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Powder Metallurgical Manufacturing of Ti-Nb alloys Using Coarse Nb Powders
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Powder metallurgy is an attractive method for cost effective production of near net shape Ti-Nb
alloys, and, when elemental powders and coarse HDH powders are used, a higher flexibility in alloy
composition and low processing costs can be achieved. In this study, manufacturing of (a+p) Ti-Nb
alloys by powder metallurgical techniques using coarse HDH Nb (D, = 110 pm and D, = 255 pm)
and HDH Ti (D, = 22.6 um) powders as starting materials was described. Tape casting was applied for
the production of porous sheets while warm compaction of Metal Injection Molding (MIM) feedstock
was applied for the production of dense parts. Microstructural and mechanical tests were employed to
investigated the effect of coarse Nb powders on the sintering behavior and mechanical properties. Tape
casting enabled to produce porous sheets of Til6Nb alloy with an interconnected porosity varying from
14 —31 vol.%. Warm compaction enabled to produce Ti-Nb parts with less than 2% porosity and Yield
strength in compression of 975-1100 MPa, which is similar to the values reported for Ti-Nb based alloys
produced by powder metallurgy of finer powders. A dynamic Young’s Modulus of 37-52 GPa, significantly
lower than that of cp-Ti was achieved. These results might provide guidelines for the use of coarse Nb
powders as starting materials for the powder metallurgical development of low-cost Ti-Nb based alloys.
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1. Introduction

In the past 50 years, titanium-based alloys have been
investigated due their outstanding properties such as high
specific strength, corrosion resistance, creep resistance and
their wide range of operating temperatures'. Ti alloys exhibit
an allotropic transformation which enables to produce alloys
with different microstructures and properties. So that Ti
alloys have been used for a large scope of application such
as aerospace structures?, naval industry® and biomedical
implants*>. Currently, Ti-6Al-4V is the most widely used
Ti-based alloy for load-bearing implants and aerospace
applications. Ti-6Al-4V is (o) type alloy which provides a
good combination of strength and creep resistance. However,
studies have shown that the release of aluminum and vanadium
might cause neurological diseases®’, in addition there is a
large mismatch between Young’s modulus of Ti-6Al-4V
alloy and human bone which can cause stress shield effect,
hindering the osseointegration of the implant®.

Ti-Nb alloys have been reported as promising material
for the next generation of biomedical implants, since they
have the potential to overcome the toxicity and mechanical
incompatibility issues associated to the CrCo, stainless
steel and Ti-6Al-4V alloys, which are currently the most
used alloys for load-bearing implants®*!°. Niobium is a
P stabilizer, so that the amount of niobium can be adjusted
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to produce (o+B) or B type alloys®'"'2. By adding Nb, Ti
alloys with higher corrosion resistance'>'*, lower Young’s
modulus”!*!® and even superelasticity and shape memory
properties'”!® can be achieved.

In the case of fabrication of Ti based alloys such as Ti-Nb
alloys, the high melting point and affinity of Ti for oxygen
requires special furnace and controlled atmosphere for casting;
the low ductility hinders their processing by traditional
metal forming; and the high cutting temperature and high
tool wear makes machining extremely difficult leading to
high production and machining costs'. Therefore, Ti based
alloys have attracted attention for powder metallurgical
processing. Powder metallurgy has several advantages for
Ti alloys manufacturing such as enabling the manufacture
of complex parts with high mechanical properties, allowing
the reduction of overall weight through the manufacture of
complex or porous structures, using a smaller amount of
raw material and producing a smaller amount of scrap®.

Powder metallurgical manufacturing of Ti-Nb parts has
already been reported in the literature™'>?'?2, For demonstration,
Sharma et al.>® produced B-Ti alloys by mechanical alloying
of titanium hydride and Nb elemental powders followed by
spark plasma sintering. Terayma et al.>* produced Ti-Nb based
shape memory alloys by powder metallurgy: they obtained a
Ti-Nb based alloy consisting of o and 3 phases by mechanical
alloying of elemental powders and spark plasma sintering.
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Metal Injection Molding>*"* and tape casting® have also been
applied for production of (a + B) and P type Ti-Nb alloys
using elemental powders. Metal injection molding (MIM)
enables the production of near net shape parts with complex
geometries with a high degree of material utilization, MIM
can contribute to the cost-effective fabrication of Ti-Nb based
implants'>?>2*, While tape casting is an attractive route for
production of porous titanium alloys for electrochemical
application?’%,

Pre-alloyed or elemental powders can be used for powder
metallurgical fabrication of Ti-Nb alloys. The use of elemental
powders increases the composition flexibility once different
mixes of elemental powders can be used. Furthermore, the
availability of Ti-based pre-alloyed powders is restricted to
commercial alloys. So that, pre-alloyed powders of Ti-Nb
based alloys must be manufactured in small batches which
increases processing costs and energy consumption. In the
case of Nb powders, there are few suppliers available. The
Brazilian Mining Company, CBMM, is the world’s leading
supplier of Nb products. CBMM main product is ferroniobium
which is produced by aluminothermic reduction, followed
by pure niobium ingots produced by electron beam refining
of ferroniobium?. Nb powders are only produced at small
scale at CBMM by HDH of Nb pellets. Hydrogenation/mill/
dehydrogenation procedures can be applied to obtain fine
Nb particles with less than 1 pum, the finer the particles, the
longer milling time and the higher the energy required.
Currently, there are also some suppliers of spherical Nb
powders for MIM and additive manufacturing obtained by
plasma atomization, however the cost of theses powders is
considerably high.

In this study, we investigate the powder metallurgical
fabrication of Ti-Nb based alloys using lower cost elemental
powders: HDH titanium and coarse HDH niobium. Two
powder metallurgical routes were tested: tape casting for
production of porous sheets and warm compaction of MIM
feedstocks for production of dense parts.

2. Experimental

HDH Ti powders (99.5%, D, = 10.9 um, D, = 22.6 um,
D,, = 44.4 um) supplied by Alfa Aesar (USA) and acicular

Figure 1. SEM images of (A)Ti and (B) Nb powders.
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Nb powders with particle size varying from few pm to mm
produced by HDH of Nb pellets (CBMM, Brazil) were
used as starting metal powders. In this study two particles
range of Nb particles (D, =47.7 um, D, = 109.7 pum,
Dy, =180.7 um) and (D ,=74.2 um, D, =255.2 um,
D,, =410.9 um) obtained by sieving were tested. Tape
casting and warm compaction of MIM feedstocks were
employed for powder metallurgical manufacturing of Ti-Nb
based alloys. Figure 1 shows the morphology of the starting
Ti and Nb powders. Warm compaction was used instead of
MIM because it enables parts to be fabricated with small
amount of feedstocks, avoiding the need of large amount of
feedstocks that is required for MIM experiments. In addition,
warm compaction and MIM have similar principle: the
feedstock is heated above melting temperature of the binder
system and molded under pressure. Similar approaches
have been reported in the literature’'-33.

For tape casting, alcohol-based slurries were produced
by mixing the metal powders (80 wt.%), isopropanol
(18 wt.%) and ethycellulose (1 wt.%) and PEG (1 wt.%).
Powder loading was composed of 84 wt.% Tiand 16 wt.%
Nb to ensure a formation of (a0 + B)-type alloy. The Til6Nb
tapes were produced in a manual tape casting line, the
position of doctor blade was adjusted to obtain tapes
of ca. 800 pum thickness in the green state. Green tapes
were cut in 1 mm x 5 mm pieces and placed in an oven
at 60 °C for 60 minutes for solvent evaporation. Thermal
debinding and sintering were performed in a high vacuum
furnace. For thermal debinding, the samples were heated
up with 1 °C/min to 500 °C held at this temperature for
30 minutes. Sintering was performed at 900, 1000, 1100
and 1200 °C with dwell time of 180 minutes. A maximal
sintering temperature of 1200 °C was applied to avoid
carbide precipitation®

MIM feedstocks were composed of the metal powders
mixture and the binder system. The binder system consisted
of 70 vol.% paraffin wax (Sigma—Aldrich, Brazil),
25 vol.% polyethylene (PEAD, Braskem, Germany)
and 5 vol.% stearic acid (Sigma—Aldrich, Brazil). MIM
feedstocks were produced by mixing powders and the
binder system at 160 °C under mechanical stirring.
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Green parts were produced by warm compaction of MIM
feedstocks following the procedures described elsewhere®!*?,
which basically consist of adding the MIM feedstock to a die
of 11 mm diameter — adjusting the amount of feedstock to
obtain green parts of ca. 19 mm height - and then compacting
the MIM feedstock by applying a uniaxial pressure of
110 MPa, at 150 °C for 120 s. A laboratory press equipped
with electrically heated tool was used (Buehler, Brazil). After
warm compaction, the samples were immersed in #-hexane
bath (50 °C, 24 h) to remove paraffin wax and stearic acid.
Thermal debinding and sintering were performed in a high
vacuum furnace. The samples were heated up with 1 °C/min
to 500 °C held at this temperature for 120 minutes to remove
the binder and then sintering was performed at 1200 °C for
180 minutes.

Table 1 summarizes the samples production parameters.

The cross sections of the samples were metallographically
prepared and examined by light microscopy (B201, Olympus)
and scanning electron microscopy (JSM 6360, Jeol). Energy
Dispersive Spectroscopy (EDS) analysis was performed
using a Quantax 75 (Bruker Nano GmbH). Porosity values
were determined by Archimedes principle’ using a precision
balance (EMB, Kern) equipped with a floating device.
The obtained results were double-checked by numerical
analysis of light microscopy images. Phase composition was
analyzed by X-Ray diffraction using Cu K radiation in a
Bruker AXS, D8 Advance diffractometer. Rietveld method
using the DIFFRAC.TOPAS (Bruker) software was applied
to determine the lattice parameters and estimate the mass
portion corresponding to each phase. Differential scanning
calorimetry (DSC) analysis were performed in the samples
produced by tape casting and sintered at 1200 °C using a
Q2000 DSC calorimeter (TA Instruments, USA) equipped

Table 1. Sample composition and sintering parameters.

with an RCS refrigeration accessory. N, was used as purge
gas, and a heating rate of 5 °C min™' was applied. Vickers
Microhardness values were measured in HMV Shimadzu
Microhardness tester applying a load of 4.90 N for 15 s
following the ASTM E92%. The dynamic Young’s modulus
(E) was measured by a vibroacoustic technique according to
the Pritz method’’. Two accelerometers Type 4513-B from
Briiel & Kjer (IEPE TEDS), a Briiel & Kjer electrodynamical
shaker, Type 4824, and a National Instruments signal
acquisition chassis model cDAQ-9171 were used for the
experimental characterization and MATLAB software was
used for the frequency domain signal postprocess. The
compression tests were performed in cylinders of 10 mm
diameter and 18 mm height produced from warm compaction
of MIM feedstocks. The compression tests were based on
ASTM-E9* and performed at room temperature using an
Instron/EMIC23-100 with a speed of 0.018 mm/min.

3. Results and Discussion

Tape casting enabled the production of porous Ti-16Nb
sheets of ca. 700 um from coarse Nb particles (D, = 110 um
and D, = 255 pm). Both sintering temperature and Nb particle
size had an effect on sintering behavior and, as consequence, in
the porosity and microhardness values (Table 2). As expected,
by increasing sintering temperature, shrinkage increases
and porosity decreases. So that, in the samples sintered up
to 1000 °C, a well interconnected porosity was observed,
while in the samples sintered at 1100 °C and 1200 °C the
pores started to close and the amount of macropores was
significantly reduced as shown in the SEM images (Figure 2).
On the other hand, larger Nb particle size hindered sintering
resulting in lower shrinkage and higher porosity (Table 2).

Powder composition

Sample Code Process Powder load (vol.%) Sintering Temperature
Ti Nb (D)
Til6Nb_t900 Tape casting 40 84 16 (110 pm) 900
Til6Nb_t1000 Tape casting 40 84 16 (110 pm) 1000
Til6Nb_t1100 Tape casting 40 84 16 (110 um) 1100
Til6Nb t1100 g Tape casting 40 84 16 (255 pm) 1100
Til6Nb_t1200 Tape casting 40 84 16 (110 um) 1200
Til6Nb t1200 g Tape casting 40 84 16 (255 pm) 1200
TilONb_c1200 Warm compaction 60 90 10 (110 pm) 1200
Til6Nb_c1200 ‘Warm compaction 60 84 16 (110 pm) 1200
Ti22Nb ¢1200 ‘Warm compaction 60 78 22 (110 pm) 1200
Table 2. Porosity and Microhardness values of tape casting samples.
Sample Porosity Shrinkage in Thickness (%) Microhardness (HV)
Til6Nb_t900 30.8+5.0 6.6 56.5+8.2
Til6Nb_t1000 28.9+2.3 9.3 146.8 +41.2
Til6Nb_t1100 18.6 2.1 14.1 2494 +112.9
Til6Nb_t1100 g 252+4.0 12.8 218.3 +68.7
Til6Nb_t1200 141+£52 15.6 515.5+148.2
Til6Nb_t1200 g 184 +4.1 15.4 458.5+96.5
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Figure 2. Cross section micrographs of Til6Nb sheets produced from tape casting: (A) Til6Nb_t900, (B) Til6Nb_t1000, (C) Til6Nb_t1100,
(D) TiloNb_t1100g (E) Til6Nb_t1200 and (F) Til6Nb_t1200g. EDS map of Ti (purple) and Nb (green) are shown in the highlights.

Microhardness values increased with increased sintering
temperature (Table 2). As reported in the literature®® the increase
in hardness with increasing sintering temperature is mainly
related to the reduced porosity and increased Nb diffusion.
Reducing particle size had a similar effect to increasing the
sintering temperature, due to the greater contact surface area
between Ti and Nb particles which increases the diffusion
rate. Therefore, the highest microhardness value (515 HV)
was found in the samples produced with smaller Nb particles
and sintered at a higher temperature. Microhardness values
similar to the those reported in the literature for cast Ti-Nb
binary alloys”!* were achieved in the Ti-Nb sheets sintered
at 1100 and 1200 °C.

Til6Nb tapes sintered at 900 °C (Figure 2A) showed
the highest interconnected porosity and the lowest Nb and
Ti interdiffusion. The microstructure mainly consists of
non-homogeneous distribution of a-Ti grains and Nb grains. Nb
particles had a poor dissolution in the Ti matrix, so that the Nb
atoms are mostly concentrated where the starting Nb particles
were located before sintering. However, the Nb particles are well
bonded to the titanium matrix and a small amount of B-phase has
been observed around the Nb particle, indicating that, despite
been lower, there has been some interdiffusion between Nb
and Ti particles. XRD pattern (Figure 3A) corroborates that
Til6Nb_t900 sheets consists mainly of a-Ti and Nb phases, the
amount of B-Ti phase being too low to be distinguished by XRD.
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By increasing sintering temperature to 1000 °C (Figure 2B),
Nb and Ti interdiffusion increased and the porosity decreased;
nevertheless, a microstructure with an interconnected porosity
and a non-homogeneous distribution of a-Ti and Nb grains
with a small amount of B-Ti phase is still observed. As Nb
and Ti interdiffusion increases, the amount of B-phase slight
increases, however remains too low to be distinguished by
XRD (Table 3).

Further increasing sintering temperature to 1100 and
1200 °C promoted a greater interdiffusion between Nb and
Ti particles — which can be observed in the SEM images and
EDS maps (Figure 2C-F) — as a result, the amount of f-phase
and densification are improved (Figure 2C-F), so that peaks
related to the B-phase were detected in the XRD patterns
(Figure 3 and Table 3). Microstructure of samples sintered
at 1100 and 1200 °C consists mainly of o-Ti, B-Ti and Nb
phase, as suggested by SEM (Figure 2) and XRD analysis
(Table 3). In spite of the better homogenization, Nb particles
are still not completely dissolved in the Ti matrix and there is a
higher concentration of B-Ti phase where starting Nb particles
were located before sintering. Furthermore, an increase in
the sintering temperature resulted in a slight increase in the
lattice parameters “a” and “c” of the a-Ti phase (Table 3).
Athigher temperatures, Nb and Ti interdiffusion is enhanced as
consequence the -Ti stability is increased. An increased -Ti
stability can during cooling slow down the /o transformation
potentially leading to distortion in the lattice paraments*“.
XRD patterns (Table 3) also indicated that the amount B-Ti
increases with sintering temperature. Furthermore, in contrast
with the literature reports for Ti-Nb parts sintered at 1500 °C'?,
no carbides precipitation was observed in SEM images or
XRD analysis, which can be related to binder composition
and relative low sintering temperature?.

As previously mentioned, Nb particle size also had
an effect on sintering behavior. Larger Nb particle size
decreases the effective surface contact area between Ti
and Nb particles hindering diffusion and sintering. So that,
Nb and Ti interdiffusion was lower and the microstructure
less homogenous in the samples produced with larger Nb
particles (D, =255 um) compared to samples produced
with smaller Nb particles (D, = 110 um) and sintered at the
same temperature (Figure 2C-F). As a result of the lower
interdiffusion between Ti and Nb, the amount of -phase
decreases in the parts produced with larger Nb particles as
suggested by XRD analysis (Table 3).

DSC curves of Ti-16NDb sheets produced from the larger
Nb particles (D, = 255 pm) and the smaller Nb particles
(D,, = 110 pm) and sintered at 1200 °C are shown in Figure 4.

(A) TiteNb_to00 o Nb  #B-Ti maTi

(B) Tizenb_t1100

(C) Ti16Nb_t1200

(D) TiaeNb_t1200¢ |

20 (degrees)

Figure 3. XRD diffraction patterns of Til6Nb sheets produced
from tape casting: (A) Til6Nb_t900, (B) Til6Nb_t1000,
(C) Til6Nb_t1200, (D) Til6Nb_t1200g.
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Figure 4. DSC curves of (A) Til6Nb_t1200, (B) Til6Nb_t1200g.

Table 3. Lattice parameters and phase composition of Til6Nb sheets produced from tape casting.

Phase Composition (%)

Sample a-Ti Lattice (4) B-Ti Lattice (4)  Nb Lattice (4) oTi p-Ti Nb
Reference 2.951 4.682 3.284 3.305
Til6Nb_t900 2.951 4.682 - 3.307 84.29 - 15.71
Til6Nb_t1000 2.952 4.692 - 3.322 87.54 - 12.46
Til6Nb t1100 2.958 4.696 3.284 3.299 60.98 28.05 10.97
Til6Nb_t1200 2.968 4.847 3.284 3.311 28.02 65.63 6.34
Til6Nb t1200_ g 2.964 4.716 3.289 3.316 49.54 38.58 11.88
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The Ti-16Nb_t1200 samples with the smaller Nb particles
showed an endothermic peak at 219.70 °C and exothermic
peaks at 250.69 °C and 367.96 °C, while the sample with
larger Nb particles, Ti-16Nb_t1200g, only showed an
exothermic peak at 325.46 °C. The exothermic peaks can
be related to the precipitation of B- and w-phases and the
endothermic peaks to the precipitation of a-phase as reported
by Cremasco et al.*! and Mantani and Tajima*. Coarser Nb
particles hinder diffusion so that a smaller amount phase
transformations are expected to be observed in the DSC
analysis. Further studies are necessary to better understand
the effect of particle size on phase transformations.

In summary, reducing Nb particle size and increasing
sintering temperature of sheets produced by tape casting
favors Ti and Nb interdiffusion, reduces porosity, increases
the amount of B-phase, improves hardness and the
microstructure homogeneity. For better homogenization of
Ti-Nb alloys microstructures, higher sintering temperatures
in the range 1300-1350 °C?' will be investigated as ongoing
of'this research. In the case of parts produced with larger Nb
particles even higher sintering temperatures and dwell time
will be considered to achieved complete homogenization.

In order to obtain a more homogeneous microstructure,
the Nb powder with an average particle size of D,; =110 pm
and a sintering temperature of 1200 °C were selected for the
production of samples by warm compaction of MIM feedstocks.

Materials Research

The Nb particles used in this study are considerable coarse
compared to the standard particles used for MIM, which
usually have particle size distributions in the range of 5 pm
to 40 um*®. In the warm compacted samples, the amount of
Nb varied from 10 to 22 wt.% to produce (a+f) Ti alloy.
When compared to samples produced by tape casting, the
samples produced by warm compaction showed a much
higher densification which is inherent to the manufacturing
process (Table 4) and a more homogeneous microstructure.
The porosity values of warm compacted samples were slight
lower than those reported in the literature for Ti-Nb alloys
with similar compositions produced by MIM!'22!,

Microstructural evaluation of warm compacted samples
(Figures 5-8) indicates they are formed by (o+f) microstructure
with some regions of higher Nb concentrations, which remain
due to incomplete dissolution of the Nb particles into the Ti
matrix. The regions with higher concentrations of Nb are
brighter in the SEM images due to the higher atomic number
of Nb compared to Ti. The EDS maps confirm that some of the
brighter regions are rich in Nb (Figure 8 A-D), however other
brighter regions, despite being relate to the regions where Nb
particles were located before sintering, show a homogenous
distribution of (a+f) phases, indicating that Nb particles have
been completely dissolved in these regions (Figure 7B-E).
Furthermore, EDS maps (Figure 6-8) confirmed that B-phase
is rich in Nb, which is expected since Nb is B-stabilizer.

Table 4. Porosity and mechanical properties of the parts produced from warm compaction of MIM feedstocks.

Sample Porosity (vol%) Microhardness (HV) Dynamic Young’s Modulus (GPa) Compressive Yield Strength (MPa)
TilONb_c1200 1.72+0.41 468.8 + 66.4 372+22 1014.6 + 54.6
Til6Nb_c1200 1.76 £0.52 549.2+£95.5 49.1+0.2 1100.9 +27.4
Ti22Nb_c1200 1.83 +0.59 420.6 +187.8 51.8+3.1 975.26 + 54.0

(B) Til6Nb_c1200, (C) Ti22Nb_c1200.
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TilONb_c1200

Image  Ti (wt.%) Nb (wt.%)

c 91.04 8.96
D 90.90 9.09
E 86.72 13.28

Figure 6. SEM images (A), (B), (C), EDS maps (D), (E) of Ti (purple) and Nb (green) and elemental composition (F) of selected regions
of the TilONb_c1200 part.

Ti16Nb_c1200
Image  Ti(wt.%) Nb (wt.%)

] 86.01 13.99
E 89.62 10.38
I 88.41 11.59
G 54.02 45.98

Figure 7. SEM images (A), (B), (C), (D), EDS maps (E), (F), (G) of Ti (purple) and Nb (green) and elemental composition (H) of selected
regions of the Til6Nb_c1200 part.
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ch 1 S0 WV IY WD TS mm Prd6 um

Figure 8. SEM images (A), (B), (C), EDS maps (D), (E) of Ti (purple) and Nb (green) and elemental composition (F) of selected regions
of the Ti22Nb_c1200 part.

TilONb and Til6Nb samples sintered at 1200 °C have
Kirkendall porosity (Figure 5), which results from the mismatch
between diffusion rates of Ti and Nb. In the Ti22Nb samples,
Kirkendall effect was not observed, probably due to the
higher concentration of Nb which slows down its diffusion.
Kirkendall porosity was also observed by Zhao et al.*! in
Ti-Nb alloys produced by MIM using finer spherical Ti
powders (D, =21 pm) and Nb powders (D, = 75 um).

XRD diffraction patterns (Figure 9, Table 5) indicated
that the warm compacted parts are formed by o-Ti and B-Ti
phases with some residual Nb phase, being the amount of
residual Nb phase higher in the Ti22Nb_c¢1200 samples due
to the higher Nb content, which decreases its diffusivity.
A slight increase in the lattice parameters “a” and “c” of
the a-Ti phase was also observed, as reported for the tape
casting samples (Table 5).

Til6Nb_c1200 samples, which have a Nb content of
16 wt.% Nb, showed the highest hardness values. The
increased hardness of Til6Nb parts compared to TilONb
parts (Nb content of 10 wt.% Nb) can be related to the solid
solution strengthening of the a-Ti phase. By increasing Nb
content to 22 wt.%, the amount of Nb phase was increased,
since the Nb phase has a lower hardness than the solution
hardened o-Ti phase, the hardness of Ti22Nb parts was
decreased. These results are consisted with the work carried
out by Lee et al.'"*. Compressive yield strength had the same
tendency of microhardness with Til6Nb _¢1200 samples
(Nb content of 16 wt.% Nb) showing the highest strength.

Materials Research

KEDW Wo D

Ti22Nb_c1200

Image  Ti(wt.%) Nb (wt.%)
843 15.7
38.2 61.8
E 88.5 11.5

= “Nb  ePBTi = oTi

(&) TilONb_c1200

(B)  Tiz6nb_c1200

20 25 0 35 a0 45 50 55 60 6 7 5 80

(C) Ti22Nb_c1200

20 (degrees)

Figure 9. XRD patterns of the samples produced by warm compaction
of MIM feedstocks: (A) TilONb_c1200, (B) Til6Nb_c1200 and
(C) Ti22Nb_c1200.
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Table 5. Lattice parameters and phase composition of the samples produced by warm compaction of MIM feedstocks.

Sample o-Ti Lattice B-Ti Lattice () Nb Lattice () Phase Composition (%)
a(y) c () o-Ti B-Ti Nb
Reference 2.951 4.682 3.284 3.304
TilONb_c1200 2.969 4.742 3.299 3.307 73.49 21.22 2.29
Til6Nb _c1200 2.971 4.727 3.293 3.305 70.52 21.58 7.90
Ti22Nb ¢1200 2.968 4.729 3.294 3.307 74.84 16.13 9.03

Compressive yield strength was in the range of 975 to
1000 MPa. Compression tests were performed until maximum
load of 70 kN, which resulted in elongation of ca. 15-20%,
indicating a plastic behavior. The compressive mechanical
properties were similar to those reported in the literature
for Ti-Nb based alloys produced from conventional metal
powders*-4,

Dynamic Young’s modulus of Ti-Nb alloys produced in
this study ranged from 37 to 52 GPa, which is considerably
lower than the ca. 90 GPa reported in the literature for
commercially pure titanium with similar porosity produced
by MIM*.Young’s modulus increased with Nb content in
the Nb range investigated in this study (10-22 wt.%) as
shown in Table 4. Once Nb is a B-stabilizer, Nb addition in
titanium alloys in general is expected to decrease Young’s
Modulus due to the formation of B-phase. However, in
specific ranges, Nb addition can increase Young’s modulus
due to the precipitation of @ phase. Han et al.*® observed
an increase in Young’s Modulus in the range of ca. 10 wt.%
Nb, while Hon et al.* observed in the range between 26 to
34 wt.% Nb. According to Lee et al.'* small amounts of @ phase
can promote a significant increase in the Young’s Modulus.
Therefore, we attribute the increase in the Young’s modulus
with increasing Nb content due to a small precipitation of
o phase, which cannot be detected by XRD (due to its very
small amount). The precipitation of ® phase can be expected
in the Nb-rich regions. Further investigations are required to
confirm the precipitation of ® phase and provide an in-depth
understanding of phase transformations and their impact on
mechanical properties.

4. Conclusions

Powder metallurgical fabrication of (o + 8) Ti-Nb alloys
using coarse HDH Nb (D, = 110 um, and D, =255 pum)
and HDH Ti (D, = 22.6 pm) powders as starting materials
was demonstrated. Porous sheets with a well interconnected
porosity in the range of 14-32 vol% were produced by tape
casting and almost fully dense parts (with a porosity lower
than 2 vol%) were produced by warm compaction of MIM
feedstocks.

In the tape casting samples, higher sintering temperature
resulted in a higher interdiffusion of Nb and Ti, which
increased the amount of B-phase, improved microstructure
homogenization and decreased porosity. Microhardness
was also improved by increasing sintering temperature due
to the porosity reduction. The use of larger Nb particles
(D, =255 um) resulted in a less homogenous microstructure
and slightly higher porosity, indicating that, for larger Nb
particles, higher sintering temperatures and longer dwell
time may be required to improve homogenization.

Warm compaction was used instead of MIM due its
similarity to MIM process and because it enables parts to be
fabricated with small amount of feedstocks. Samples with 10,
16 and 22 wt.% Nb were fabricated, all of which had (a. + )
microstructure with some residual Nb particles. In spite of the
not completely homogenous microstructure, the mechanical
properties of the warm compacted parts were similar to the
properties reported in the literature for Ti-Nb based alloys
produced using finer powders. Furthermore, a Young’s modulus
significantly lower than that of cp-Ti was achieved.

In summary, Ti-Nb based alloys produced from coarse Nb
powders show a good combination of mechanical properties and
low Young’s modulus, making them attractive for engineering
applications. Therefore, this study might provide guidance
for using coarse Nb particles as starting materials for powder
metallurgical development of low-cost Ti-Nb alloys.
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