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rostructural evolution and mechanical properties of the Ti–6Al–4V alloy 
produced by vacuum hot-pressing
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 In this work, the properties of the titanium industry workhorse, the Ti–6Al–4V alloy, processed by vacuum hot-pressing are studied. More in
ative density, microstructure characterisation and chemical analysis, precisely oxygen, nitrogen and carbon content, as well as flexural 
 and hardness are considered. Components with relative density as high as 98% and mechanical properties similar to the wrought alloy, where 
erties are affected by the formation of a reacted layer due to the interaction between titanium and the boron nitride (BN) coating, are obtained.
s: Vacuum hot-pressing, Ti–6Al–4V,  Prealloyed, Master alloy, BN-Ti interaction, Flexural properties.
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nterest for titanium as engineering material started
ately 80 years ago thanks to the special attention paid by 

nautic industry in this material due to its particular 
ion of properties: the highest specific strength (strength 
y ratio), outstanding corrosion resistance and strength at 
ure (up to approximately 500 ◦C) [1].
st well developed and studied titanium alloy is the alpha-
Al–4V alloy, which is still one of the most popu-lar and 
 and represents the workhorse of the titanium industry. 

space industry accounts for a large percent-age of the 
sumption and other sectors such as medical, automotive, 

d chemical share the rest of the market [2].

um, as well as its alloys, can be produced by conven-
cesses, like casting, primary working and machining, and 
er metallurgy where powders are consolidated and 

to produce near-net-shape products. There are two gen-
oaches when working with powder metallurgy methods 

ders
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men
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cera
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tube
fer by the way in which the alloying elements are added 
m powder. In the first one, the blended elemental (BE), 
l titanium powder is mixed with alloying elements pow-
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supplied 
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atmosph
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the samp
works h
sponge p
6Al–4V [8
ith master alloy powders; meanwhile, in the prealloyed 
oach, each powder particle has already the final compo-

onventional pressing and sintering method allows to 
powder metallurgy products with properties similar to 
materials but, typically, they suffer from residual porosity 
der to overcome or, at least, substantially reduce this 
tage, alternative processes, where the sintering step is 

out simultaneously with the application of high 
ure and pressure, were developed. Within these methods, 
s hot consolidation processes, four of them are normally 

 in the industry: hot-pressing, hot isostatic pressing 
 powder extrusion and hot powder forging [4]. In the hot-
process, which is the simplest of the previously 

d, compaction and sintering take place simultaneously 
 temperatures higher than 600 ◦C, die tools made out of 
 or graphite are normally used, where graphite is being 
 temperatures up to 3000 ◦C. Industrially, there are 
options to heat the compact: indi-rect heating using 

d coils, direct resistance heating where the power is 
through punches, direct heating of the die and inductive 
f the die. The compaction is usually done in an inert 

ere, such as argon, or under vacuum and crucial 

rs like the temperature, the pressure and the shrinkage of 
les in the direction of pressing are checked. Some early 

ad been done on hot-pressing of elemental titanium 
owder [5–7] as well as on hydride–dehydride (HDH) Ti–
].
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h of the vacuum hot-pressing cycle used to sinter Ti–6Al–4V titanium alloy powde
emperature can be noticed.

ork focuses on the study of the influence of one of the 
cessing parameters, namely the pressing temperature, on 
opment of the microstructure and the correlated mechan-
rties of both prealloyed and master alloy addition powder 
 prealloyed powder with different particle size distribu-

ined by means of the hydride–dehydride process. Special 
 is paid to the determination of oxygen, nitrogen and 
ontent to discover possible reactions which can occur 
the powders and the processing tools since small amount 
itial elements affect significantly the properties of tita-
 titanium alloys [9–11].

imental procedure

s study, three Ti–6Al–4V powders with different parti-
nd dissimilar interstitials content, which are function of 
er production route, are processed. Two prealloyed pow-
ht from two suppliers (Phelly and Se-Jong Materials) and 
er produced by the blended elemental approach using an 

ter alloy are vacuum hot-pressed. These materials will be 
 along the discussion of the results as Ti64-Ph, Ti64-SJ 
4-MA, respectively. The production method and 
rs employed to obtain the Ti64-MA powder can be found 
e [12]. Table 1 reports some physical and chemical 
istics of the powders used during the vacuum hot-
study where oxygen (ASTM E1409) and nitrogen (ASTM 
re measured by means of inert gas fusion method and 
STM E1941) by combustion technique.

ding the data shown in Table 1, the selected powders 
study the influence of the production method (PA versus 
ell as the influence of the particle size (Ti64-Ph versus 

Moreover, it is important to remark that the high car-bon 
f the Ti64-MA alloy compared to the others is due to the 
n process but it should not influence the final results 
 not dissolved inside the titanium matrix [12]. It is worth 
ng that the three powders have in common the irregu-lar 
gy due to the hydride–dehydride production process and 
type of powder is not normally used for hot-pressing, 
erical powders are preferred, even though they can be 

ximately 75 g of each powder are loaded into a 65 mm 
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 graphite mould to obtain specimens of approximately 
thickness. Before pouring the loose powder, the lower 
punch is inserted into the mould and a graphite foil 
thick is used to line the inner of the mould. This graphite

interstiti
nium allo
and elect
ground w
100 ◦C where the delay between the programmed temperature and the

ow reactivity and it is employed to avoid the direct con-
een the titanium powders and the graphite mould at high
ure and, thus, avoiding or limiting possible reactions such
ation of a titanium carbide layer. Furthermore, on the top

er punch a graphite foil coated with a high temperature
oron nitride (BN) spray on its upper part is placed. This
g will be in contact with the powder during the entire
ot-pressing cycle. Another BN coated graphite foil is put

p of the powder to facilitate the mould release and to limit
. Afterwards, a second graphite disc is placed on the top of
r graphite foil and the entire set is cold uniaxially pressed
imately 18 MPa.

g the study, three temperatures are employed between 
d 1300 ◦C (step of 200 ◦C), the dwell time at maximum 
ure is 1 h for 900 ◦C and 1100 ◦C and 30 min for 1300 ◦C. 
 selected for each temperature guarantees the complete 
tion of the specimens and corresponds to an effective 
e of 30 min due to the delay induced by the inertia of the 
ystem as it can be seen in Fig. 1, which shows an exam-
cle used during vacuum hot-pressing. The control of the 
ure is done by means of thermocouples, placed directly in 
ith the graphite mould, which guarantees a precision of
ring the experiments, the pressure is increased simulta-
ith the temperature and the maximum temperature and 

mum pressure are reached at the same time. For the three 
g temperatures, the maximum applied pressure is kept 
at 30 MPa as well as the heating rate of 10 ◦C/min and the 
level of 10−1 mbar. Cooling of the samples is performed 
ing off the heating elements (furnace cooling) with the 

eous removing of the pressure.
pressed, the specimens are removed from the graphite
d sandblasted to clean their surface. Subsequently, the
s are characterised in terms of density by water displace-

thod and chemical analysis (oxygen, nitrogen and carbon).
r, hardness test and three-point bending test (ASTM B528)
the maximum bending strength and flexural strain are

ut. For this purpose, specific flexion samples are cut off
centre of the disc and half of them are also ground in
emove the surfaces which have been in contact with the
g during consolidation. This allows to clarify if there has
e interaction between the titanium powders and the BN

nd to study the influence of an eventual contamination or

al elements pick up on the mechanical properties of tita-
ys. Finally, microstructural analysis by means of optical
ronic microscope is done on samples which have been
ith silicon carbide paper (3 2 0), polished with a 9 �m
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Table 1
Characteristics of the powders studied (particle size distribution and chemical analysis).

Material Ti–6Al–4V

Production method PAa (Ph) PAa (SJ) MAb

Morphology Irregular Irregular Irregular
DMAX [�m] 45c 75 106
Chemical analysis
[wt.%]

O 0.390c 0.418 0.428
N 0.0360c 0.0072 0.0121
C 0.0320c 0.0124 0.1050

a Prealloy
b Master
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s and discussion

viously mentioned, the specimens are characterised in
density by Archimedes’ method (Fig. 2) and the rela-

ity is calculated on the bases of the nominal value of the 
alloy (4.43 g/cm3).
ing Fig. 2, it can be seen that relative density values 

at each temperature are very similar for the different 
 since they vary between 97% and 98%. Therefore, it 
at there is not a clear influence of the particle size (Ti64-
s Ti64-SJ) or the amount of interstitials dissolved in the 
s well as the powder production route (Ti64-SJ versus 
 on the final density of vacuum hot-pressed HDH Ti–6Al–

ers. Moreover, it seems that the relative density increases 
usly with the hot-pressing temperature for the master 
ition Ti64-MA powder whereas the prealloyed powders 
eir maximum at 1100 ◦C and starts to decrease. 
ess, considering the standard deviation of the value, it can 
d that with the processing temperature considered the 
e between the three powders is limited. The values shown 
, which are comparable to that of other author when 
g the Ti–6Al–4V alloy [13] or the Ti–6Al–7Nb alloy [14] 
m hot-pressing or by inductive hot-pressing [15], are 
hat those obtained from conventional pressing and 
 process, approximately 95% of the theoretical density 

shows the microstructural evolution with the process-
erature of the Ti–6Al–4V powders, whose characterisation 
ed out by means of a scanning electron microscopy on the 
tion of specimens previously mounted, ground, polished 
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an be seen in Fig. 3, the micrographs of the specimens 
ed at 900 ◦C (Fig. 3a–c) indicate that this temperature is 
nough to guarantee the complete homogenisation of the

tive density results as a function of the temperature for Ti–6Al–4V pow-
d by vacuum hot-pressing.
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fusion m
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cture, especially in the case of the master alloy addition 
since some small particle of the master alloy are still vis-
to the fact that the processing temperature is lower than 
inal beta transus of the Ti–6Al–4V alloy. Moreover, the 
porosity can be clearly distinguished and no significant 
es in terms of grain size can be highlighted on the base of 
cle size or powder production methods due to the fea-
viously described. Moreover, it can also be seen that the 
cture of Ti64-SJ resembles much more that of Ti64-MA 

hat of Ti64-Ph which could indicate that Ti64-SJ is not a 
alloyed powder. When the materials are processed at 
 great difference between the microstructure of the three 
is visible. In particular, the microstructure of the preal-

wders (Fig. 3d and e) is composed by approximately the 
ount of � grain and � + � lamellae uniformly distributed 
ut the microstructure, even though, generally, the � 
 Ti64-Ph are much more equiaxed compared to Ti64-SJ. 
ther side, Ti64-MA alloy (Fig. 3f) is characterised by a 
ercentage of �  grains and small and concentrated 
tät-ten areas most probably located near former master 

rticles and, therefore, near zones where locally the 
ge of alloying elements is higher. This indicates that the 
emperature does not guarantee the complete diffusion of 

ing elements towards the titanium matrix and, therefore, 
 a fully homo-geneous microstructure. Based on these 

n influence of the particle size can be clearly evinced since 
er the par-ticle size the bigger and more elongated � 
evertheless, the change of the geometry of the �  grains 
iaxed to elongated is most probably also influenced by 
sion of the alloying ele-ments since some undiffused 
s also detected in the Ti64-SJ specimens.
e highest temperature considered (1300 ◦C), the 
cture of all the Ti–6Al–4V powders (Fig. 3g–i) is 
eous and composed by � grains and � + � lamellae. This 
ical laminar microstructure usually obtained by the slow 
hrough the two-phase � + � region of the � + � titanium 
m above the beta transus. Furthermore, it can also be 

that Ti64-Ph and Ti64-SJ are characterised by a very 
distribution of finer microconstituents in comparison to 
the Ti64-MA alloy which is composed by larger � grains 
 � + � lamellae resulting in a less homogeneous grain size 
on.
orth mentioning that from the microstructural evolution 
ig. 3) it seems that the final relative density obtained is 
her than that shown in Fig. 2 since, apart from the speci-
cessing at 900 ◦C, very few and small isolated pores with 

er lower than 10 �m are found in the materials sintered at 
nd 1300 ◦C which could correspond to a relative density 

ully dense materials.

 shows oxygen and carbon content results by inert gas 
ethod and combustion technique for the three materi-
unction of the hot-pressing temperature. As it has been 
 of the specimens are ground to remove to outer surface
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Fig. 3. Microstructural evolution with the hot-pressing temperature for specimens consolidated at 900 ◦C: (a) Ti64-Ph, (b) Ti64-SJ and (c) Ti64-MA; at 1100 ◦C: (d) Ti64-Ph,
(e) Ti64-SJ and (f) Ti64-MA and at 1300 ◦C: (g) Ti64-Ph, (h) Ti64-SJ and (i) Ti64-MA.
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 not significant differences between the ground and not 
pecimens are found, a single value for each material in 
cessing condition is plotted in Fig. 4.
an be seen in Fig. 4, oxygen content remains constant 

increasing of the processing temperature and there is few 
pick up with respect to the initial content of the starting 
or both Ti64-SJ and Ti64-MA and the maximum oxygen 
s always approximately 0.42 wt.%. An exception is the 
ow-der where oxygen content increases when raising 
ring temperature most probably due to the oxygen 
 into the surface of the powder particle, being favoured 
 to the other powders due to the higher specific area that 
d to a lower particle size. On the other side, carbon 

Fig. 4) follows the same trend of oxygen and, therefore, it 
onstant with the processing temperature at 0.03 wt.% for 

nd at 0.06 wt.%for Ti64-MA and it increases for Ti64-Ph, 
in most probably due to the finer powder particle. 
ess, conversely to oxy-gen, there is always some carbon 

ost probably due to the interaction with the graphite 
most probably, with the car-bon rich atmosphere inside 
ressing chamber generated by the graphite tools at high 
ure [4]. It is worth mentioning that the lower carbon 
e found in the Ti64-MA samples compared to the content 

rting powder is due to the fab-rication route of this alloy 
me wax was added as process control agent during 
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of 900 C
is some n
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Fig. 5. Nitrogen percentage as a function of the temperature for ground and not grou
l–4V powders sintered by vacuum hot-pressing.

shows nitrogen percentage results which have been split 
ground and not ground specimens since nitrogen 

ge in the first ones is, in most of the cases, double than in 
nes.
sing the data shown in Fig. 5, it can be noticed that there 
s some nitrogen pick up and the nitrogen content 
 with the sintering temperature for the three powders. 
r, the increment is much more important for the highest 
ture (1300 ◦C) reaching variable between 0.08 wt.% and 
depending on the powder considered. On the other side, 
-gen content results to increase with respect to the 

ge found in the starting powder indicating that nitrogen 
hrough the titanium matrix. Moreover, the removal of the 
f the speci-mens, at least, halves the final nitrogen 
ermitting to fulfil the limit of the chemical composition 

for this alloy, which is 0.05 wt.% [16].
 chemical analysis and, in particular, the nitrogen content 
here was some interaction between the processed pow-
the BN coating used to cover the graphite mould. Thus, 
ce of the specimens was analysed by means of SEM in 
ering mode and by XRD the micrographs of the Ti64-SJ 
ich are representative for all the materials studied, are 
 Fig. 6.
an be seen in Fig. 6a, there is no interaction between the 
nd the BN coating when using a processing tem-perature 

. However, since the chemical analysis reveals that there 
itrogen pick up (Fig. 5), this could either be some diffused 
from the BN coating or some contamination from the 

ere of the processing chamber. When raising the

nd Ti–6Al–4V powders sintered by vacuum hot-pressing.
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Fig. 6. BSE-SEM images of the surfaces of the specimens made out of the Ti64-SJ
powder which have been in contact with the BN coating: (a) 900 ◦C, (b) 1100 ◦C and
(c) 1300 ◦C.
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ured interaction zones (Fig. 6b). With a hot-pressing tem-
of 1300 ◦C, the Ti–6Al–4V powder strongly reacts with the
g forming a uniform layer variable between 15 �m and
thickness, denser in the outer part and more porous in
(Fig. 6c). EDS analysis of the interaction zones indicates

mean nitrogen content is about 5.8 wt.% (16.7 at.%). The
aviour concerning the evolution of the reacted layer with
erature described for the Ti64-SJ powder was found when
the surface of the elemental titanium and other titanium
ricated by vacuum hot-pressing [14].
rfaces of the specimens obtained by the vacuum hot-
technique were also analysed by means of XRD. No
t differences between the diverse Ti–6Al–4V samples are
ring this analysis since only titanium compounds are

Ti in
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furth
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e to the greater affinity of titanium, compared to alu-
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for all the materials processed, the XRD patterns of the 
f the Ti64-SJ alloy specimens are displayed in Fig. 7.
eady supposed on the bases of the chemical analysis 
own in Fig. 5, at 900 ◦C the Ti–6Al–4V powder picks up 
rogen and, therefore, forms a nitrogen rich interstitial 
tion � -Ti(N). Moreover, a very low intense peak of BN, 

obably stuck from the BN coating not removed by 
ting, is detected as well as some undiffused Al:V 
d identified as Al2V3 (Fig. 7). The presence of some master 
ed by the supplier to the, supposed, prealloyed powder 

, which corresponds with the Al2V3 found in the 
s vacuum hot-pressed at 900 ◦C indicates that the 

added some alloying elements during the HDH process to 
e final composi-tion. This was already supposed on the 
he evolution of the microstructural features with the hot-
temperature (Fig. 3b). Exactly the same results are 

 on the pattern of the Ti64-MA since an Al:V master alloy 
intentionally while no such compound is detected in the 
alloyed pow-der (Ti64-Ph). With the increment of the 
g temperature at 1100 ◦C the amount of diffused nitrogen 
the titanium matrix increases, in agreement with the 
content mea-sured by inert gas fusion technique. 
etric compounds like Ti2N and TiN are formed even if the 

the solid solution �-Ti(N) can still be identified with their 
slightly displaced towards lower diffraction angles in 
on to the peaks of �  titanium due to the increment of 
 “a” and “c” parameters of the unit cell induced by the 
 of interstitials dissolved into the titanium matrix [17,18]. 
ore, the higher thermal energy available in the system 
 the formation of tita-nium borides, both TiB and TiB2, on 
 of the reactions that normally take place between 

 and boron nitride such as Ti + 2BN → TiB2 + N2 and Ti + BN 
/2N2 [19]. The absence of boron or titanium boride at 900 
inly due to the higher sol-ubility of nitrogen in beta 

 with respect to that of boron being as high as 22 at.% for 
and lower than 0.2 at.% for boron, respectively [20].
RD pattern of the specimen vacuum hot-pressed at 

points out that the interaction of titanium with the 
ng becomes stronger with the increment of the tem-
and, consequently, the relative intensity of titanium 

especially TiN, and titanium borides peaks increase. The 
lly strong relative intensity of the TiB peak at 60.6◦, 
rrespond to the (0 2 0) plane, is due to the [0 1 0] pre-
owth direction of TiB [21]. The results shown in Fig. 7 
th the study of the reactions that occurs at the BN-
ce where their interaction leads to the formation of 

 borides directly at the interface and titanium nitride 
rom the interface towards the material [22,23]. There-
denser part of the reacted layer, whose magnification is 
 Fig. 8, is mainly composed by titanium borides whereas 

r part is more porous since it is composed by needle-
preferentially oriented TiB grains and titanium nitrides 

entative examples of the load-deflection curve for each of 
rial studied, in particular of the specimens hot-pressed at 
hose surface was removed, are shown in Fig. 9.

the curves shown in Fig. 9 it can be seen that, with the 
density values obtained by means of the hot-pressing 
es (Fig. 2), the flexural modulus of the three materials is 
ilar. It is worth mentioning that, generally, the hot-

Ti–6Al–4V samples behave as brittle materials and the 
 fail without any appreciable plastic deformation. 
d by means of the formula specified in the ASTM B528 
.
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s and represented as a function of the processing temper-

ally, the maximum flexural strength (Fig. 10) presents the 
aviour in each material independently of the mechanical 
of the outer layer: it increases from 900 ◦C to 1100 ◦C and 
reases when passing from 1100 ◦C to 1300 ◦C. The only 
 in this trend is the Ti64-Ph material where the maxi-
ural strength always decreases with the increment of the 
g temperature for both ground and not ground samples. 

r, the removal of the reacted layer always leads to, at 
 increment of 200 MPa. It is clear that the difference 
ground and not ground samples gets higher with the 
g temperature since a higher thermal energy permits a 
-fusion of nitrogen and boron towards titanium giving as 
he formation of a thicker layer (Fig. 6) which makes the 
more brittle. From the data shown in Fig. 10, it could be 
 the prealloyed powders reach higher maximum bending 
than the master alloy addition either before or after the 
process with the only exception of the not ground 
s pro-cessed at 1300 ◦C whose maximum strength is 
ince the final relative density obtained is almost equal for 
 materi-als, the higher values of Ti64-Ph and Ti64-SJ are 
bably due to the combined effect of contamination by 
ls and finer microstructural features (Fig. 3). In the case 
J and Ti64-MA the increment of the strength from 900 ◦C 
◦C is favoured by the homogenisation of the alloying 
 and of the microcon-stituents (Fig. 3b and c versus Fig. 3e 
 1300 ◦C, this effect is

ximum flexural strength results as a function of the temperature for
powders sintered by vacuum hot-pressing.
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Fig. 11. Flexural strain results as a function of the temperature for Ti

 by the embrittlement due to the formation of the 
yer composed by titanium nitrides and borides (Fig. 7). It 
mentioning that the maximum flexural strength values 
 Fig. 10 are, at least, comparable to those of the Ti–6Al–
ined by means of vacuum hot-pressing (822–1485 MPa) 
igher than the flexural strength of wrought Ti–6Al–4V 
0 MPa)[24].
an be seen in Fig. 11, the trend of the flexural strain with 
erature is exactly the same as that of the maximum flex-
gth since it increases from 900 ◦C to 1100 ◦C favoured by 
genisation of the microstructure, but then it decreases 
e combination of the small changes in terms of relative 
ercentage of interstitials (oxygen, nitrogen and carbon) 

ostructural features described for the three processing 
ures. Furthermore, this behaviour is applicable to both 
nd not ground specimens but, despite the removal of the 
er, the final flexural strain values are similar. Once again, 
xception is the Ti64-Ph powder, where the strain always 
, which is also the only one where oxygen content clearly 
 continuously with the processing temperature. No such 
ences could be found between the Ti–6Al–4V materials 
 from powders with a different particle size or produced 
der production route since the flexural strain values range 
1.5% and 2%.
, Fig. 12 displays hardness test results, precisely HV30, as 
n of the temperature. It should be specified that the 
 values were not influenced by the presence of the reacted 
e the measurements are taken in the cross-section of the 
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sing the hardness data shown in Fig. 12, it can be seen that 
s measured on Ti64-Ph specimens slightly decreases when

rdness results as a function of the temperature for Ti–6Al–4V powders
vacuum hot-pressing.
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4V powders sintered by vacuum hot-pressing.

e hot-pressing temperature from 900 ◦C to 1100 ◦C and,
almost constant. This could be due to the microstructural
nd, in particular, to the grain growth that the specimens

th the increment of the processing temperature which
e the effect of the reduction of the residual porosity and
t increment of the interstitials. In the case of Ti64-SJ and
, the hardness increases with the hot-pressing temper-
m 900 ◦C to 1100 ◦C, due to the homogenisation of the
cture, the increment of the relative density, and, after-

abilises most probably due to the counterbalancing effect
in growth.
rning the comparison between the three Ti–6Al–4V pow-
n be noticed that Ti64-Ph always has the highest hardness, 
most probably correlated with the higher oxygen content 
terial (Fig. 4) and the finer microstructural features.

e other side, Ti64-SJ and Ti64-MA have more or less the 
dness which indicates that the slight differences in terms 
e density, interstitials content and microconstituents 

alanced themselves permitting to obtain the same hard-
ues at the three hot-pressing temperatures studied. 
he hardness values shown in Fig. 12 are similar to those 
other work starting from prealloyed hydride–dehydride 
owders [13] or the �  + �  Ti–6Al–7Nb alloy processed by 

of vacuum hot-pressing under similar processing 
s [14]. Moreover, the final hardness of vacuum hot-
i–6Al–4V materials is generally higher than the nominal 

 321 HV of the wrought alloy [16], even though of some 
orosity, due to the greater amount of oxygen dissolved in 
ressed specimens (at least 0.42 wt.%) in comparison to 

 specified for the wrought alloy (0.20 wt.%).

usions

tudy demonstrates that titanium alloys produced by both
al titanium powder metallurgy approaches, prealloying or
elemental routes, can be processed by hot-pressing using
ders and reaching high densities, 98% of the theoretical
ich is higher than the ones reachable using the conven-
ssing and sintering route. Therefore, hot-pressing could
yed as an alternative way to produce relatively complex-
roducts made out of titanium.
is a significant interaction between the powders and the

ride coating which leads to the formation of a reacted layer
ows thicker and denser when raising the temperature and
ly formed by titanium compounds (titanium nitride and
boride) due to high affinity of titanium for interstitials.

8



Maxim
than tha
Ti–6Al–7
of the o
strength.

Acknowl

The a
Spanish M
14448-C0
Comunid
project.

Referenc

[1] G. Lütj
Spring

[2] C. Leye
cation

[3] W. Sch
– Euro

[4] A. Bose
Indust

[5] C.G. Go

.G. Go
.H. K

89–3
.K. M
.I. Jaf
.I. Jaff
261–
.L. F

. Bolz
43–5
.G. Go
. Bolz
ater

. Bolz
2012)
SM In
ation
.I. Jaf
. Sibu
nd Ti
.L. Bo
eram

.L. Mu
ional,
. Faran, I. Gotman, E.Y. Gutmanas, Mater. Sci. Eng. A 288 (2000) 66–74.
um flexural strength and hardness values higher
t of the Ti–6Al–4V wrought alloys or the hot-pressed
Nb alloy are normally obtained and the elimination
uter layer entails an improvement of the mechanical

edgements

uthors are thankful for the financial support from the
inistry of Education through the R&D Projects MAT2009-
2-02 and MAT2009-14547-C02-02 as well as from the

ad de Madrid through the ESTRUMAT (S-2009/MAT-1585)

es

ering, J.C. Williams, Titanium: Engineering Materials Processes, 1st ed.,
er, Manchester, UK, 2003.
ns, M. Peters, Titanium and Titanium Alloys: Fundamentals and Appli-

s, Wiley-VCH, Köln, Germany, 2003.

[6] C
[7] W

2
[8] R
[9] R

[10] R
1

[11] W
[12] L

5
[13] C
[14] L

M
[15] L

(
[16] A

n
[17] R
[18] H

a
[19] A

C
[20] J

t
[21] E
att, K.-P. Wieters, Powder Metallurgy: Processing and Materials, EPMA
pean Powder Metallurgy Association, Shrewsbury, UK, 1997.
, W.B. Eisen, Hot Consolidation of Powders & Particulates, Metal Powder

ries Federation, Princeton, USA, 2003.
etzel, V.S. de Marchi, Powder Metall. Int. 3 (1971) 80–87.

[22] E. Ben
[23] E. Ben
[24] ASM In

ASM In
etzel, V.S. de Marchi, Powder Metall. Int. 3 (1971) 134–136.
ao, D. Eylon, C.F. Yolton, F.H. Froes, Prog. Powder Metall. 37 (1982)

01.
alik, Int. J. Powder Metall. Powder Technol. 10 (1974) 115–129.
fee, I.E. Campbell, Trans. Am. Inst. Min. Metall. Eng. 185 (1949) 646–654.
ee, H.R. Ogden, D.J. Maykuth, Trans. Am. Inst. Min. Metall. Eng. 188 (1950)
1266.
inlay, J.A. Snyder, J. Met. 188 (1950) 277–286.
oni, P.G. Esteban, E.M. Ruiz-Navas, E. Gordo, Powder Metall. 54 (2011)
50.
etzel, V.S. de Marchi, Mod. Dev. Powder Metall. 4 (1971) 127–150.
oni, E.M. Ruiz-Navas, E. Neubauer, E. Gordo, J. Mech. Behav. Biomed.

. 9C (2012) 91–99.
oni, E.M. Ruiz-Navas, E. Neubauer, E. Gordo, Mater. Chem. Phys. 131
672–679.
ternational, Materials Properties Handbook: Titanium Alloys, ASM Inter-
al, Ohio, USA, 1998.
fee, Prog. Met. Phys. 7 (1958) 65–163.
m, V. Güther, O. Roidl, F. Habashi, H.-U. Wolf, Titanium, Titanium Alloys

tanium Compounds, 2002.
risova, Y.S. Borisov, L.K. Shvedova, I.S. Martsenyuk, Powder Metall. Met.
. 4 (1984) 18–22.
rray, Phase Diagrams of Binary Titanium Alloys, 1st ed., ASM Interna-
1987.
ko, Ceram. Int. 21 (1995) 303–307.
ko, Ceram. Int. 22 (1996) 219–222.
ternational, Materials and Coatings for Medical Devices: Cardiovascular,
ternational, Ohio, USA, 2009.

9


	Página en blanco



