shrinkage rate is the grain boundary diffusion because it is the main 

source for bringing new material to the necking points. In SPS the sintering is aided by the 

applied uniaxial pressure. When pressure is applied during the sintering there are also other 

mechanisms that contribute to the densification, e. g. plastic deformation, dislocation creep, 

and diffusional creep. The dislocation creep and plastic deformation mechanisms are 

especially important when metals are to be sintered and they are in principle grain size 

independent which is in opposite to the diffusional creep phenomena.  

 

In the case of ceramics even though an external pressure is applied the most important 

sintering mechanism is still diffusion, i. e. lattice and/or grain boundary diffusion. The 

diffusion is increased with decreasing size of the grains.  

 

During sintering grain growth also takes place and it usually starts at the later part of the 

intermediate stage and continue during the final stage of sintering. The grain growth and pore 

movement are closely related to each others. If the pores can move with the same speed as 

grain boundaries the diminishing of the pores will not be so complicated and they will 

simultaneously prohibit the grain growth. If the diminishing of pores is faster or slower than 

grain boundary migration the pores will be trapped inside the grains and the speed of grain 

growth increases. The trapped pores will effectively limit the final densification especially 

those pores which contain gasses. The smaller grain size makes it easier to remove pores by 

increasing the diffusion processes. The grain growth can be retarded by using high heating 

rates, which can be applied in the case of SPSing samples or using additives preventing the 

grain boundary migration.  

1.3 Plastic deformation of metals and ceramics 

Plastic deformation in metals is based on the movement of dislocations, twinning, and grain 

boundary sliding.  
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The process where the plastic deformation occurs via the movement of the dislocations is 

called slipping. The slip occurs when the compression or tensile work is done on the material 

to the slip direction on the slip plane. Slip planes are usually on the closed packed planes of 

the crystal structure. The combination of direction and plane is called a slip system. The 

different crystal structure has a different numbers of slip systems. Titanium occurs in two 

modification, see below, and the α-phase has a hexagonal structure (hcp) while the β-phase 

which has a body centred cubic structure (bcc). These two structures have different numbers 

of slip systems as seen in Table 1 The hcp structure has 12 slip systems while the bcc 48 ones 

and accordingly the β phase is more easily deformed than the α-phase. 

 

Table 1 Different slip systems in the bcc and hcp structures of Ti  (6)  

Structure Slip plane Slip direction Nr of Slip systems 

bcc {110} <-111> 12 

 {211} <-111> 12 

 {321} <-111> 24 

hcp {0001} <11-20> 3 

 {10-10} <11-20> 3 

 {10-11} <11-20> 6 

 

The dislocations and slip systems explain the deformation of a single crystal very well but the 

situation becomes more complicated when multigrain material is considered. In material with 

thousands of grains each grain has its own orientation and thus own slip systems. The 

deformation of one grain is limited by the deformation simultaneously taking place in 

neighbouring grains. Usually multigrain material needs higher stress level to be deformed. 

The presence of grain boundaries limits the deformation as it is difficult for dislocations to 

cross the boundary. However, the dislocations might pile up near the boundaries and create 

such a high stress field that new dislocations sometimes will be created in neighbouring 

grains, i. e. plastic deformation can continue over the grain boundaries.  

For the systems with low amount of slip systems like hcp and bcc metals there is another 

deformation mechanism called mechanical twinning; Twinning has only a local effect at the 

very vicinity of the twinning planes and its effect to the total deformation is very limited. 

Twinning is active especially at low temperatures and in the case of shock loading. The most 

important effect of the twinning is that new slip systems can be created.  
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Grain boundary sliding is an important mechanism for plastic deformation. It is a relative 

parallel movement of the neighbouring grains which is caused by an external force (7). The 

sliding grains have to be plastically deformed as otherwise the material will fracture. The 

contribution of grain-boundary sliding can range from few percent up to 50 % of the total 

strain. (6, 8, 9)   

 

In ceramics the deformation also occurs via dislocation movement but due to the fact that the 

most ceramics have strong covalent bonds the dislocation movement and slipping is very 

difficult in ceramics. The slip is restricted by the repulsion of the like charged ions which 

should be brought close to each others during slipping. This difficulty for deformation makes 

most of the ceramics hard and brittle and they usually break before they start to deform. In 

glassy ceramics the deformation occurs via a viscose flow mechanism. (6)  

For some ceramics the deformation becomes possible through a superplastic deformation 

which is defined as “the ability of a polycrystalline material to exhibit, in generally isotropic 

manner, very high tensile elongation prior to failure.” (10)  The requirements for superplastic 

deformation in materials are: small grain size <20µm (metals typically <10µm and ceramics 

less than 1µm), high strain rates (0.1-1 s-1) with very low stresses. (11)  The mechanism for 

superplastic deformation is grain boundary sliding in groups and diffusion of groups of atoms 

(12).  

 

1.4 The Ti-B system  

Titanium is an important industrial metal; it is stronger than aluminium, lighter than steel and 

it also possesses good corrosion properties. Pure titanium has a hexagonal structure at room 

temperatures, (named α with D6h-6mmc symmetry and with Z=2) and it has a phase 

transformation at 882 ˚C (13) to the β-modification which has a cubic structure (Oh-Im3m, 

Z=2). Titanium has a melting point at 1667 ˚C and has an affinity to oxygen, hydrogen and 

nitrogen, especially oxygen and nitrogen uptakes makes the metal brittle and lower the 

ductility. Titanium alloys are commonly used in engines, aircraft frames, marine equipment 

and industrial plants; it is also used in medical applications due to its excellent 

biocompatibility.  

TiB2 has high hardness, good thermal shock resistance, a high melting point, chemical 

inertness and durability, good thermal and electrical conductivity. It is used in crucibles, 

electrode materials, protective coatings, armour materials, cutting tools and wear resistance 
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components. It is though difficult to sinter because of its rather low self-diffusion coefficient 

and a liquid phase sintering process is usually applied by the addition of some metals. The 

pure TiB2 can be sintered at temperatures exceeding 2000 ˚C resulting in considerable grain 

growth that in turn yields microcracking and lost of mechanical properties (14) (15)  The Phase 

diagram of Ti and B is shown in the Figure 2. TiB2 has a very narrow stability region and can 

react with Ti to form TiB. The relevant reaction in a composite containing Ti, B and TiB2 are: 

Ti + B -> TiB (1) 

Ti + 2B -> TiB2 (2) 

Ti + TiB2 -> 2TiB (3) 

Even though reaction (2) has a very negative ∆G (-272 kJ/mol at 1500 ˚C) it is possible to 

form TiB by the reaction (3) because of the small negative ∆G value (-20kJ/mol at 1500 ˚C). 

Though a proper time for B to diffuse through the TiB should be given and the concentration 

of B in the reaction zone should be less than 18-18.5 mass% (16) . 

 

 

Figure 2 Phase diagram of Ti-B system. (17)  

 

1.5 Aim of the present work.  

The aim of the present study was to investigate the sintering and deformation behaviours of Ti 

using SPS when sintering parameters such as pressure and heating rate are varied. For sake of 

comparison some experiments with hot pressing of Ti have also been conducted.  



 7 

It is well known that TiB2 is hard to sinter and deform and the Ti has been added to TiB2 with 

the aim of improve the ability to sinter and deform TiB2. Here a special emphasis is paid to 

the deformation of TiB2/Ti composites. 

2 Experimental 

The SPS apparatus Dr. Sinter 2050 (SPS Syntex Inc. Japan) was used in the sintering and 

deformation experiments described below. The SPS unit allows the recording of the 

shrinkage, shrinkage rate, temperature, current, voltage and pressure in real time. The used 

DC pulse sequence is 12:2 if not otherwise stated (corresponding to 39 ms:6.6 ms 

respectively). The temperature was recorded either by a K-type thermocouple inserted 1-2 

mm inside to the pressure die or by pyrometer focused on the surface of the die. In some 

experiment the thermocouple was directly connected to the solid sample inside the die. The 

sintering and deformation curves presented below have been corrected for the graphite 

expansion. The recorded shrinkage values (∆L) can be converted to density values as the mass 

and diameter of the sample is constant. The compressive strain data are expressed as, -∆L/L0 

where L0 is the initial height of the specimen and the compressive strain rate as d(-∆L/L0)/dt.  

The hot pressing (HP) experiments were carried out in a conventional hot pressing set up 

(Thermal Technology, USA). 

The sintered samples were characterized by electron microscopes (SEM 820 and 880, JEOL, 

Japan) and both polished and fractured surfaces were studied. The densified titanium samples 

were etched by Kroll’s reagents in order to explore the microstructures in greater details. In 

the case of the Ti/TiB2 composites only fractured surfaces were investigated by SEM. The 

image analyse program Image Tool was used for grain size calculations.  

The X-ray powder diffraction patterns of the samples were recorded in a Guiner-Hägg camera 

using CuKα1 radiation and Si as internal standard.  

All the densities were measured according to the Archimedes principle using water as a 

liquid.  

The hardness measurements were performed according to the Vickers’s indentation method 

using the 9.8 N and 98 N loads and the data were evaluated using the Anstis equation (18) . 

 

The coarse grained titanium powder (Alfa Aesar, 2N, 45 µm) was used in connection with the 

studies of the densification and the deformation behaviour of titanium. Samples with a 

diameter of 20 mm and a final height of 5 mm were densified and the effect of the different 
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heating rates (25 oC·min-1, 50 oC·min-1, 100 oC·min-1 and 200 oC·min-1) was investigated using 

a constant pressure of 50 MPa. A thermocouple was used to monitor the temperature and all 

samples were heated to 950 ˚C and then cooled to room temperature. In another series of 

experiments the pressure (applied at room temperature) was varied from 10 to 100 MPa and 

the samples were heated to 950 ˚C using a heating rate of 50 oC·min-1. In order to study the 

evolution of the microstructure as a function of temperature the densification process was 

interrupted at 200 °C, 400 °C, 500 °C and 600 °C.  

In order to compare the sintering behaviour of Ti in the SPS and HP units, respectively, the 

samples were heated to 700 ˚C using heating rate of 25 oC·min-1 and a dwell time of 10 min.  

The pressure (30 MPa) was applied at room temperature. In this case the densification takes 

place within the α phase region of Ti. 

 

The compressive deformation tests were performed with the pre-sintered samples which were 

SPSed to full densities.  These pre-sintered bodies had a diameter of 12 mm and a height of 

~5 mm. The pre-sintered sample was loaded to a die with the inner diameter of 20 mm and a 

die wall thickness of 15 mm. The maximum theoretical deformation for the sample with 12 

mm diameter and a height of ~5 mm in this die setting is 64%, The pressure was applied at 

room temperature corresponding to a compressive load of 25, 30, 50 and 75 MPa, 

respectively, for the 12 mm sized sample. This load was kept constant during the whole 

deformation cycle implying that the applied stress decreased when the deformation 

proceeded. Most of the deformation experiment were performed under non-isothermal 

conditions, i. e. the samples were heated up to 950 ˚C using a heating rate of 100 oC·min-1 and 

no dwell time was applied. The deformation experiments using different heating rates (25 

oC·min-1, 50 oC·min-1 and 100 oC·min-1) were, however, programmed to have a dwell time of 

4-5 min at 850 ˚C. In this series of experiments a constant load corresponding to an initial 

stress of 50 MPa was applied at the room temperature.  

The deformation of Ti was also tested when the current through the sample was blocked out 

by two alumina discs placed above and below the pre-sintered sample. This sample was 

heated to 800 oC using a heating rate of 50 oC·min-1, dwell time of 4 minutes and a pressure of 

50 MPa for a comparison a similar deformation set-up was used when current was flowing 

freely through the sample.  
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Finally, one set of experiments were performed using a heating rate of 25 oC·min-1and a dwell 

time of 20 min at 650 ˚C (72 MPa) and 700 ˚C (30 MPa), respectively. In this case the 

deformation takes place within the α-phase region of Ti.  

 

Flowing argon was used in HP experiments. One sintering experiment was performed within 

the α-phase region, i. e. the sample was heated to 800 ˚C using a heating rate of 25 oC·min-1 

and a pressure of 30 MPa and a dwell time of 20 minutes. Another sintering experiment was 

performed within the β-phase region, i. e. the sample was heated to 950 ˚C using a heating 

rate of 50 oC·min-1, a pressure of 30 MPa pressure and a dwell time of 60 minutes.  

 

Deformation tests in the HP were performed at 800 ˚C (within the α-phase region). The 

samples were heated to the final temperature at a rate of 25 oC·min-1, kept at this temperature 

for 20 minutes; the pressures used were 30 and 72 MPa, respectively. One deformation 

experiment was performed within the β-phase region (900 ˚C using a pressure of 72 MPa and 

a dwell time of 40 minutes).  

 

As mentioned above the temperature that the sample experience is higher than the recorded 

one. A set of experiments were thus performed to find out the ∆T. One thermocouple was 

inserted directly to a pre-SPSed Ti sample which had a diameter ~12 mm through a hole in 

the die (inner diameter 20 mm) (Figure 3) and the temperature difference between this 

thermocouple (a) and the one monitoring the temperature (b) was recorded during the 

deformation. A pyrometer was also focused on the die surface (close to place b). The 

experiment was programmed to go to 900 ˚C using a heating rate of 50 oC·min-1 and a 

pressure of 50 MPa but the test had to be stopped at 776 ˚C (measured by b) as the 

thermocouple placed on the sample exceeded 1000 ˚C, which is the surviving limit of K-type 

thermocouple.  

 



 10 

 

Figure 3 Location of thermocouples in connection with the ∆∆∆∆T experiments  

 

Appropriate amounts of Titanium (Alfa Aesar, 2N, 45 µm) and TiB2 powders (45µm ) were 

mixed in a planetary mill for four hours using iron balls as milling media to yield powders of 

the composition (Ti)x (TiB2)1-x with x=0.05, 0.10 and 0.20. The following sintering procedure 

was used to obtain fully dense cylindrical compacts with a diameter of 12 mm and height ~6 

mm; The samples were heated to 600 ˚C at rate of 300 oC·min-1 and from 600 ˚C to 1450 ˚C at 

a heating rate of 100 oC·min-1, from 1450 ˚C to 1500 ˚C using a rate of 25 oC·min-1 was used 

and the samples were held at this temperature for 3 min. A pressure of 50 MPa was applied at 

ambient temperature. These sintering conditions are abbreviated as 1500/3/50 below.  

These samples were used for deformation experiments and loaded into dies with inner 

diameters of 15 mm or 20 mm, respectively. The dies were heated to the 1500 ˚C using a 

heating rate of 100 oC·min-1 and then to 1550 ˚C at a lower rate (25 oC·min-1) in order to avoid 

overheating. A load corresponding to an initial compressive stress varying between 10 and 50 

MPa was applied at room temperature and held constant during the entire experiment. Most of 

the experiments were stopped when d(-∆L/L0)/dt became ~0. In addition a few samples were 

heated to 1700˚C using a heating rate of 100 oC·min-1 with dwell times in the range of 2-3 

min. 
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3 Results and discussions 

3.1 Temperature measurements  

The temperature was measured by two thermocouples and a pyrometer during post-SPSed 

Titanium block and is shown in Figure 3. Two types of temperature differences, with ∆T 

being defined as Ta–Tb, were revealed by direct experiment observations, namely 

(1) The sample experiences higher temperature (Ta) than the one measured by the 

monitoring thermal couple (Tb). a and b are defined in Figure 3, 

(2) The temperature on die surface measured by a pyrometer is higher than the one 

measured by the monitoring thermal couple (Tb), but is very close that of the 

sample (Ta). 

It is obvious that the temperature difference increases linearly with time using a constant 

heating rate, Figure 4. However, two linear parts with different slopes were observed when 

sample temperature was plotted versus time, which is more evident in Figure 4b. When the 

deformation starts the slope increase suggesting that the deformation ignites a temperature 

increase. The correlation of the change of ∆T and the change of deformation rate can not be 

regarded as a coincidence. At 200 ˚C (Tb) the measured ∆T is ~21 ˚C whereas at 700 ˚C (Tb) 

∆T achieves a much high figure, ~167 ˚C. This observation fits well to the previous studies 

carried out by Zavanliangos et al. and Vanmeensel et al. (19, 20, 21) . They estimated that ∆T for 

conducting materials would lie between 150 ˚C and 206 ˚C and that the ∆T increases linearly 

with the increase of temperature. In our case, during the deformation the sample diameter 

increases, implying more heat is generated by self-heating of the sample. The temperature 

difference revealed by the measurement made by a thermal couple and a pyrometer 

demonstrated, on the other hand, that the pyrometer has a much rapid response to the 

temperature change, i.e. much high temperature-sensibility. Thus, it is worth to emphasize 

that the measured and calculated ∆T values are sensitive to the experiment conditions applied. 

They may thus be only valid at that precise condition defined by the applied experimental 

conditions. Even a minor change of the experimental parameters may yield the large change 

of the measured ∆T.  

 

Another temperature issue concerns the temperature distribution within the sample that we 

have not yet investigated by direct experimental measurement. Such internal temperature 

differences depend on the size of the sample and die set, which have been discussed in the 
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literature (19. 20, 21) . It can be diminished by careful sample loading, by using high thermal 

conducting die, and by applying a graphite wool insulator around the die to prevent the heat 

loss.  

 

 

Figure 4 A plot of the temperature between a thermocouple placed close to the sample and 

thermocouple/pyrometers reading at the surface of the pressure die plotted versus time using a constant 

heating rate (a) and ∆∆∆∆T between the sample (Ta) and the die (Tb) vs  monitored temperature (dotted line) 

and the deformation curve of Ti (solid line) (b). The slope of the ∆∆∆∆T is changed when the deformation 

starts. 

 

3.2 Sintering of Titanium 

All samples with different heating rates were found to be fully dense (>99% of theoretical 

density (TD)) after being heated to 950 ˚C in the SPS unit. The densification curves varied 

with the heating rate used and the sintering curves are presented in Figure 5. The densification 

started at lower temperature when higher heating rates (200 oC·min-1) were applied but to 
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achieve fully dense samples they had to be heated to approximately same temperature (950 

˚C) as those samples heated by 50 and 100 oC·min-1. The densification curves of the samples 

heated by 50 and 100 oC·min-1 appear similar and the onset point of densification is close to 

480 ˚C after this point the densification progresses fast. The shift of the high heating rate 

curve to a lower temperature at the beginning of densification can be explained by the 

increased temperature gradient between the monitoring and the real temperature experienced 

by the sample.  

 

 

Figure 5 Sintering curves of Ti. The samples were heated to 950 °°°°C using heating rates of 50, 100, and 200 

oC·min-1, respectively, using a pressure of 50 MPa.  

 

When the pressure was increased from 10 to 100 MPa the green body density increased from 

45% to 62% of TD as seen in Figure 6. In these experiments a heating rate of 50 ˚C·min-1 was 

used and independent of the pressure applied the densification starts at ~480 ˚C, i. e. the same 

temperature as observed above. When a pressure of 75 or 100 MPa is applied fully dense 

samples are obtained at temperatures around 730 ˚C but when lower pressures are applied an 

increase in the sintering rate is observed also around 730 ˚C. This increase in sintering rate is 

ascribed to the α to β−phase transformation of titanium (882 ˚C), suggesting that the 

temperature difference between the real and monitoring temperature is of the order 150 ˚C, 

see also above. 
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Figure 6 Sintering curves of Ti. The samples were heated to 950 °°°°C using a heating rate of 50 oC·min-1 and 

six different pressures; 10, 20, 30, 50, 75, and 100 MPa.  

 

A series of densification experiments were performed in SPS unit where the densification 

process was interrupted at various temperatures and the resulting microstructures were 

evaluated and in part revealed in Figure 7. The samples that were interrupted at 200 and 500 

˚C exhibited similar microstructures and no grain growth was observed, the density of the 

latter one was however higher than the former one. No local necking, melting or micro-

welding features was observed. The deformation seems to occur throughout the whole grain 

and is accompanied with microcracking (Figure 7c). When the sintering is stopped at 600 ˚C 

densities in the range of 90% is achieved and necking is seen. The samples sintered at α-

phase region in HP (800/20/30 MPa) had very similar microstructures compared to the SPSed 

(700/10/30 MPa) ones  

 

Our HP unit is not furnished with a dilatometer implying that no densification curves can be 

presented. The density of the HPed sample heated to 950 ˚C and kept there for 60 min was 

>99% the HPed sample heated to 800 ˚C and kept there for 20 min achieved a density of 92%. 

In both cases a pressure of 30 MPa was applied the data are interpreted in terms of that you 

need to be within the β−phase region in order to obtain fully dense samples.  
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Figure 7 The SEM micrographs of specimens sintered in SPS to a) 200 ˚C, b and c) 500 oC and d) 600 °°°°C, 

using a heating rate of 50 oC·min-1 and a pressure of 50 MPa.  

 

3.3 Deformations of Titanium  

Fully dense pre-sintered samples with a diameter of 12 mm were loaded into a 20 mm die. 

Pressures of 25, 30, 50 and 75 MPa were applied at room temperature and a heating rate of 50 

oC·min-1, was used. The resulting compressive strain rate curves are shown in Figure 8. The 

experiments were interrupted when the dilatometer reached a constant value. The onset 

temperature for the deformation increases from ~480 ˚C to ~800 ˚C when the pressure is 

decreased from 75 MPa to 25 MPa. At high pressure (75 MPa) the deformation occurs in the 

α-phase region and the compressive strain rate curve is comparatively broad. When the 

pressure is decreased (20 and 30 MPa) the deformation shifts to higher temperatures, 

implying that the main part of the deformation takes place within the β-phase region and the 

compressive strain rate curves become more confined. When a pressure of 50 MPa is used the 

deformation takes place within both the α− and β-phase regions and the compressive strain 

curve exhibits two separate maximum values one located within the α−phase region the other 

within the β−phase region.  
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Figure 8 Compressive strain and strain rate curves for Ti using pressures of 25, 30, 50, 75 MPa, 

respectively.  

 

Deformation experiments under a constant load corresponding to an initial compressive stress 

of 50 MPa and different heating rates (25, 50 and 100 oC·min-1) were also conducted. The 

resulting compressive strain and strain rates curves are given in Figure 9. Two inflection 

points can be discerned, one located ∼600-650 °C and the second one ∼700-750 oC. The 

deformation in the low temperature region is ascribed to the deformation of the α-phase while 

the high strain rate achieved at high temperature is ascribed to the deformation of the β-

modification. The fact that the β-phase deforms more easily than the α-phase is in agreement 

with that the β-phase has more slip systems than the α-phase, see above. The onset 

temperature decreased with increasing the heating rate. This might be ascribed to the fact that 

the temperature gradient within the sample increases with increasing heating rate and that 

more current is passing through the sample when high heating rates are applied that in turn 

give rise to an increased Joule heating (Figure 10). The deformation rate increased also with 
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increasing heating rate by the same reasons. The compressive strain did not varied substantial 

with the heating rate used, i. e. the heating rates 100 and 50 oC·min-1 yielded compression 

strain of 60.9% while the heating 25 oC·min-1 yielded slightly lower strain (58.3%).  

 

 

 

Figure 9 Compressive strain and strain rate curves for compression of Ti using 25, 50, and 100 oC·min-1 

heating rates, respectively. 
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Figure 10 Powers (W) used for compression of SPS pre-sintered Ti samples using heating rates of 25, 50, 

and 100 oC·min-1 in SPS and a pressure of 50 MPa.  

 

In one experiment the current was blocked from passing through the Ti-sample by inserting 

an alumina disc above and below the Ti cylinder. In this case the onset of deformation 

delayed ~90˚C, compared to the case when the current was allowed to pass through the 

sample, see Figure 11. The deformation curves look also different; the one without alumina 

discs exhibit two-step deformation behaviour while the one with alumina discs only contain 

one deformation step. This suggests that the deformation in the latter case occurs within the 

α-phase region while in the former case the deformation takes place both in the α-and β- 

phase regions. This confirms that conducting sample is internally heated by the current that 

passes through the sample.  
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Figure 11 Compressive strain curves of the Ti sample where current was blocked from passing through 

the Ti-sample by Al2O3 discs and the sample without the Al2O3 discs. SPS conditions: heating rate of 50 

oC·min-1, 50 MPa, and dwell time of 4 minutes at 800 ˚C.  

 

3.3.1 Compressive deformation of Ti in the HP unit 

To compare the deformation of Ti in the SPS and HP units deformation experiments were 

performed within the α and β- phase regions taking into account the difference between the 

recorded temperature and the one experienced by the sample, see above. The results are 

summarized in Table 2. It is obvious that within the α-phase region SPS yields higher strains 

than HP and the difference is more obvious when low pressures are applied. The experiment 

within the β−phase region yielded the maximum strain in the HP unit as expected. The 

minimum time to achieve this maximum strain might even be shorter than 40 min indicating 

from that Ti also deforms faster in the β region in the HP unit.  

 

Table 2 Compression strains in HP and SPS units in different pressures and holding times in αααα and ββββ 

phase regions, a heating rate of 25 oC·min-1 was used.  

Compressive 

strain 

Phase 

region 

SPS 

(%) 

HP 

(%) 

SPS conditions HP conditions 

P 30 MPa α 25.5 6.1 700 ˚C/ 20 min 800 ˚C/ 20min 

P 72 MPa α 52 48 650 ˚C/ 20 min 800 ˚C/ 20 min 

P 72 MPa β  57  900 ˚C/ 40 min 

 



 20 

3.3.2 Microstructural features of the deformed Ti samples 

 The microstructures of the pre-sintered sample and the deformed ones were very similar both 

exhibiting strongly deformed and twinned grains and no significant grain growth has taken 

place during the deformation process, see Figure 12. It can also be noticed that the 

microstructures of samples deformed within the α  and β− phase regions were similar. 

 

 

Figure 12 SEM micrographs of Ti specimen heated to 950 °°°°C using heating rate of 50 oC·min-1 and a 

pressure of 10MPa (a) and deformed specimen using an initial compressive stress of 25 MPa (b).  

 

3.4 Deformation of Ti /TiB2 composites 

Previous study by Pettersson et al. (22) showed that the composites (Ti)x (TiB2)1-x with x=0.05, 

0.10 could be sintered to a full density assuming Ti and TiB2 being the only phases present 

while the sample with x=0.20 exhibited a slightly lower density than expected due to the 

formation of minor amounts of TiB as revealed by X-ray studies. The experimental findings 

for sintering and deformation experiments are summarized in the Table 3.  
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Table 3 A tabular summary of the experimental conditions used in connection with the densification and 

deformation of (Ti)x(TiB2)1-x composites and obtained strain and mechanical properties.   

Experimental Sample 

x-value 

SPS  

Conditions* 

Density 

(%TD) 

Phase 

 

Strain 

(%) 

Hv 

(GPa) 

Remarks 

Densification 0.05 1500/3/50 99.9 TiB2, (Ti)  25  

 0.10 1500/3/50 100 TiB2, (Ti)    

 0.20 1500/3/50 97.0 TiB2, (Ti),  

(TiB) 

   

Deformation 0.05 1550/2/30 95.7 TiB2, (Ti), 

(TiB) 

48.3  Cracks 

 0.05 1700/0/40 91.6  32  Cracks 

 0.05 1700/2/50 98.5 TiB2, TiB, 

(Ti3B4) 

48.4 15.6 no cracks 

 0.10 1550/0/40 87.8 TiB2, (Ti), 

(TiB) 

55.4  Cracks 

 0.10 1700/3/10 97.3  58.6  Cracks 

 0.10 1700/2/50 100  51 13 no cracks 

 0.20 1450/0/50 93.2 TiB2, TiB 57.1  no cracks 

 0.20 1700/1/50 96.8  58  no cracks 

Remark *1500/3/50 = 1500 ˚C, 3 min, 50 MPa 

 

The densification and compressive strain curves of the composite (Ti)x (TiB2)1-x with x = 0.05 

are given in Figure 13. These curves are very similar indicating that the deformation is 

determined by the softening of the inter-granular Ti-phase. The initial deformation of the 

Ti/TiB2 composites occurs already at a temperature similar to the one where pure Ti starts to 

deform, see above, but the second step of deformation starts at much higher temperature, 

~1300 ˚C. This indicates that the softening of the Ti at the α/β phase transformation 

temperature is not enough to obtain complete deformation. 
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Figure 13 Densification and compressive strain curve of the composite (Ti)x (TiB2)1-x with x = 0.05. (a) The 

pre-sintered sample was heated at a rate of 100 oC·min-1 to 1450 °°°°C and then heated to 1500 °°°°C by a rate 

of 25 oC·min-1 under a pressure of 50MPa. The dwell time at 1500 °°°°C was 3 min. (b) The deformation was 

carried out at 1550 ˚C under a constant load corresponding to an initial compressive stress of 30 MPa with 

holding time of 2 min, heated at a rate of 100 oC·min-1 to 1500 °°°°C and then heated to 1550 °°°°C at a rate of 

25 oC·min-1. 

 

The density measurements indicate that the deformed samples were not fully dense, see Table 

4, in contrary to the pre-sintered sample due to formation of cracks. The formation of TiB was 

only noticed in pre-sintered samples only for the composition with x=0.2 but according to 

XRD investigations all the deformed compositions showed the formation of TiB. TiB has an 

orthorombic symmetry and is softer than the hexagonal TiB2 implying that the hardness of the 

deformed sample is also lower, see Table 3. The cracks were initiated during the deformation 

at low temperatures and/or under low pressures and the largest cracks were mainly found at 

the edges of the deformed samples but some cracks could also be found in the interior of the 

sample, see Figure 14. The tendency to form the cracks decreased with increasing 



 23 

deformation temperature and/or the pressure for a given x-value. The possibility to obtain a 

crack free deformed sample increases with increasing x-value for a given temperature. TiB2 

doped with 20% Ti did not show any signs of cracking even at low temperatures, see Table 3. 

There is no obvious correlation between applied pressure and obtained densities indicating 

that crack formation is not the only mechanism that affects the density.  

 

 

 

Figure 14 The microstructure of pre-sintered composite (Ti)x (TiB2)1-x. when x=0.05 in (a) Sintered at 1500 

˚C for 3 minutes and a pressure of 50MPa and (b) deformed at 1500 ˚C under an initial pressure of 

50MPa. 

 

Table 4 Densities prior and after deformation. 

x ρ1 (%) 

max ε 

(%) 

deformation 

conditions ρ2 (%) 

0.05 99 31 1500/3/30 95 

0.1 99 46 1417/0/50 92 

0.2 99 57 1433/0/50 93 

Remarks: p1 presents the density of the as sintered samples, εεεε is the strain obtained and p2 is the density 

after deformation, Samples are pre-sintered 1500/3/50 and deformation conditions are given in the table. 

All these samples did not exhibited visible cracks 
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At high temperature (1700 ˚C) it was possible to deform all of the compositions with high 

values of strain and without crack formation and similar densities. The obtained strains varied 

with the composition, 48% (x=0.05), 51% (x=0.1) and 58% (x=0.2). It can also be noticed 

that the pressure needed for crack free deformation at high temperatures is comparatively high 

(50 MPa) and that no significant grain growth took place during the deformation; the grain 

size in the deformed sample was ~4.4 µm while the one in the pre-sintered sample was ~3.4 

µm.  

 

At 1700 ˚C a Ti based liquid phase is formed and it reacts with TiB2 to form TiB and Ti3B4. 

This reaction will diminish the amount of Ti in the composite and accordingly limit the 

deformation time of the sample. A fast deformation is needed in order to get a maximal strain 

i.e. a high pressure is needed. Even though a high density samples were achieved at high 

temperature the formation of TiB and Ti3B4 decreased the hardness of the composite from 25 

to 13 GPa. 

4 Conclusion 

Direct temperature measurement revealed two types of temperature differences, namely,  

(1) The sample experiences higher temperature (Ta) than the one measured by the 

monitoring thermocouple (Tb); 

(2) The temperature on die surface (Tb) measured by a pyrometer is higher than the 

one measured by the monitoring thermocouple, but is very close to the sample 

temperature (Ta). 

At low temperature the ∆T is ~20 ˚C (200 ˚C) and increases to ~170 ˚C (700 ˚C) in the case of 

Ti. The pyrometer has a much more rapid response to temperature changes than the 

thermocouple, i.e. much high temperature-sensibility.  

 

Spark plasma sintering of Ti and Ti/TiB2 composites yielded fully dense samples. It was 

found that SPS accelerates densification of Ti and Ti/TiB2 composites compared to HP due to 

an enhancement the deformation of Titanium, and this densification is more pronounced in 

hard α-phase region compared to that within the soft β−phase region. This difference can 

hardly be ascribed to an electric field effect but rather to being a consequence of higher 

heating rates and more effective heat transfer during the deformation process. 
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The post sintering deformation tests revealed that SPS promotes the deformation of both 

mono-phase Titanium and dual-phase Ti/TiB2 composites In connection with these 

experiments it was observed that deformability increases with the increasing Ti content. It 

was observed that TiB and Ti3B4 were formed in connection with the formation of Ti/TiB2 

composites, which impaired the mechanical properties of the deformed materials. 

5 Future work 

� High resolution transmission electron microscope investigation of the pre-sintered and 

deformed Ti samples in the vicinity of grain boundaries and in the necks that are 

formed at the beginning of the sintering to study if there is any difference in 

dislocation formation or any other signs that may justify a current effects compared to 

the HPed samples; 

� SPS consolidation of fine grained Titanium to study to what extent the grain size of 

the starting powder influence the sinter ability and deformation of pre-sintered 

samples.  

� To optimize the deformation of Ti/TiB2 composites. 
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