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Abstract: Titanium is an attractive material for structural and biomedical applications because
of its excellent corrosion resistance, biocompatibility and high strength-to-weight ratio.
Power metallurgy was used in this work to prepare 3D porous titanium. The powders became
fragile from hydrogenation process and were able to be used to obtain compacts with
different porosities by uniaxial pressing and sintering without applied pressure. Since
hydrogen dissolves easily in titanium to form titanium hydrides which have a strong
influence on the microstructure coarsening and mechanical properties, the study of the
porous compacts hydrogenation was carried out by hydrogenation at different temperatures
(870 K up to 1070 K) in a hot filament reactor. Titanium surface morphology changes were
investigated by scanning electron microscopy. High resolution x-ray was used to characterize
the present phases. Evaluation of the porous titanium hydrides mechanical behavior was
realized by flexion assay performed at three points.

Introduction

Titanium (Ti1) metal presents some important properties, such as high strength-to-weight
ratio, low density, high melting point, inertness and biocompatibility which make it an important
material for different applications [1-4]. Regrettably, its high chemical reactivity at high
temperature is a disadvantage on its processing in liquid phase [5]. That is the reason why titanium
production and machining are expensive. Powder Metallurgy [6-9] emerges as a potential technique
where all these difficulties have been solved by the production of titanium at lower temperatures
and under some conditions that allow consolidating the metal in the solid phase diminishing the
problems related to its high reactivity.

In order to obtain titanium with 3D porosity the sintering of preforms is a powder metallurgy
available method. It is a way of producing materials by compacting, binding and sintering metal
powders. The volume fraction of porosity is associated with the degree of particle interconnectivity
and particle size. It can be controlled by process variables such as compacted powder density,
sintering temperature and time, and alloying additions. Oh et. al. [10] sintered spherical unalloyed
titanium powders with and without applied pressure and achieved a porosity range of 5-37 %. This
porosity degree can be increased up to 50 % by using irregular particle powders as that produced by
HDH technique [11]. Ricceri et al., [12] by using isostatic pressing showed the variation of the
porosity level with the compacting pressing. Therefore, the lower the compacting pressing, the
higher the material porosity.
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Titanium exhibits good properties of hydrogen absorption and storage. These characteristics
are an advantage for the applications of hydrogen storage, but a disadvantage for many others
engineering applications due to hydrogen embrittlement [13,14]. Since titanium and its alloys have
a high affinity for hydrogen, being capable of absorbing up to 60 at. % hydrogen at 873 K and even
higher contents can be alloyed with titanium at lower temperatures [15]. This hydrogen absorption
decreases the allotropic transition temperature from o-Ti (hcp) to B-Ti (bee). In addition, hydrogen
has also a significant effect on the microstructure of the titanium samples changing the well defined
polygonal grain structure into a coarsening structure during o-f3 transformation [16].

There are no studies reporting hydrogen influence on titanium compacts containing three-
dimensional porosity. In this work we are reporting the influence of such process as a function of
the temperature and the hydrogen concentration in three-dimensional porous titanium compact
produced by the powder sintering process.

Experimental Procedure

Power metallurgy was used to prepare Ti compacts by controlling the porosity. Ti powders
with different particle sizes were prepared from the HDH technique. Hydriding was carried out at
770 K in a vertical furnace for 3 h under a pressure of 10~ Pa. After cooling to room temperature,
the friable hydride was milled in a titanium container with protective atmosphere for 30 minutes.
The powders were sieved to use similar sizes of powder in the range of 250-350 pym. In order to
fabricate the three-dimensional porous compacts, Ti powders were uniaxialy pressing in an
inflexible mold by applying a pressure of 100 MPa and sintering at 1470 K under a vacuum of 1 x
10 Pa. A heating/cooling rate was 0.17 K/s in the sintering treatment. Sintered porous Ti compact
crystal structure was examined from grazing incident diffraction (GID) at 3° from X’PERT Phillips
system and the morphology was analyzed by SEM using a Jeol equipment JSM-5310.

Hydrinding process was carried out in a hot filament reactor [17] by varying the temperature
from 770 K up to 1070 K in controlled hydrogen flux. The pressure in the reactor was kept at 6.6
kPa for a time of 1 h. A K-type thermocouple located inside the substrate was used to measure the
substrate surface temperature. Top view images of the hydrogenated compacts were performed by
SEM analyses from the same Jeol equipment above described. The TiHx crystalline phases were
analyzed from grazing incident diffraction (GID) at 3°.

The 3-point bending tests were carried out on a INSTRON 4301 universal testing machine
with 500 Kgf charging cell at a rate of 0.5 mm/min.

Results and discussion

Fig. 1a shows a general view of the Ti compact morphology produced from Ti powders
obtained by HDH technique. That image is focusing the sample region represented by a skeletal
structure among porous, with their struts in random directions. It might be observed that sintered Ti
compact presents neck formation between the powder particles by the densification process due to
the mass transfer mechanisms. Because the sintering temperature slightly affects the densification
[10] in this process, the initial powder size and shape have verified to be a dominant factor
governing the porosity level. Second plane pores evidenced on such image indicate that porosity is
not concentrated only in the compact surface, but propagates itself to its inner in an interconnected
three-dimensional net. An image with higher magnification of the compact surface is showed in the
Fig. 1b. It can be seen the angular pore shape which is a feature of the sintering of performs. The Ti
roughness surface morphology is better evidenced in the Fig. 1a inset were a stairs-like structure is
evidenced. This texture may be attributed to the volume shrinkage during the sintering process and
the cross slip of the planes in the Ti crystal structure.
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Fig. 1 — SEM images: (a) sintered Ti compact showing its detailed texture in the inset; (b) Ti surface morphology
in a higher magnification; (c) Hydrogenated Ti compact surface morphology at 870 K; (d) Hydrogenated Ti in a
higher magnification evidencing the roughness.

XRD patterns surfaces are shown in Figs. 2 for pure titanium (Ti), Ti hydrogenated at 870 K
(TiHx-870) and for Ti hydrogenated at 1070 K (TiHx-1070). The Ti XRD spectra clearly present
the peaks at 35.17°, 40.17°, 52.99° and 63.02° corresponding to the (100), (101), (102) and (110)
titanium diffractions planes respectively (JCPDS 89-5009). The diffractions patterns related to
TiHx-870 and TiHx-1070, presented the same characteristics peaks related to titanium hydrides at
37.21°, 51.97° and 62.58 planes. These peaks can be attributed to the (111), (211) and (220)
hydrides planes respectively. The main TiHx peak at 37,21 ° was more intense for the Ti
hydrogenated at 1070 K which indicate that the higher the hydrogenation temperature the higher the
hydride precipitation in the Ti matriz in the experimental conditions of this work..
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Fig. 2 — X-ray difractogramms obtained for Ti (pure titanium), TiHx -870 (Ti hydrogenated at 870 K) and
TiHx-1070 (Ti hydrogenated at 1070 K).
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Another important feature is that hydrogen absorption changes the composition and the phase
equilibrium of the Ti substrate. Pure Ti possesses a polygonal o-grains structure Fig. 1b. The
hydrogen absorption decreases the temperature for the «-B transformation [18]. The main
consequence is the temperature decrease by which the coarsening B-phase occurs. These
contributions might explain the coarsening process and morphology changes observed for titanium
compacts obtained in temperatures higher than 870 K (Fig. 1c). It can be observed that the stairs-
like angular edges were maintained in the Ti surface although an increase in the surface roughness
is evidenced in the Fig 1d.
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Fig. 3 — Bending tests results for a non-hydrogenated (T1) and hydrogenated (TiHx -870)
samples

Typical force-displacement curves from 3-point-bending tests are shown in Fig. 3 for non-
hydrogenated and hydrogenated titanium samples with around 35 % porosity. It can be seen that the
total displacement for the pure titanium curve is significantly higher than that for the hydrogenated
sample. This feature became evident a more ductile behavior for the metallic pure porous titanium
than for the hydrogenated sample. Therefore, the catastrophic rupture is found for the hydrogenated
titanium specie. Besides, the deflection at rupture for the hydrogenated titanium is around 60 % of
that for pure titanium. All these factors became evident that the hydrogen has a significant influence
in the mechanical properties of the 3D porous titanium samples contributing for its fragilization.

Conclusion

Powder metallurgy is a potential technique to obtain Ti substrates with three-dimensional
porosity by controlling the porosity level and surface area. Titanium hydrogenation promotes
significant changes in the microstructure and mechanical properties of the titanium compacts.
Titanium surface morphology suffers a coarsening process while titanium matrix was fragilized by
the hydride formation.

Acknowledgements

We would like to thanks to Fapesp and CNPq (Process No. 141966/2005-0) for financial support.



Materials Science Forum Vols. 591-593 293

References

[1] S. Bhowmik, H.-W. Bonin, V.T. Bui and R.D. Weir: Int. J. Adhes. Adhes. Vol. 26 (2006),

p. 400.

[2] G. Ryan, A. Pandit and D.P. Apatsidis: Biomaterials Vol. 27 (2006), p. 2651.

[3] E. Eisenbarth, D. Velten, M. Miiller, R. Thull and J. Breme: Biomaterials Vol. 25 (2004),

p. 5705.

[4] M.R. Bache: Int. J. of Fatigue Vol. 25, (2003), p. 1079.

[5] F.H. Froes, D.Eylon and G. Friedman, in: ASM Handbook, edited by ASM International,
Materials Park, Ohio (2000), cap. 7.

[6] Y. Liu, L.F. Chen, H.P. Tang, C.T. Liu and B.Y. Huang: Mater. Sci. Eng. A Vol. 418
(2006), p. 25.

[7] M.C.C. Ueta, C.A. Fracote and V.A.R. Rodrigues: Mater. Sci. Forum Vol. 498-499
(2005), p. 211.

[8] C.F. Li and Z.G. Zhu: Chinese Physics Letters Vol. 22 (2005), p. 2647.

[9] A. Bautista, C. Moral and G. Blanco: Materials and Corrosion-Werkstoffe und Korrosion
Vol. 56 (2005), p. 98.

[10] LH. Oh, N. Nomura, N. Masahashi and N. Hanada: Scr. Mater. Vol. 49 (2003), p. 1197.
[11] F.H. Froes and D. Eylon in: ASM Handbook, edited by ASM International, Materials Park,
Ohio (2000), Vol. 7, p. 281.

12. R. Ricceri, F. Arcuri, P. Matteazzi: J. Phys. IV France Vol. 11 (2001), p. 51.

13. H. Zhang, E.H. Kisi: J. Phys. Condens. Matter vol. 9 (1997), p. L185.

14. H.-J. Christ, M. Decker, S. Zeitler: Metall. Mater. Trans. A Vol. 31 (2000), p. 1507.

15. F.D. Manchester, A. San Martinm, in: H-TI (hidrogen-titanium), edited by F.D. Manchester,
Phase Diagrams of Binary Hydrogen Alloys, Materials Park (OH): ASM International (2000), p.
238.

16. G. Heinrich, T. Grogler, S.M. Rosiwal, R.F. Singer, R. Stockel, L. Ley: Diamond Rel. Mater.
Vol. 5 (1996), p. 304.

17. H. Liu, D.S. Dandy: Diamond Chemical Vapor Deposition: Nucleation and Early Growth
Stages (Noyes Publications, U.S.A. 1995) p. 19.

[18] A.D. McQuillan: Proc. R. Soc. London Ser. A Vol. 204 (1950), p. 309.



Advanced Powder Technology VI
10.4028/www .scientific.net/MSF.591-593

Hydrogen Addition Effect on 3D Porous Titanium Produced by Powder Metallurgy
10.4028/www.scientific.net/MSF.591-593.289

DOI References

[1] S. Bhowmik, H.W. Bonin, V.T. Bui and R.D. Weir: Int. J. Adhes. Adhes. Vol. 26 (2006), . 400.
doi:10.1016/j.ijjadhadh.2005.05.004

[2] G. Ryan, A. Pandit and D.P. Apatsidis: Biomaterials Vol. 27 (2006), p. 2651.
doi:10.1016/j.biomaterials.2005.12.002

[4] M.R. Bache: Int. J. of Fatigue Vol. 25, (2003), p. 1079.

doi:10.1016/S0142-1123(03)00145-2

[71 M.C.C. Ueta, C.A. Fracote and V.A.R. Rodrigues: Mater. Sci. Forum Vol. 498-499 2005), p. 211.
doi:10.4028/www.scientific.net/MSF.498-499.211

[9] A. Bautista, C. Moral and G. Blanco: Materials and Corrosion-Werkstoffe und Korrosion ol. 56 (2005), p.
98.

doi:10.1002/maco0.200403818

[12] R. Ricceri, F. Arcuri, P. Matteazzi: J. Phys. IV France Vol. 11 (2001), p. 51.
doi:10.1051/jp4:2001407

[14] H.-J. Christ, M. Decker, S. Zeitler: Metall. Mater. Trans. A Vol. 31 (2000), p. 1507.
doi:10.1007/s11661-000-0161-8

[16] G. Heinrich, T. Grogler, S.M. Rosiwal, R.F. Singer, R. Stockel, L. Ley: Diamond Rel. Mater. ol. 5
(1996), p. 304.

doi:10.1016/0925-9635(95)00378-9

[18] A.D. McQuillan: Proc. R. Soc. London Ser. A Vol. 204 (1950), p. 309.
doi:10.1098/rspa.1950.0176

[1] S. Bhowmik, H.W. Bonin, V.T. Bui and R.D. Weir: Int. J. Adhes. Adhes. Vol. 26 (2006), p. 400.
doi:10.1016/j.ijjadhadh.2005.05.004

[7] M.C.C. Ueta, C.A. Fracote and V.A.R. Rodrigues: Mater. Sci. Forum Vol. 498-499 (2005), p. 211.
doi:10.4028/www.scientific.net/MSF.498-499.211

[9] A. Bautista, C. Moral and G. Blanco: Materials and Corrosion-Werkstoffe und Korrosion Vol. 56 (2005),
p- 98.

doi:10.1002/maco.200403818


http://dx.doi.org/www.scientific.net/MSF.591-593
http://dx.doi.org/www.scientific.net/MSF.591-593.289
http://dx.doi.org/10.1016/j.ijadhadh.2005.05.004
http://dx.doi.org/10.1016/j.biomaterials.2005.12.002
http://dx.doi.org/10.1016/S0142-1123(03)00145-2
http://dx.doi.org/10.4028/www.scientific.net/MSF.498-499.211
http://dx.doi.org/10.1002/maco.200403818
http://dx.doi.org/10.1051/jp4:2001407
http://dx.doi.org/10.1007/s11661-000-0161-8
http://dx.doi.org/10.1016/0925-9635(95)00378-9
http://dx.doi.org/10.1098/rspa.1950.0176
http://dx.doi.org/10.1016/j.ijadhadh.2005.05.004
http://dx.doi.org/10.4028/www.scientific.net/MSF.498-499.211
http://dx.doi.org/10.1002/maco.200403818

