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Abstract

The present work demonstrates the feasibility eppring bulk-Ti, with high strength
and good ductility, via spark plasma sintering @fJ powders. The microstructure and
mechanical properties of bulk titanium preparedaurtd/o different processing conditions,
i.e. (i) Simultaneous dehydrogenation and sintetinder one-step spark plasma sintering
(SPS), and (ii) dehydrogenation in vacuum follovsdSpark Plasma Sintering i.e. two-
step SPS , are presented and discussed. The @neistering process, i.e. process (i),
resulted in Ti specimens with very high tensileesgth, but poor ductility. On the other
hand, two-step sintering process, i.e. processré@gulted in bulk Ti with high strength and
high ductility.
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1. Introduction

Titanium alloys have exceptional potential for exgead usage in various industries.
However, initial high cost of Ti and the complexffigation and subsequent machining
process often limit their applications. Howeverwper metallurgy (P/M) processing has
emerged as an efficient method with a possibilityptoduce titanium alloys with wide
range of compositions, controlled properties, aaarmet shape characteristics. Particularly,
P/M processing approach based on elemental povaterof particular interest due to
relatively lower processing cost as well as itshkig maneuverability with respect to
materials, microstructural, and product designitg 4]. However, the usage of pure-Ti
powder poses several problems, such as high gffioward oxygen, nitrogen, and carbon,
sticking with vials and balls during blending andlimg, and higher cost associated with
preparing  high-purity Ti  powders. These factors dleato lack of
compositional/microstructural control together wiéiss than expected cost advantages [3,
4]. In comparison to pure-Ti powder, use of titanithydride powder has several
advantages, including lower initial price, less umfy contents, and relative ease of
handling during mechanical mixing/milling withoahcountering the problem of sticking
due to its inherent brittleness, leading to highewder yield, smaller particle size, and

better compositional control. The fine-sized titani hydride powder can be utilized to



obtain sintered products with high density, fineiged microstructure, and relatively
higher strength at a relatively lower sintering pamature [5, 6].

Various techniques are used for the consolidatioposvders [7-10]. Particularly,
spark plasma sintering technique has several aggastover the conventional hot pressing,
including higher heating/cooling rates and a greapplied mechanical load. Hence, SPS
technique offers a possibility to achieve dehydnagen and consolidation of titanium-
hydride powder in a comparatively shorter periodtiofe, together with high density
products with controlled microstructure and projesr{11]. However, a very small amount
of information is available in the literature onethliH, based powder metallurgy
technology and mechanical properties of bulk-Toydl prepared using titanium hydride
powders [12-16, table-2]. Therefore, it would b&erasting to carry out a feasibility study
about the microstructure and mechanical propedfesulk-Ti prepared via SPS of TiH
powder, to realize the full potential of elementmwder based P/M approach using
titanium hydride powders. Hence, the present stiglyan initiative to evaluate the
feasibility of fabricating high purity bulk-Ti vispark plasma sintering using titanium
hydride powder as starting material. The microstme and mechanical properties of the
fabricated Ti compacts, thus prepared, are predeame discussed.

2. Materialsand Methods

TiH, powder (45um pass, ~99 % pure, supplied by “KojuGtiemical Laboratory
Co. Ltd.” Japan) and pure-Ti (45um pass, 99.98% pBas-atomized low oxygen titanium
powder, supplied by “Osaka Titanium Technologies @d”, Japan) were used as starting
materials.. The sintering was carried out usinglgita die and punch under high vacuum
atmosphere (~I®Pa) in DR.SINTER Spark Plasma Sintering machii®uifiitomo Coal
Mining Co. Ltd.”, Japan). The powders were consikd using two different approaches:
(i) One-Step SPS process: the pressure and tempenaere increased simultaneously
from zero pressure to 50 MPa and room temperatut®0 °C, respectively. The holding
time at 1200 °C was 1 h. Subsequently, the furmea® cooled to room temperature. High
purity Ti powder was also sintered under similanditons. (i) Two-Step SPS process:
The first step involved dehydrogenation at 800 6€d.5 h without any applied external
pressure for maximum dehydrogenation. In the sestey temperature and pressure were
increased, simultaneously, from 800 °C to 1200 9@ aero pressure to 50MPa,

respectively. Subsequently, the powder mass was &tel 200 °C for 0.5 h followed by
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furnace cooling up to room temperature. After sintg disc-shaped compacts with
dimensions 15 mm (diameter) x 5Smm (height) weraioled. Henceforth, in the subsequent
discussion, the specimens prepared by one-steprisgtof TiH, two-step sintering of
TiH,, and one-step sintering of pure Ti powders willrb&erred as Ti-1, Ti-2, and Ti-P
specimens, respectively. Tensile tests were capigdat an initial strain rate of 5.6x10
using specimens with gauge size 3mmx1mmxlmm. Aeekéigkers micro-hardness was
obtained at a load of 980.7 mN (Hv0.1) and dwefetilO sec. Moreover, dehydrogenation
temperature of Tikl was analyzed by TG/DTA (Thermo gravimetric andfedéntial
thermal analysis) and at a constant heating ra® &fmiri* under argon atmosphere.
3. Resultsand discussion
3.1. Initial Powders

The results of XRD analysis of the initial powdare shown in Fig. 1(a). For pure Ti
and TiH powders, hexagonal close-packed (hcp) and cubgsqsh were identified,
respectively. The XRD pattern of the titanium hgeripowder was similar to the standard
data corresponding to the hydride powder contairfibg6 mass% titanium and 4.04
mass% hydrogen. Fig.1 (b) and 1(c) shows DTA and\ flots, respectively, obtained
from as received TiHpowder. The presence of two overlapping endotheawents clearly
suggests that the decomposition process occurgdnstages. The DTA plot shows one
small peak (indicated byiJ at 469 °C due to low enthalpy change followedsegond
large peak (indicated by, at 536 °C due to comparatively larger enthalpyange.
Thermo-gravimetric analysis confirms that dehydrag®mn starts above approximately
440 °C and completes at approximately 700 °C (Ejg.A first hand estimation from TG
analysis shows that approximately 3.53 mass% hyuiragas lost, which is slightly lower
than the theoretical hydrogen content, i.e. 4.043%4 in the initial hydride powder.
Similar findings have also been reported by otbeearchers [17, 18].
3.2. Microgtructural Characteristics of the Sintered Bulk -Ti Specimens

In Fig.2 (a), the XRD profiles of Ti-1 and Ti-2 sp@mens are compared with the Ti-

P specimen. The diffraction patterns of Ti-P spetintonsist of hcpu-phase only.
However, Ti-1 specimens indicated the presencé-piiase (tetragonal hydrides) along
with a-phase. Interestingly, the XRD profile of Ti-2 speen exhibit the presence of
primarily a-phase with minor amounts éfand y-phases. In the Ti-H system, following

hydride phases are known to exist; §iphase (51.22-66.67 at% hydrogen) with f.c.c.
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structure of Caftype in which hydrogen atoms occupy tetrahedraksiandomly and (ii)
they hydrides (1-2.9 at% hydrogen) with f.c.t. struetand having c/a ~ 1.09 [19]. These
results indicate that a significant quantity of togen is retained in the Ti-1 specimen. In
the Ti-2 specimen, the presence ygphase indicates the retention of relatively lower
amounts of hydrogen as compared to that of Ti-Tispen. Therefore, it is apparent that
the two-step process is more effective in achiedimdered compacts with significantly
small amounts of retained hydrogen. In titaniunn,Higdrogen concentrations lower than 20
at%, in addition to the strong diffraction pealsnfra phase, the weak diffraction peaks i.e.
{111} {002} and {200} from they-phase and very weak diffraction peaks i.e. {1frbmn
d-phase was also reported by Nakamura et al. [19].

In addition to the above results, the relative am®uwf hydrogen in the pure
titanium compacts, prepared from titanium hydridewgers, was also estimated by
calculating lattice parameters using the XRD pesfil(shown in Table-1). It can be
observed that the c/a ratio @phase in Ti-1 specimen is larger than that catedlfor Ti-2
specimen. In general, increasing the hydrogen caratéon leads to an increase in c/a ratio
and to a negligible increase in the specific latolume [20, 21]. The calculated lattice
parameters foé andy-phases were found in good agreement with theteeputsented by
A. San-Martin et al. [20].

The Ti-P specimen exhibited lath-type microstruetwwith basket-weave type
morphology, having lath-width ~20pum and lath-lengththe range of 50 to 200 pum
(Fig.2b). Generally, in Ti alloys, such microstue is developed due to slow cooling from
B-region. Theu-phase begins to form below the beta transus, wkiebout 882 °C. The-
phase forms in laths, with a crystallographic refahip, i.e. most close-packed planeiof
phase parallel to a special plane in fhphase, to th@-phase, in which it forms. Slow
cooling from beta phase leads to the nucleatioal@fa nuclei, which grows faster along
the common plane and grows very slowly perpendidolghis plane [22]. As a result, such
laths are developed. Fig.2c shows the microstraad@irTi-1 specimen, which is also lath-
type; however, it contains comparatively finer &a(kath width <5um). The finer lath size
can be attributed to the finer grain size due fwssibly higher hydrogen concentration in
the specimen [22]. The-Ti (H) phase (darker in Fig.2c) &TiHy (needle shaped, brighter
in Fig.2c) can be observed. This observation ith&rrcorrelated with the XRD results, as

shown in Fig. 2a, in which only andé phases can be observed. The similar results about
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the phase transformation during dehydrogenatioiildt were observed by P. Sun et al.
[23]. It can be observe that the microstructurélb2 specimen was also lath type with
lath-width ~ 15um (Fig.2d), and its appearanceasenor less similar to the microstructure
obtained from Ti-P specimen (Fig.2b). These mictmstiral characteristics further
substantiate the findings that the two-step singerprocess is more efficient for
dehydrogenation as compared to one-step sintering.
3.3. Mechanical Properties

Figure 3 presents the mechanical properties anghotogy of the fracture surfaces
of titanium specimens. The average hardness of §pekimen is significantly higher as
compared to that of the Ti-2 and Ti-P specimeng.8&). The relatively higher average
hardness values of Ti-1 compacts can be assocwtadthe higher relative amounts of
retained hydrides. The tensile engineering stressascurves of the various Ti samples are
shown in Fig. 3(b). For comparison, the mechamecaperties of the bulk Ti, under tensile
loading, prepared from pure Ti and BiHowders are also presented in Table-2. It can be
observed that bulk-Ti prepared from TGildowder resulted in higher yield strength (YS)
and ultimate tensile strength (UTS) as compardtidee of Ti specimen prepared by pure-
Ti powder. Moreover, the YS and UTS of Ti-1 speainage also higher to those of the Ti-2
specimen. However, the strain-to-failure is lowkst the Ti-1 specimens, and it shows
almost brittle nature. On the other hand, the T8g&cimen demonstrates significant
ductility, wherein the strain-to-failure is comphbl@ato that of the Ti-P specimens. Briant et
al. [24] have shown that increasing hydrogen cdnteads to increasing strength and
decreasing ductility in Ti alloys due to enhancesceptibility for hydrogen embrittlement.
The fracture surfaces of Ti-P, Ti-1 and Ti-2 spess are shown in Fig. 3c, 3d, and 3e,
respectively. The Ti-P specimen exhibit micro-vomklescence type ductile nature of
fracture, as demonstrated by large dimpled morgyolblowever, Ti-1 specimens exhibit
faceted morphology, indicating brittle nature o&dture. Interestingly, Ti-2 specimens
consisted of comparatively small-sized dimples. Thange in mechanical properties and
fracture mode is consistent with the changes irhtlizogen contents in Ti-based materials,
as demonstrated in other researches [25, 26]. Henhde apparent that the two-stage
sintering process is extremely effective in pronglibulk Ti with a combination of high
strength and high ductility.

4. Conclusions



Titanium hydride powder was successfully utilizedptepare Ti compact with high
strength and good ductility. One-step sinteringites! in high hardness, high strength, but
low strain to failure under tensile loading, wheréao-step sintering resulted in moderate
hardness, high strength, and comparatively higtramsto-failure, i.e. ductility. The high
hardness, high strength values, low ductility weté&ibuted to the relatively higher
hydrogen retention in the one-step sintered spesmi was demonstrated that a novel
two-stage spark plasma sintering strategy is exdhgrffective in delivering bulk titanium
with high strength and high ductility.
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Table-1: Calculated lattice parameters of Ti-1 and Ti-28mens

Ti-1 Specimen Ti-2 Specimen

Lattice parameters | a (A) cA | ca(®) | a(h) c (R c/a (R)

a-phase 2.94977 | 4.6932 | 1.591 | 2.9471 | 4.6884 | 1.590
d-phase 4.41 - - 4.39 - -
vy phase - - - 4.235 4.623 1.091

Table-2: Comparison of mechanical properties of bulk-Tigared by TiH powder

Sintering
Initial M ethod Vickers YS UTS | Elongation
. . Temp. Ref.
Material Of Preparation Hardness (Hv) | (MPa) | (M Pa) %
(K)
TiH, )
Press & sinter 1200 N/A N/A N/A N/A 10
Powder
Hot
Ti+TiH, . 50+2 HRB
Isostatic 1020 265 310 N/A 11
Powder ) (Rockwell B)
Pressing
TiH (1)900 170-225
i
2 Press & Sinter | (2)1200 290-320 NA | N/A N/A 12
Powder
(3)1300 320-340
) (1)1000
TiH, Spark Plasma
o (2)1050 360-420 N/A N/A N/A 13
Powder Sintering
(3)1100
Pure-Ti P/M compact,
N/A N/A 370 480 18 19
Powder Annealed
Pure-Ti Present
One-Step SPS 1200 180 280 365 24
Powder Study
TiH, Present
One-Step SPS 1200 267 575 690 35
Powder Study
TiH, Present
Two-step SPS 1200 243 360 530 16
Powder Study

(N/A=data not reported)




Figure Captions

Fig.1. (a) XRD of as received Pure Ti and Tpbwders (b) differential thermal
analysis (DTA) and (c) thermo-gravimetric analy@i&) of initial titanium hydride

powder

Fig.2. (a) XRD analysis and respective micrographi) Ti-P, (c) Ti-1 & (d) Ti-2

specimens

Fig.3. (a) Hardness, (b) Stress-Strain curve asgdeive fracture surfaces of (c)
Ti-P, (d) Ti-1 & (e) Ti-2 specimens
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Highlights

High density pure titanium compacts were prepared from titanium hydride powders.

Two-step spark plasma sintering was extremely effective in dehydrogenation of
TiH>.

The proposed method resulted in bulk-Ti with high strength and good ductility.



