Low-cost a+B PM Ti Alloys by Fe/Ni Addition to pure Ti
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Abstract. Ti and its alloys can deliver a very interestingnéxnation of properties such as low
density, high strength, corrosion resistance amgdmmpatibility and, therefore, are very flexible
materials which can be adapted to various apptinati Nonetheless, Ti and Ti alloys are only
employed in critical applications (i.e. aeronadtiaad aerospace, nautical, medical, etc.) or in
products for leisure. In both of these cases tighdri fabrication costs of Ti in comparison to its
competitors (i.e. steel and aluminium) is not timaiting factor as it is for many structural
applications, especially for mass production @&omotive sector). The use of creative techniques
and the decrement of the starting price of Ti hasen identified as the two main routes to follow to
decrease the fabrication costs. In this study,piteeluction of low-cosu+p Ti alloys has been
assessed by combining the addition of cheap aljpglements (in particular a Fe/Ni powder) with
the classical powder metallurgy route (pressing sintering). Physical and mechanical properties
as well as microstructural analysis of these lostaloys were measured and correlated to the
processing parameters used to sinter them. Ituaddhat the low-cost Ti alloys show similar
behaviour to conventional+f Ti alloys and, thus, have the potential to be umedon-critical
applications.

| ntroduction

Reduction of the greenhouse pollution, lowering #maount of scrap produced during the
fabrication of components and diminishing the numiiieprocessing steps are important aspects
currently taken into account by the manufacturimgter [1]. Another key feature generally
considered during the development and/or improveéraeengineered products is the reduction of
weight. Consequently, in the last decades, mudnttn was focused on the employment and
optimisation of light metals. Among them, Ti pretsea very interesting combination of physical
and mechanical properties [2]. In particular, TisHaw density and high strength, and thus
noteworthy specific mechanical properties, exceéléemrosion resistance and good biocompatibility,
because it is a bio-inert material when in conteitlh the fluids of the human body. The physical
metallurgy of Ti is rather challenging [3] becaukes metal has a hexagonal crystal structure at
room temperature, which results is low deformagilit has high affinity for interstitials (which
complicates both its extraction and its processamg) it has low thermal and electrical conductivity
which affect its processability. Due to these isstiee application of Ti has always been confireed t
markets where high production costs are justifigdtiher factors, such as safety in the aerospace
sector or reliability in biomedical implants andgtheses.

In recent years, Ti and its alloys have also besedwue to their appealing appearance for
architectural components, such as for the facadbeeoGGuggenheim Museum in Bilbao, and leisure
goods like watches where mechanical properties@iréhe most important aspect [2].

In the case of the Ti industry, the achievemerthefgoals of the manufacturing sector (i.e. low
emissions, scraps, etc.) can be pursued by impl@Emgeand optimising alternative production
routes, by the development of a new generatiorcloégper) alloys with adequate performances or
by the combination of these two aspects [4]. Powdetallurgy (PM) techniques have a great
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potential because they are, primarily, solid-stear net shape methods [5]. The fact that the metal
does not reach the liquid state is very attradireli because its reactivity significantly increas
with the temperature and, therefore, the interactiith fabrication tools is limited. Furthermore,
sedimentation phenomenon due to density differemce solubility limits are not the main
restricting factors in the design of novel comgoss. Being near net shape methods, PM
techniques are characterized by a very high yiéldaterial and do not need as much machining as
wrought products, if any is required. Both aspetts very important when speaking of expensive
raw materials.

In this work, the cheapest PM process known as goldxial pressing and (vacuum) sintering
was applied to assess the viability of producing-tmst a+ PM Ti alloys by using cheaper
elements with respect the conventiopakabilisers (i.e. vanadium, niobium, etc.), spealfy using
a Fe/Ni (85-15 wt.%) powder. Iron is not a comgdleteew alloying element to Ti [6-8], but there is
still much potential and understanding to gaingesgly in PM processing.

Experimental Procedure

The raw materials for the study were: hydride-deiuyd (HDH) elemental Ti powder (purity >
99.8% and particle size <90n) and an electrolysed Fe/Ni (85-15) powder (plrtsize <10um).
Raw materials were used to fabricate two compasstidi-5.41Fe/Ni and Ti-7.57Fe/Ni (whose Fe
content is 5 wt.% and 7 wt.%, respectively, frora olchanova equation [9]) by mixing by means
of a Turbula mixer. The morphology and particleesdistribution of the starting powders were
measured prior compaction of green samples. Compaete shaped by means of a floating die
(lubricated with zinc stearate) applying 700 MPaotiyph a uniaxial press. The sintering
temperature used ranged between 900°C and 130@8%1,tone was 1 h, heating and cooling were
done at 5°C/s and sintering was carried out unégr tiacuum (18 mbar). The effects of the
sintering step were quantified by measuring theatian of the density (assessed by Archimedes
method) and the level of porosity. Samples wergamed for metallographic analysis using the
classical route and were etched with Kroll reactafitkers hardness was measured on the cross-
section of polished samples.

Results and Discussion

Fig. 1 shows the SEM micrographs of the startingen@s where it can be seen that the
morphology of the HDH Ti powder is irregular or aifey, because the powder was obtained via a
comminution process. The Fe/Ni (85-15) powder israbterised by a spherical morphology
produced by means of the electrolytic route altloiigcan be seen that there are many particles
with satellites small particles as well as somel@ggration of irregular particles. The irregular
morphology of the HDH Ti powder, which constitutas great majority of the Ti-5.41Fe/Ni and Ti-
7.57Fe/Ni alloys, provides the sk ton and thensfih to the green samples for handllng
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Figure 1 SEMlmages of th"e. morpholog‘y‘ of the ravvemals used for the study a) |rregular HDH
Ti and b) spherical Fe/Ni (85-15) powder

The Fe/Ni (85-15) powder particles should fit invibeen the Ti particles achieving high green
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density values. The very fine particle size of #e&INi (85-15) powder was chosen in order to
favour diffusion of the alloying elements into tfie matrix as well as the densification of the
materials, because a small particle size impligh Isurface energy which is the driving force for
sintering and porosity reduction.

Some features of the Ti-5.41Fe/Ni and Ti-7.57Fg®ivders are reported in Table 1 where it can
be seen that their theoretical density is highan tthat of pure Ti (i.e. 4.51 g/érbecause both Fe
and Ni, which are added @sstabilisers, have higher density than Ti. Froml@dh both powders

have a maximum particle size lower than®9, oxygen content lower than 0.3 wt.% and nitrogen
content lower than 0.03 wt.%.

Table 1 Features of the Ti-5.41Fe/Ni and Ti-7.5Rk@bwders
Density (1) [g/cm?]  Particlesize[um]  Interstitials [wt.%]

Alloy Doy Dt o) N
Ti-5.41Fe/Ni 4.70 88.52 <90 0.29 0.026
Ti-7.57Fe/Ni 4.77 86.45 <90 0.27 0.022

After the uniaxial compacting at 700 MPa, the B8-e/Ni and Ti-7.57Fe/Ni powders had green
densities of 77.1% and 77.5%, respectively, whieeecompressibility of the Ti-7.57Fe/Ni powder
was somewhat better. This is due to the effecheffine Fe/Ni (85-15) powder, which permitted a
little bit better packing of the powder particles.

The variation of the density of the Ti-5.41Fe/Nidami-7.57Fe/Ni alloys with the sintering
temperature and the correlative trend of the taaldual porosity left after the sintering step are
shown in Fig. 2.

As typical in cold uniaxial pressed products, tle@gity increases and the total residual porosity
decreases along with the increment of the sinteaengperature (Fig. 2). This is because the thermal
energy induces the densification and the diffusaérine alloying elements. The system tries to
reach a state of minimum energy by reducing thetgsyace constituted by the porosity left during
the shaping of the powder and the interparticld@mobundaries which are zones of high instability.
In both cases (density and porosity) the greatemnge is observed when the sintering temperature
is increased from 900°C to 1200°C due to the coedbfact that 900°C is a relatively low sintering
temperature, most probably lower than fheansus of the Ti-5.41Fe/Ni and Ti-7.57Fe/Ni afipy
and diffusion increases with the temperature.
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Figure 2Variation of the density (a) and total residualgsity (b) of the Ti-5.41Fe/Ni and Ti-
7.57Fe/Ni alloys versus sintering temperature

By comparing the behaviour of the two alloys, ihdae noticed that the Ti-7.57Fe/Ni alloy
reached higher density, which is due to the conthaféect of the intrinsic higher green density of
the alloy due to the greater amount of heavy aligyelements and the higher densification due to
the higher amount of smaller particles as the pgrdse. relative density) data of Fig. 2 b)
confirms. Similar behaviour with the sintering tezngture and comparable level of porosity to
those shown in Fig. 2 can be obtained in powdealegy o+p Ti alloys by alloying elemental Ti
with conventional master alloys [10, 11] or iror2[11.3] and stainless steel powder [7].

Fig. 3 reports the optical micrographs of the HAi%=e/Ni and Ti-7.57Fe/Ni alloys sintered at
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1200°C and 1300°C. It is worth mentioning that mhierostructures of the materials sintered at
900°C are not fully homogeneous and small undissbRe/Ni (85-15) powder particles of 3
were still present as microstructural feature.
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Figure 3 Optical micrographs of the Ti-5.41Fe/Niff) and Ti-7.57Fe/Ni (right) alloys, respectively,
sintered at: a) and b) 1200°C and c) and d) 1300°C

From the micrographs shown in Fig. 3 it can be gbahthe microstructure of the sintered Ti-
5.41Fe/Ni and Ti-7.57Fe/Ni alloys is compositiogatiomogeneous and it is composed of alpha
grains andv+f lamellae, due to the stabilising effect of the@wlhg elements (i.e. Fe and Ni). This
is the typical microstructure ef Ti alloys slow cooled from a processing tempematirove the
B transus of the alloy where Ti atoms, which occthmy position corresponding to a body-centred
cubic structure fi), starts to pack into the hexagonal crystalsréjecting the alloying elements
whose local concentration increase and stabilisef @i phase. From the micrographs of Fig. 3 it
can also be noticed that the residual porosityftefn the sintering process is mainly located at th
grain boundaries and the pores are spherical ipesido significant differences can be highlighted
between the microstructural features of the twoemals, if not that the relative amountphase
present in the Ti-7.57Fe/Ni alloy is greater thaat tof the Ti-5.41Fe/Ni alloy.

The variation of the Vickers hardness of the Tii5d/Ni and Ti-7.57Fe/Ni alloys with the
sintering temperature is given in Fig. 4.
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Figure 4 Variation of the hardness of the Ti-5.4Nt@and Ti-7.57Fe/Ni alloys versus sintering
temperature




As in the case of the density, the hardness ofifte41Fe/Ni and Ti-7.57Fe/Ni alloys increases
with the increment of the sintering temperature asrect consequence of the reduction of the total
residual porosity and homogenisation of the allgy@tements. Both these two aspects, along with
the higher solution hardening effect, also justhg slightly higher hardness of the Ti-7.57Fe/Ni
alloy with respect to the Ti-5.41Fe/Ni alloy. Thartiness of the Ti-5.41Fe/Ni and Ti-7.57Fe/Ni
alloys is similar to that of conventional [14] aather low-cost Ti alloys [7, 13, 15, 16] obtainad v
PM methods. From Fig. 4 it is also clear that, desihe presence of some residual porosity as
microstructural feature, the Fe/Ni alloyed materiahve higher hardness than the wrought Ti-6Al-
4V alloy processed by conventional metallurgy. Tikiglue to the hardening effect of oxygen in Ti
where the Ti-5.41Fe/Ni and Ti-7.57Fe/Ni alloys hdugher content, ~ 0.3 wt.% in the starting
powders, in comparison to the standard value ofv@®2 of the wrought Ti-6Al-4V alloy.

Conclusions

By means of studying the simultaneous employmerntefcheapest powder metallurgy route of
cold uniaxial pressing and sintering with the aihgy of elemental Ti with fine Fe/Ni (85-15)
powder, it can be concluded that low-casf PM Ti alloys can be obtained through this approach
In particular, the low-cosi+p PM Ti alloys fabricated with the addition of Fe/alie characterised
by similar sintering behaviour both in terms of siéyitotal residual porosity and microstructural
evolution toa+f Ti alloy with standard composition such as thé&Al-4V alloy.

It is worth mentioning that the employment of fipewder particle for the alloying elements is
advantageous because it does not significantlyctaftbe compressibility and favours the
densification of the material and the homogenisatibthe same alloying elements.
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