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> Hot-pressing is used to make almost fully dense titanium and Ti-6Al-7Nb alloy. > 

Study of the bending properties of elemental titanium and Ti-6Al-7Nb alloy. > Study of 

the interaction between titanium and processing tools. > Microstructural evolution of 

the materials with the processing temperature. 
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Abstract 

Hot-pressing is a powder metallurgy process where loose powder is loaded into a 

mould, usually of graphite, and sintered by the simultaneous application of high 

temperature and pressure. In this study elemental titanium and Ti-6Al-7Nb alloy 

powders are hot-pressed under different conditions in order to study the influence of the 

processing parameters on the microstructure and mechanical properties. The samples 

are characterised in terms of relative density, microstructure, XRD, percentage of 

interstitials, three-point bending test and hardness. Relative densities as high as 99% are 

obtained, oxygen and carbon content remains almost constant but nitrogen percentage 

increases. This is due to the interaction with the BN coated mould and leads to the 

formation of a reacted layer in the surface, composed by different titanium compounds, 

which greatly affect the mechanical properties. Nevertheless, the removal of this reacted 

layer leads to an important improvement of the ductility, especially for elemental 

titanium.  

 

Keywords: vacuum hot-pressing, titanium alloys, Ti-6Al-7Nb, bending properties, BN-

Ti interaction 

 

1. Introduction 

Titanium and titanium-based alloys are principally used for their well-known good 

balance of properties, like high strength and relative low density (highest specific 

strength), excellent corrosion resistance and very high biocompatibility. The 

combination of these characteristics allows the employment of these materials in many 
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high-technology industries, namely aerospace and aeronautic industry, medical and 

dental applications, high corrosive chemical environment and high performance cars. 

However, the employment of titanium and its alloys in more conventional applications 

is strongly limited by its cost, both high raw materials cost and high processing cost. 

This high cost is principally due to the high affinity of titanium for oxygen and other 

interstitial elements (nitrogen, hydrogen and carbon) which are difficult to eliminate 

and, even if present in a relative low percentage, modify significantly the mechanical 

properties (Lütjering, 2003; Donachie, 1988). 

Titanium is, generally, preferred to other metallic biomaterials, such as austenitic 

stainless steel, Co based alloys (Co Cr Mo) and precious metals due to its superior 

biocompatibility and corrosion resistance in conjunction with low density and an elastic 

modulus much more similar to that of human bones (Niinomi, 1998). Elemental 

titanium has been used as a biomedical material since 1950´s and the Ti 6Al 4V alloy 

has been widely used because, until recently, the mainstream approach taken for the 

introduction of orthopaedic materials has involved adaptation of existing materials 

(Long, 1998). Two different generations of new titanium alloy compositions with 

tailored properties have been developed through the years. The first one includes the Ti

6Al 7Nb and Ti 5Al 2.5Fe alloys, which have similar properties to Ti 6Al 4V but are 

V free, due to its potential cytotoxicity and adverse reaction with the body tissues. In 

the second one, enhanced biocompatibility and lower elastic modulus were the two 

properties searched. Examples of biomedical titanium alloys of the second generation 

are the Ti 13Nb 13Zr and the Ti 35Nb 5Ta 7Zr alloys. Particularly, the Ti 6Al 7Nb 

alloy was developed by Semlitsch et al. (Semlitsch, 1985) at the end of the nineteen 

seventies, during the search for the replacement of vanadium with niobium and 

tantalum, and fabricated by forging bulk material for hip prosthesis stems. 

Powder metallurgy techniques allow a reduction in production costs when compared to 

conventional processing since approximately 90% of the raw material is used and there 

is the possibility to avoid or limit machining, being net-shape or near-net-shape 

techniques (German, 1998). The different P/M techniques can be divided into two 

categories as a function of the temperature at which the consolidation process is done. 

On one side, cold consolidation, such as the conventional uniaxial pressing which is 

carried out at room temperature, is followed by the sintering at high temperature. On the 

other side, in hot consolidation processes the compaction pressure and the temperature 

are applied simultaneously to the powder. These last processes can produce higher 
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relative densities than the achieved with conventional pressing and sintering and, in 

some cases, are designed to reach full density (Bose, 2003). 

Hot-pressing is the simplest hot consolidation process and consists of loading loose 

powder into a graphite mould, which is coated with a high temperature ceramic material 

in order to prevent reaction and to promote the mould release. This process is used to 

shape high melting temperature materials such as tungsten carbide in cobalt matrix, 

beryllium, diamond tools and composites (Bose, 2003). 

Some early hot-pressing or pressure-sintering experiments on titanium (Goetzel, 1971a) 

and titanium alloy (Goetzel, 1971b; Malik, 1975) powders were carried out during the 

70  of the XX century. In the last decade, the densification behaviour as well as the 

microstructure obtained with the Ti-6Al-7Nb alloy produced starting from elemental 

powders (Henriques, 2001) has been investigated. 

This work focuses on the behaviour of elemental titanium powders and that of the Ti-

6Al-7Nb alloy obtained by mixing a Nb:Al:Ti master alloy. The aim of the work is to 

study the influence of the processing temperature on the relative density, the variation of 

the mechanical properties, measured by means of three-point bending tests, the content 

of interstitial elements and the microstructure of elemental titanium and the Ti-6Al-7Nb 

alloy produced by vacuum hot-pressing. Moreover, the interaction of the powder with 

the boron nitride coating, applied to the graphite tools to avoid the formation of titanium 

carbides and favour the release of the hot-pressed components, is also studied.  

 

2. Experimental Procedure 

In order to carry out the study about the influence of the hot-pressing process 

parameters, hydride-dehydride (HDH) elemental titanium powder with particle size 

lower than 26  m (-500 mesh), and 75  m (-200 mesh) were supplied by Se-Jong 

Materials (Ti-SJ) and GfE Gesellschaft für Elektrometallurgie mbH (Ti-GfE), 

respectively. The Ti-6Al-7Nb alloy was produced by mixing the elemental titanium 

powder of 75  m (Ti-GfE) with a powder prepared from a Nb:Al:Ti (60:35:5) master 

alloy. It is worth mentioning that the master alloy was high energy ball milled in order 

to reduce its particle size, lowering its maximum particle size to 55  m. The details of 

the powder preparation route can be found elsewhere (Bolzoni, 2011b). Table 1 shows 

some characteristics of the powders ready to be used for hot-pressing where particle size 

distributions were obtained by a laser beam Mastersizer 2000, oxygen (ASTM E 1409) 



 4

and nitrogen (ASTM E 1937) by inert gas fusion method (LECO TC500) and carbon 

(ASTM E 1941) by combustion technique (LECO CS200). 

For hot-pressing experiments, the materials considered were loaded into a die made out 

of graphite which was lined with a low reactive graphite foil (approximately 0.75  m 

thick) to reduce reactions between the powder and the mould. For the preparation of the 

die, the lower punch is inserted into the cylindrical die cavity and, then, graphite foil 

coated with BN spray is placed to facilitate mould release and to prevent the direct 

interaction of titanium powders with the graphite tools at high temperature. Loose 

powder is poured, a BN coated graphite foil and a graphite disc are placed and, 

altogether, cold uniaxially pressed at a pressure of approximately 18 MPa. These steps 

are repeated for each one of the powders to be hot-pressed. Finally, the upper punch is 

inserted into the die cavity and the whole set is put on the equipment. The amount of 

powder loaded, approximately 75 g, gives as a result a disc of 65 mm in diameter and 5 

mm in thickness. Figure 1 shows a sketch of the preparation of the graphite mould 

where the tools used to sinter the powder (graphite mould, graphite discs, BN coated 

graphite foil, etc.) are labelled. 

The materials were pressed under different conditions: 900ºC and 1100ºC during 1 hour 

and 1300ºC during 30 minutes. Concerning the processing time, by selecting these 

parameters, an effective dwell time at maximum temperature of 30 minutes is 

guaranteed since, for the lower temperatures, a delay between the programmed and the 

measured temperatures was detected. In any case, the parameters employed assure the 

complete shrinkage of the powder as corroborated by means of the strain gauge 

measurements recorded by the machine. The control of the temperature is done by 

means of thermocouples, placed directly in contact with the graphite mould, which 

guarantees a precision of ±5ºC. The pressure used, which was applied during the heating 

reaching a maximum pressure of 30 MPa, the heating rate of 10ºC/min and the vacuum 

level of 10-1 mbar were kept constant in the diverse experiments carried out.  

Once pressed, the specimens were taken out of the matrix, sandblasted to clean the 

surface and characterized in terms of relative density by Archimedes  principle and 

microstructural analysis by means of optical and electronic microscopy in previously 

ground (SiC-

Chemical analyses (oxygen, nitrogen and carbon), X-ray analysis as well hardness 

measurements were performed. From the discs obtained, rectangular shaped specimens 

were cut in order to obtain samples to be submitted to the three-point bending test 



 5

(ASTM B528) for mechanical characterisation. Some of these specimens were also 

previously ground to remove the surfaces which had been in contact with the BN 

coating of the graphite foil during the compaction. In this way it is possible to detect 

eventual reactions occurred between the coating and the powder and to study how the 

outer layer affects the mechanical properties of the materials. 

 

3. Results and Discussion 

Figure 2 shows the relative density obtained for each one of the processed materials as a 

function of the temperature where for its calculation the values of the density of the 

wrought materials were used (4.51 g/cm3 for elemental titanium and 4.52 g/cm3 for Ti-

6Al-7Nb). 

As it can be seen in Figure 2, the relative density increases continuously for both the 

elemental titanium powders as well as for the Ti-6Al-7Nb alloy where the most 

important increment corresponds to the Ti(SJ) powder, being 1% every 200ºC. 

Moreover, it is interesting to notice that even thought of smaller particle size, which 

should favour the densification of the material due to the greater specific surface area, 

Ti(SJ) powder reaches lower values compared to Ti(GfE). On the other side, it can also 

be seen that the ratio at which the relative density of Ti(SJ) increases with the 

temperature is higher with respect to Ti(GfE). This could indicates that the lower the 

processing temperature, the greater the influence of the oxide layer present on the 

surface of the powder particles which, therefore, hinders the densification of the 

material. This effect is, clearly, favoured by a smaller particle size or a higher specific 

surface area, which results in a higher oxygen content, as it can be corroborated by 

means of the chemical analysis shown in Table 1. Finally, the relative density values 

obtained range from 97% to 99% and, thus, are higher than the typical density of 95% 

obtained by conventional pressing and sintering combined with the blended elemental 

approach (Abkowitz, 1986; Froes, 2002; Bolzoni, 2010; Bolzoni, 2011a). 

In Figure 3 the evolution of the size, morphology and distribution of the residual 

porosity with the temperature by means of the micrograph of representative example of 

Ti(GfE) elemental titanium samples are presented. 

Analysing Figure 3 it can be seen that the elemental titanium specimens show a very 

small porosity, smaller than appr and the percentage is much higher in 

the specimens processed at 900°C (Figure 3a) and, then, disappears with the increment 

of the sintering temperature (Figure 3b). These results are in complete agreement with 
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the density values previously shown in Figure 2. Moreover, it can be stated that the 

porosity at low temperature is not only higher but also much more irregular in shape and 

it becomes more and more spherical passing from 900ºC to 1300ºC. 

The evolution of the microstructural features with hot-pressing temperature is shown in 

Figure 4 by means of micrographs taken on 

reactant. It is worth mentioning that the micrograph of elemental titanium refers to 

Ti(SJ) but they are representative also for Ti(GfE) since the microstructure is composed 

Ti(GfE) in comparison to Ti(SJ). 

Concerning the evolution of the microstructure of elemental titanium (Figure 4 a-c) with 

the hot-pressing temperature, it can be seen that there is a grain coarsening with the 

increase in the processing temperature and, therefore, a lower amount of grain 

boundaries for higher temperatures. It is worth mentioning that the grain growth is more 

marked for Ti(SJ) due to the smaller particle size. On the other side, for the Ti-6Al-7Nb 

alloy, it can be noticed that the processing temperature of 900°C (Figure 4d), which is 

lower than the beta transus of this alloy, is not high enough to guarantee the complete 

dissolution of the master alloy particles in the titanium matrix and, therefore, to develop 

the typical Widmanstätten microstructure. The increment of the hot-pressing 

temperature to 1100ºC leads to a much more uniform microstructure (Figure 4e) but the 

distribution of the alloying elements is not completely uniform as corroborated by 

means of EDS analysis. A further increment of the temperature to 1300ºC permits to 

obtain a homogeneous distribution of the alloying elements and the typical 

microstructure of 

4f). 

Concerning chemical analysis results, in the case of oxygen and carbon a single value is 

reported in Figure 5 since no big differences were detected between the ground and not 

ground specimens. On the other side, nitrogen content has been split up for machined 

and not machined samples since the results obtained where quite different as clearly 

visible in Figure 6. 

As it can be seen in Figure 5, oxygen content is almost constant with the temperature for 

both elemental titanium materials and for the Ti-6Al-7Nb alloy. The most important 

point is that there is always some oxygen pick-up for the elemental titanium powders 

whereas there is not increment of the amount of oxygen dissolved for the Ti-6Al-7Nb 

alloy in comparison to the values of the starting powders (Figure 5). Moreover, it can 
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also be stated that this oxygen pick-up is slightly more pronounced for Ti(SJ) in 

agreement with the finer particle size of the starting powder, which will have a higher 

specific area and a greater amount of oxygen adsorb onto the surface of the powder 

particles. Finally, comparing the absolute values, it can be seen that Ti(SJ) specimens 

have higher oxygen content as a consequence of the greater percentage already 

dissolved in the starting powder. 

About carbon content (Figure 5), the measurements carried out on each specimen reveal 

that carbon percentage increases with the processing temperature where the increment is 

more marked from 1100ºC to 1300ºC than from 900ºC to 1100ºC. The carbon pick-up is 

mainly due to the carbon rich atmosphere produced by the graphite tools at high 

temperature and that is why it increases with the increment of the hot-pressing 

temperature. Nonetheless, carbon values obtained are lower than 0.08%, which is the 

value required for all the elemental titanium grades and titanium alloys (Boyer, 1998). 

Concerning nitrogen content (Figure 6), it can be noticed that the amount of this 

interstitial element increases with the processing temperature and the increment is much 

higher between 1100ºC and 1300ºC for both ground and not ground specimens. 

Moreover, it is interesting to point out the great difference in nitrogen content between 

machined and not machined samples which indicates that there has been reaction 

between the specimens and the BN coating of the graphite foil and, therefore, nitrogen 

pick-up. Comparing the titanium powders, nitrogen percentage is slightly higher in 

Ti(GfE) than in Ti(SJ) at 900ºC and 1100ºC and much higher at 1300ºC for not ground 

samples but it is almost equal in the ground ones. 

To confirm the interaction between the BN coating of the matrix and the titanium 

powders, SEM analysis of the surface of the specimens was carried out. Since the 

behaviour found during the characterisation does not depend on the type of the starting 

powder, the results of Ti(GfE) samples, which can be considered representative of the 

whole materials studied, are reported in Figure 7. 

The general behaviour can be summarised as follows: at 900ºC (Figure 7 a) there is no 

reaction layer, probably due to the relative low energy available for the decomposition 

of BN and the diffusion of boron and nitrogen through titanium. Nonetheless, based on 

the chemical analysis, it can be stated that nitrogen diffuses through titanium because in 

all the cases nitrogen pick-up is observed and the diffusion is supposed to be faster with 

the raising of the processing temperature (Wasilewski, 1954). At 1100ºC (Figure 7 b), 

an irregular dark layer varying between 5  m and 10  m in thickness is clearly visible 
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and at 1300ºC ((Figure 7 c) this layer is already well formed, relatively uniform and 

thicker (20  m). Energy dispersive X-ray analysis indicates that this layer is composed 

by titanium and nitrogen (on average 6.5 wt.% or 19.5 at.%) but boron could not be 

detected due to the intrinsic detection limits of the equipment.  

To better understand the nature of the reaction that takes place between the titanium 

powder and the BN coating, XRD analysis of the surface of the hot-pressed samples 

was carried out. The XRD patterns of the surface of the specimens shown in Figure 7 

are presented in Figure 8. 

It is worth mentioning that the XRD patterns shown in Figure 8 refer to Ti(GfE) 

elemental titanium since no significant differences are found either when using an 

elemental titanium powder with lower particle size, Ti(SJ), or a titanium alloy (Ti-6Al-

7Nb) and the phases detected on the surface of the specimens are always the same. This 

is most probably due to the higher affinity of titanium for both boron and nitrogen than 

that of aluminium or niobium. 

On the bases of the XRD results (Figure 8), it can be stated that, at 900°C, the powder 

picks up some nitrogen from the BN coating forming an interstitial solid solution of 

n Ti(N). Its peaks practically coincide with that of elemental alpha 

titanium and are marked in the XRD pattern of the powder sintered at 900ºC. When 

raising the temperature at 1100°C the amount of nitrogen diffusing into the titanium 

matrix increases. It is well known that the increasing the nitrogen content in titanium 

 (Jaffee, 1958). 

This is reflected in a slight displacement of the peaks of titanium alpha toward lower 

diffraction angle which can be seen in the XRD patterns of the materials processed at 

900ºC and at 1100ºC (Figure 8). Moreover, the increment of nitrogen seems to be high 

enough to promote the formation of Ti2N and TiN compounds. At 1100ºC also boron, 

which is not detected at 900ºC, is diffusing toward the titanium powder forming the 

stable compound TiB. The absence of boron or titanium boride at 900ºC is mainly due 

to the higher solubility of nitrogen in titanium with respect to that of boron, being, in 

beta titanium, as high as 22 at.% (N) and lower than 0.2 at.% (B) (Murray, 1987). In the 

XRD of the powder sintered at 1100ºC some BN is identified, which most probably was 

not removed when cleaning the surface of the specimens by sandblasting. From the 

XRD of the specimens produced at 1300°C, it seems that the higher amount of 

thermodynamic energy available leads to a faster diffusion of nitrogen from the surface 

toward the titanium matrix since the relative intensity of the solid solution and TiN 



 9

diminish. On the other side, boron content in the surface increases allowing the 

formation of TiB2 as well as TiB. It is worth mentioning that the abnormally strong 

relative intensity of the TiB peak at 60.6º, which correspond to the (020) plane, is due to 

the preferred growth direction of TiB which is [010] (Faran, 2000). These results are in 

agreement with the binary phase diagram (Murray, 1987) and the Ti B N ternary 

system where, according to the calculation of chemical equilibrium in the BN Ti 

system and investigation about the reactions occurring at the BN Ti interface (Benko, 

1996), diffusion of BN towards titanium leads to the formation of new phases, namely, 

TiB2 (directly at the interface) and TiN (further from the interface towards the material) 

already at 950ºC. Moreover, Faran et al. (Faran, 2000) studied the interaction of BN 

samples immersed in loose titanium powder and subjected to an annealing treatment at 

1000 1200ºC obtaining similar results. In particular, they found that the reaction zone is 

constituted by Ti borides (TiB and TiB2) and nitrides (TiN1-x and TiN). Other works 

have been done considering the hot pressing technique to obtain porous titanium 

compacts (Oh, 2003) where a BN coating was used to avoid the reaction between 

graphite and the powder but none of them reports any kind of interaction. 

Figure 9 shows representative examples of the load-deflection curve for each of the 

materials studied and, in particular, the curve shown refer to the specimens hot-pressed 

at 1300ºC whose surface was removed. From the curves shown in Figure 9 it can be 

seen that, with the relative density values obtained by means of the hot-pressing 

techniques (Figure 2), the flexural modulus of the three materials is very similar. It is 

worth mentioning that, generally, the hot-pressed samples behave as brittle materials 

and the samples fail without any appreciable plastic deformation. However, in some 

cases and, especially, for Ti(GfE) the specimens show a pronounced plastic deformation 

before fracture (Figure 9). Since the formula specified in the ASTM B528 standard for 

the calculation of the transverse rupture strength is applicable to relatively brittle 

materials, the 0.2 values are considered and they are represented for each material as a 

function of the processing temperature and of the grinding step in Figure 10. 

As it can be seen in Figure 10, the strength of Ti(SJ) ground and not ground specimens 

always decrease with the processing temperature where the drop of the strength should 

be related to microstructural features as well as to the chemical analysis; in particular, 

the grain growth caused by the increment of the processing temperature and the 

increment of the nitrogen percentage (Figure 6). Concerning Ti(GfE), the strength stays 
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almost constant with the hot-pressing temperature and regardless of the removal of the 

outer surface up to 1100ºC, point from which the strength decreases for not ground 

samples and it increases for ground specimens where this behaviour is justified by the 

lower grain growth and the chemical analysis. Comparing the 0.2 values of Ti(SJ) and 

Ti(GfE), it can be noticed that Ti(SJ), normally, reaches higher strength due to the 

smaller grain size and the strengthening effect of oxygen, whose percentage is 

significantly higher for Ti(SJ) in comparison to Ti(GfE) as shown in Figure 5. 

The strength of Ti-6Al-7Nb increases from 900ºC to 1100ºC and then decreases for not 

ground specimens whereas the strength increases continuously with the hot-pressing 

temperature after grinding (Figure 10). For Ti-6Al-7Nb, the increment of the strength is 

related to the diffusion of the alloying elements and, therefore, to the development of 

the typical laminar microstructure obtained by the slow cooling into the two phase 

region from above the beta transus. For the not ground Ti-6Al-7Nb specimens 

processed at 1300ºC the effect of the homogenisation of the microconstituents is 

overcome by the presence of the fragile reacted layer (Figure 7c) which justifies the 

drop of the strength. With the exclusion of some exception, such as Ti(SJ) hot-pressed 

at 900ºC or 1100ºC, the strength of Ti-6Al-7Nb is, normally, higher in comparison to 

that of elemental titanium due to the effect of the alloying elements. Finally, the 0.2 

values obtained for the elemental titanium and Ti-6Al-7Nb samples obtained by means 

of hot-pressing are, generally, comparable or higher with respect to the value specified 

for wrought Ti-6Al-7Nb medical devices (935-995 MPa) (Henry, 2009). 

Table 2 reports the values of maximum bending strength and flexural strain obtained by 

means of three-point bending test where it can be seen that, in most of the cases, the 

transverse rupture strength and maximum bending strength coincides with the 0.2 

values as explained before. The greatest differences are found for Ti(GfE) where the 

maximum  bending strength is, usually, higher than the yield strength. 

Regarding the flexural strain (Table 2), the ductility always decreases with the 

increment of the temperature for both ground and not ground specimens made out from 

elemental titanium powders whilst it increases from 900ºC to 1100ºC and then 

decreases for the Ti-6Al-7Nb alloy. Nevertheless, for the three materials the flexural 

strain is higher after grinding where this is especially remarkable in the case of 

elemental titanium (GfE) where flexural strain value as high as 25% were obtained. The 

increment of both strength and flexural strain after grinding is clearly due to the removal 
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of the brittle outer layer which contains either a solid solution of nitrogen in titanium or 

titanium nitrides and borides (Figure 7). It has been demonstrated that nitrogen has a 

great strengthening effect on titanium, even more than oxygen, and correspondingly 

decreases the ductility (Jaffee, 1949). 

Finally, Figure 11 plots the results of the hardness test where the mean values presented 

are not affected by the presence of the reacted layer as hardness measurements were 

taken in the cross-section of the samples. 

As it can be seen in Figure 11, the hardness of elemental titanium and Ti-6Al-7Nb hot-

pressed specimens increases with the processing temperature due to the increment of the 

relative density (Figure 2) and the amount of interstitials dissolved. Moreover, the 

hardness of Ti(SJ) is significantly higher compared to Ti(GfE) most probably due to the 

smaller grain size and the higher oxygen content found since this element harden 

titanium (Jaffee, 1949). In comparison to the respective wrought materials, the hardness 

of Ti(SJ) is always, at least, 50 HV higher the CP grade 4 elemental titanium (253 HV) 

due to the greater amount of interstitials dissolved, especially oxygen (Figure 5) and, 

most probably the fine microstructure. In the case of Ti(GfE), the hardness is higher 

only for the specimens hot-pressed at 1300ºC due to the chemical analysis and the 

microstructural features. Concerning the Ti-6Al-7Nb alloy, hot pressed samples is 

characterised by hardness values somewhat higher in comparison to the value of the IMI 

367 (270-290 HV) (Henry, 2009) and similar to that specified by Semlitsch et al. (350 

HV) (Semlitsch, 1985). This is, once again, due to the higher amount of oxygen of the 

hot-pressed specimens (approximately 0.4 wt.%) in comparison to the wrought material 

(normally 0.2 wt.%
 

 

4. Conclusions 

This study demonstrates that hot-pressing can be applied in order to produce fully dense 

titanium and titanium alloy products starting from irregular powders with different 

characteristics and obtaining the typical microstructure of the respective wrought 

materials obtained by slow cooling from above the beta transus. 

The process studied is suitable to produce fully-dense and homogeneous Ti-6Al-7Nb 

titanium alloy components starting from a master alloy and, therefore, much cheaper 

than a prealloyed powder which could reduce the final cost of this alloy. 
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The mechanical properties of blended elemental pressings are greatly influenced from 

the processing temperature due to combined effect of the interstitials, grain growth and 

interaction with the BN coating and, as expected, the Ti-6Al-7Nb alloy has, normally, 

higher strength compared to elemental titanium. Nevertheless, it has been demonstrated 

that the elimination of the outer layer by grinding is beneficial in order to increase both 

the maximum bending strength and the flexural strain. 

This study further confirms that when titanium is placed in contact with BN at high 

temperature they will react promoting the diffusion of nitrogen and boron through the 

titanium matrix leading to the formation of different stoichiometric compounds such as 

titanium nitrides and borides depending on the temperature employed. 
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Table 1. Particle size distribution and chemical analysis of the starting powders. 

 

Table 2. Maximum bending strength and flexural stain of elemental titanium and Ti-

6Al-7Nb hot-pressed specimens. 

 

 

 

 

Figure 1. Sketch of the preparation of the mould for hot-pressing of titanium and 

titanium alloys. 

 

Figure 2. Relative density of elemental titanium and Ti-6Al-7Nb specimens as a 

function of the hot-pressing temperature. 

 

Figure 3. Representative example of the details of the residual porosity found in hot-

pressed samples, Ti(GfE): a) 900°C and b) 1300°C. 

 

Figure 4. SEM microstructure analysis for hot-pressed elemental titanium, Ti(SJ): a) 

900°C, b) 1100°C and c) 1300°C; and for hot-pressed Ti-6Al-7Nb: d) 900°C, e) 1100°C 

and f) 1300°C. 

 

Figure 5.  Oxygen and carbon content of elemental titanium and Ti-6Al-7Nb specimens 

as a function of the hot-pressing temperature. 

 

Figure 6. Nitrogen content of ground and not ground elemental titanium and Ti-6Al-

7Nb specimens as a function of the hot-pressing temperature. 

 

Figure 7. Backscattered electron SEM images of the surfaces of Ti(GfE) elemental 

titanium specimens in contact with the BN coating processed at: a) 900ºC, b) 1100ºC 

and c) 1300ºC. 
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Figure 8. XRD patterns of the surface of the hot-pressed Ti(GfE) elemental titanium 

hot-pressed specimens. 

 

Figure 9. Representative examples of load-deflection curve for elemental titanium and 

Ti-6Al-7Nb hot-pressed specimens. 

 

Figure 10. Variation of the yield strength of elemental titanium and Ti-6Al-7Nb hot-

pressed specimens, determined by three-point bending tests, as a function of the hot-

pressing temperature. 

 

Figure 11. Hardness of elemental titanium and Ti-6Al-7Nb specimens as a function of 
the hot-pressing temperature. 
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Table 1. Particle size distribution and chemical analysis of the starting powders. 

Material Ti (SJ) Ti (G fE) Ti-6Al-7Nb 

Morphology Irregular Irregular Irregular 

Particle size [μm] 

Dmax < 26* < 75* < 90 

D10 6.19* 17.31 17.40 

D50 13.19* 37.59 40.39 

D90 24.68* 72.59 81.94 

Chemical Analyses [wt.%] 

O 0.450 0.272 0.393 

N 0.0100 0.0159 0.0173 

C - 0.0202 0.0706 

* Supplier specifications. 

 

Table 1



Table 2. Maximum bending strength and flexural strain of elemental titanium and Ti-6Al-7Nb hot-pressed specimens. 

Material Ti (SJ) Ti (G fE) Ti-6Al-7Nb 

 Not ground Ground Not ground Ground Not ground Ground 

Maximum bending 

strength [MPa] 

900ºC 1456 ± 15 1687 ± 42 1304 ± 27 1289 ± 76 934 ± 60 1182 ± 10 

1100ºC 1000 ± 6 1446 ± 14 1129 ± 5 1388 ± 12 1088 ± 2 1347 ± 21 

1300ºC 616 ± 13 992 ± 10 906 ± 34 1369 ± 24 822 ± 8 1485 ± 108 

F lexural Strain [%] 

900ºC 2.89 ± 0.30 3.53 ± 0.05 18.25 ± 0.65 25.93 ± 5.72 1.51 ± 0.06 1.85 ± 0.13 

1100ºC 1.63 ± 0.13 2.51 ± 0.15 5.63 ± 0.06 19.89 ± 2.36 1.99 ± 0.11 2.30 ± 0.59 

1300ºC 1.32 ± 0.03 1.20 ± 0.13 2.20 ± 0.50 6.77 ± 0.12 1.46 ± 0.28 2.00 ± 0.16 
 
 
 

Table 2


