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Abstract

Dehydrogenation of TiH, powder and compactwith subsequent pressureless sintering of Ti
obtained was successfully carried out in argon controlled atmosphere. A Complete
dehydrogenation of TiH, powder was achieved at 680°C in 120min using a heating rate of
2°C/min. Lower onset pressureless sintering temperature and early full densification of Ti from
TiH- were obtained in comparison to commercially obtained Ti powder sintered under the same
conditions. This further confirmed the fact that Ti obtained from TiH, is of better purity, which
subsequently enhanced the level of densification achieved with pressureless sintering process.

Keywords: Titanium, Titanium Hydride, Dehydrogenation, Pressureless sintering,
Microstructure.

Introduction

Titanium is a light metal with a melting point of 1668°C, a density of 4.51 g/cm? (at 293K) and
it undergoes a phase transformation fromhexagonal close-packed (hcp) to body-centered cubic
(bce) at 882°C(Panigrahiet al., 2005). Titanium together with other group IVB elements exhibit
diffusion anomalies and also shows anisotropy in the hcp range(Panigrahiet al., 2005).

Titanium and titanium alloys are used for highly demanding applications such as static and
rotating gas turbine engine components and fabrication of some of the most critical and highly-
stressed civilian and military aircraft parts (Yamada, 1996). Recent findings show that the use
of titanium has expanded to include applications in chemical processing, nuclear power plants,
food processing plants, oil refinery, construction of heat exchangers, and in medical
prostheses(Leyens and Peters, 2003; Larsson et al., 1996; Seagle, 1996).

These numerous applications of Ti have been attributed to its excellent properties like low

density, high specific strength, heat resistance, corrosion resistance, and excellent
biocompatibility (Abdallah, 1996; Grosgogeatet al., 1999; Hanet a/.,2000; Odwani et al., 1998;
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Schmidtet al., 1998; Yu, et al., 1999). Despite these excellent properties, titanium is yet to
make a significant breakthrough into the broad field of engineering applications as it is the case
with steel and aluminium products. High cost of production had been identified as the major
constraint militating against wide industrial application of titanium and its alloys. This high cost
of finished Ti products is in part due to the cost of the primary production processes as well as
several costly downstream processing steps involved in converting the titanium sponge to
usable product forms(Leyens and Peters, 2003; Jackson and Dring, 2006). Besides, the
commercially obtained titanium powder also contains impurities that include oxygen,
manganese, chlorine, nitrogen, iron, silicon, magnesium etc., which raises fundamental
guestions on the overall quality (purity) of the final composites.

In a study carried out by Saito (2004), it waspointed out that titanium hydride (TiH,) powder is
more cost-effective and also has very little impurity when compared to commercially obtained
hydride-dehydride titanium powder.Bhosleet al. (2003) reported in their work that although
different titanium hydrides have been reported but the most common phases available include
TiH,, TiHig4, TiH, and TiHo7:. They also reported that few research findings on the
dehydrogenation of the highest hydrogen-containing titanium phase had shown that the
sequence of processes that leads to the formation of Ti is still not completely understood.

The present study therefore attempts to investigate the feasibility of producing Ti powder and
products from titanium hydride through dehydrogenation and subsequent densification by using
cost-effective pressureless sintering in a controlled argon environment. Comparison of
densification and microstructures of commercially obtained titanium and titanium produced from
titanium hydride would be carried out.

Materials and Methods

Materials

High purity powder of titanium and titanium hydride obtained from M/S Alfa Aesar (Germany)
were used for this investigation. Detailed chemical analysis of the powders as per the
manufacturer’'s specification showed that the titanium powder (99.5% purity, -44um) contained
impurities of O = 0.2353wt. %, Fe = 0.033wt. %, C = 0.0093wt. %, N = 0.0183wt. %, P =
<0.0023wt. %, S = <0.0013wt. %, Mn, Cl, Si, Mg = 0.013wt. % (each), Na, Al = <0.013wt. %
(each) and H = 237ppm. The titanium hydride (99% purity) contained H = 3.7wt. %omin, N =
0.3wt. %omax. The average particle size distribution of the commercial titanium powder was d;g
= 15.672 um, dsp = 30.492 um, dgo = 55.166 um,while that of the titanium hydride powder was
dip = 1.925 um, dso = 4.473 pm, dgy = 9.409 um. The Ti powder used had a larger particle size
than the titanium hydride because finer powders were not available and communition methods
not effective due to the ductility of the Ti which makes milling very difficult. The particle
morphology of the starting powders are given in figure 1a, b.
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Fire 1: SEM micr gkaph of (a) commercial powder (-44um) and '
(b) commercial TiHpowder

Methods

Compaction of Powders

Compaction of the commercially obtained Ti and TiH,powderswas carried out in a uniaxial press
using a hardened steel die of 18mm diameter. Cylindrical compacts of about 5mm in height
were prepared at pressures up to 393MPa from the two powders.

Pressureless Sintering of Compacts

Compacts produced from commercial titanium powder were pressureless sintered at
temperatures ranging from 750°C to 1400°C in an alumina tube furnace. The sintering was
carried out in a tube furnace preceded by an oxygen getter furnace with a glass bubbler at the
other end. The oxygen getter furnace was packed with copper turnings which were kept at
700°C. The compacts were heated at a rate of 6°C/min to a fixed sintering temperature,
maintained at this temperature for 90min and allowed to cool to ambient temperature under
argon at a cooling rate of 6°C/min. The compact was placed on a zirconia tray surrounded by
alumina boats containing commercially pure titanium on either side in order to avoid oxidation
from any untrapped oxygen in the inert gas from the oxygen getter furnace. The ends of the
alumina tube were sealed using brass fittings with rubber viton o-rings. The gas tightness of
the seals was checked using a gas sniffer leak detector to detect any gas leaks.

In the case of titanium hydride, the compacts were subjected to two heat treatment processes,
dehydrogenation and pressureless sintering. The dehydrogenation process was carried out by
heating the compact to a temperature of 715°C at a rate of 2°C/min in Argon stream. This
temperature was maintained for 120min and afterwards the sample was allowed to cool to
ambient temperature under argon at a cooling rate of 6°C/min. Sintering was also carried out
immediately after dehydrogenation. The temperature was ramped up to the sintering
temperature at a rate of 6°C/min, maintained for 90min and allowed to cool to ambient at a
rate of 6°C/min. A stream of Argon was used to protect the compacts from oxidation during the
sintering process.

X-Ray Diffraction Analysis
X-ray diffraction (XRD) analyses of the powders and sintered samples were carried out using a
Philips PW1710 diffractometer with monochromatic Cu Ka- radiation at 40 kV and 20 mA.
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Diffractograms were collected over a range of 26 angles between 10 and 80° with a step size of
0.02°.

Scanning Electron Microscopy (SEM/EDX) Analysis

SEM/EDS analyses of the powders and sintered samples were carried out using A LEO 1525 FE-
SEM Scanning Electron Microscope coupled to an Oxford Link Pentafet Energy Dispersive X-ray
(EDS) spectrometer in the SE2 secondary mode. Sintered samples for optical microscopy (OM)
and SEM/EDS analyses were prepared using conventional grinding and mechanical polishing
techniques. The polished samples were etched in Kroll's reagent (composition: 1-3 ml HF, 2-6
ml HNO3, 100 ml water). Density was determined using the Archimedes technique.

Results and Discussion

Compaction curves for both powders were generated and compared as shown in Figure 2. In
terms of the green relative densities, the compaction curves of Ti and TiH,show that the
commercial Ti compacted better than TiH, powder. For the purpose of heat treatment,powder
samples were compacted at 393MPa and these resulted to green densities of 79.3 and 72.1%
theoretical for commercial Ti and TiH, powder respectively.
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Figure 2: Compaction graph of commercial TiH, and Ti powders.

Porosity generated in the green compact is obtained by subtracting the value of green relative
density from 100%. It can be seen from figure 2 that although the value of porosity generated
in the titanium hydride green compactis low but not lower than that of Ti green compact as was
reported by Robertson and Schaffer (2009). However, the relatively high green
density,72.12%, achieved by green compact from Ti hydride may be attributed to the
fragmentation of hydride particles (Adamset al., 2008; lvasishinet al., 2005; lvasishinet al.,
2007) and reduced cold welding between hydride particles that allowed more particles
rearrangement (Bhosleet al., 2003). The low green porosity recorded in the Ti hydride compact
is suspected to have also contributed tothe observedincrease in the sintered density (Table 1)
of pressureless sintered TiH, compacts as would be shown later.
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The pressure required to eject the green compact from the die was significantly higher for the
Ti powders than for the hydride powders. After compaction at 393MPa, the average of
maximum ejection pressure for each compact was 88MPa for Ti and 13MPa for Ti hydride.
These results suggest that there is a greatly reduced friction and cold welding to the die wall for
hydride powder than for the Ti metal powder. This could be attributed to the effect of low
particles deformability of the Ti hydride. Reduced cold welding could also be responsible for the
lower strength of green Ti hydride compact as was observed during the ejection of the
compacts from the die with evidence of broken corners (Figure 3) even at higher compaction
pressures (>393MPa).

Figure 3: Macrograph of green compact from TiH, powder with broken corners at
higher compaction pressure (>393MPa).

Dehydrogenation was carried out using both loose powder and compacts from Ti hydride over
temperature range of 450 to 715°C using DTA/TGA literature data (Bhosleet al., 2003;Sandimet
al., 2005)in argon controlled tube furnace. Analyses from the present investigation revealed
that the conversion of TiH, to Ti is a two-step transformation in the sequence: TiH,—TiH,—Ti,
where TiH, is an intermediate confirmed through XRD analysis to be TiH. This is in agreement
with the report ofBhosleet al. (2003). Further analyses of XRD results and the mass loss during
dehydrogenation process indicated that the stoichiometry of the starting Ti hydride is TiH,.
Mass loss due to the release of hydrogen from TiH, was effectively completed for the loose Ti
hydride powder at 680°C and at 715°C forTi hydride compact using the sameheating rate of
2°C/minover a period of 120min to form a-Ti. Thelow pore volume for diffusion of hydrogen of
Ti hydride powder particles and reduction in the surface area resulting from compaction could
possibly be responsible for the observed retardation and consequent higher temperatures for
the dehydrogenation of green compact. This observation agreed with the report of Bhosleet al.
(2003)however, the temperature where complete dehydrogenation was achieved for both Ti
hydride powder and compact is lower in this study compared to theirs of 700 and 800°C
respectively. The only reason that may be attributed to this behaviour is the lower heating rate
of 2°C /min used in the present study as against 20°C/min and 5°C/min used by Bhosleet al.
(2003) and Sandimet al. (2005) respectively. This however, confirmed the report of Sandimet
al. (2005) that the lower the heating rates the lower is the onset temperature for
dehydrogenation.
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The green pellets produced from commercial titanium were subjected to pressureless sintering
at different temperatures while pellets of titanium hydride were similarly subjected to heat
treatment under the same condition to simultaneously achieve hydrogen removal and
densification by pressureless sintering. Both TiH, and Ti compacts were pressureless sintered at
temperatures between 750°C and 1400°C in argon controlled atmosphere. Summary of the
densities obtained for the various sintered materials are given in Table 1.

It can be seen from these results that sintered density increases with increasing sintering
temperature (Figure 4). Densification of commercial titanium through pressureless sintering was
only noticed at sintering temperatures starting from 1000°C (Figure. 4), this is in a total
agreement with the findings of Panigrahiet al. (2007). The TiH, based materials began to
densify at sintering temperature as low as 750°C (Tablel, Fig. 4), which indicates that Ti
produced from TiH, has a better sinterability in comparison to the commercially obtained Ti
powder. For example, sinteredTi hydride compact achieved 86.70% relative density (with
theoretical density of 4.51g/cm®) at 750°C and also recorded a 100% relative densityat 1200°C,
1300°C and 1400°C respectively compared to 95.34% relative density recorded by commercial
Ti compact that was sintered at 1400°C (Figure 4).

Table 1: Density and phase composition of pressureless sintered samples of
commercial Ti and Ti from commercial TiH, atan Isothermal sintering time of 90min

Sample Sintering Green Sintered % Phase

(Green Compact)  temperature  density (%) density Theoretical composition
(g/cm?®) density

Commercial TiH, 750°C 72.1 3.91 86.70 Ti, Ni
Commercial TiH, 800°C 72.1 4.02 89.14 Ti, Ni
Commercial TiH, 900°C 72.1 4.17 92.25 Ti, Ni
Commercial TiH, 1000°C 72.1 4.41 97.78 Ti, Ni
Commercial Ti 1000°C 79.3 3.67 81.37 Ti
Commercial TiH, 1100°C 72.1 4.49 99.56 Ti
Commercial Ti 1100°C 79.3 4.01 88.91 Ti
Commercial TiH, 1200°C 72.1 4.51 100 Ti
Commercial Ti 1200°C 79.3 4.18 92.68 Ti
Commercial TiH, 1300°C 72.1 4.54 100 Ti
Commercial Ti 1300°C 79.3 4.28 94.90 Ti
Commercial TiH, 1400°C 72.1 4.54 100 Ti
Commercial Ti 1400°C 79.3 4.30 95.34 Ti
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Figure 4: Relative density of pressureless sintered samples of commercially
obtained Tipowder (44pum) and of Ti obtained from TiH,against sintering
temperatures

The more rapid densification of TiH, compacts (as shown in figure 4) despite the observed
lower green density relative to commercial Ti compacts could be attributed to lower grain size
of TiH,, as well as enhanced mobility of Ti atoms resulting from more vacant active sites
created after hydrogen removal. Fragmentation of hydride particles during compaction as
reported by Bhosleet al. (2003) and Robertson and Schaffer (2009) could probably make an
additional contribution.

More so, the present study achieved a density of 3.91g/cm? at 750°C for sintering time of 90min
while Bhosleet al. (2003) that used nanoscale particles under vacuum recorded a density of
4.48 g/cm® at the same temperature but in a sintering time of 120min. The difference in
densities could probably be as result of nanoscale particles and longer sintering time used. At
1400°C, a higher and better sintered density of 4.54g/cm®(100% relative density) was achieved
with very insignificant porosity but no swelling compared to sintered relative density of 88.2%
with swelling observed by Robertson and Schaffer (2009).

Figure 5 shows the X-ray diffraction patterns of starting TiH, based material and that of Ti
obtained from TiH, at different temperatures of room temperature (RT), 680°C, 750°C, 1000°C,
1200°C, and 1400°C respectively. XRD analysis and weight change measurement indicate that
within the temperature range considered, all compact samples heat treated bellow 715°C
contained TiH, and TiH. On the other hand, samples heat treated at 715°C and above during
120min dwelling time were free of TiH, and TiH with XRD only showing the presence of Ti metal
and a very insignificant single peak of Ni as impurity. All observed peaks of the heat treated
samples can be matched with single phase a-Ti phase (00-044-1294, ICSD data base) as
observed for material produced from the commercial Ti powder.
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Figure 5: XRD patterns of dehydrogenated and pressureless sintered TiH, powder

and compacts at various sintering temperatures.

Counts

Figure 6 shows the SEM micrographs of the pressureless sintered samples produced from TiH,
at different sintering temperatures. The SEM micrographs show clearly the evolution of porosity
and the grain growth that took place at 750, 900, 1000, 1200 and 1400°C respectively. All the
EDS analysis of the sintered samples confirmed the presence of only Ti without any observed
foreign constituent, thus indicating that there were less than the detection limit impurities in the
samples produced. Figure 6f shows the etched microstructure of Ti produced from TiH, powder
with basket weave structure and an average grain size of 20um.
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Figure 6: SEM micrographs of the sintered TiH, (a) at 750°C, (b) at 900°C, (c) at

1000°C and (d) at 1200°C

Figure 6(continuation): SEM micrographs of the sintered TiH, (e) at 1400°C (f) light
micrograph of etched sintered Ti obtained from TiH, at 1400°C; sintered commercial
Ti (g) at 1200°C and (h) at 1400°C.

Conclusion

Titanium hydride powder was completely dehydrogenated and converted to Ti in argon
controlled atmosphere at 680°C with a heating rate of 2°C/min after 120min. Titanium produced
from the TiH, compactwas pressureless sintered in an alumina tube furnace under argon
controlled atmosphere and the densificationresults show a better performance compared to
commercially obtained titanium that was sintered using the same technique and conditions.This
results further show that Ti produced from TiH, possesses a better sintering behaviour than the
commercial titanium powders. The reduction of the sintering temperature in comparison to the
commercial powder was more than 200°C.
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