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Abstract

Blends of 90 wt.% Ti and 10 wt.% W powders were consolidated by powder metallurgy, using an initial W powder size that was very fine
(0.7 and 2.m) or very coarse (<25@m). Dissolution of W powders in the Ti matrix during consolidation was almost complete for the former
blends (thus forming Ti—10W “alloys”) but very limited for the latter blend (thus forming a Ti—-10W “composite”). The Ti—-10W alloys exhibit
much higher yield and tensile strengths than the Ti—-10W composite, indicating that tungsten strengthens titanium more efficiently as a solut
atom (solid-solution strengthening) than as a second phase (composite strengthening by load transfer). The Ti—10W alloys also exhibit muc
higher ductility than the Ti—-10W composite, whose brittle W particles exhibit fracture or pull-out from the matrix.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction resulting in a Ti-W composites with outstanding strength
and hardness (which generally scales with wear-resistance),
Titanium and its alloys, originally developed as aero- and only a minor ductility penaltjp]. Moreover, tungsten is
nautical materials, are used as bone-replacement implantsion-magnetic and, in solid solution, is known to decrease the
due to their bio-compatibility, low density, static and fatigue elastic modulus of titaniurfb], which helps alleviate stress-
strength, corrosion resistance, and lack of magnetism (impor-shielding arising from differences in compliance between
tant for magnetic resonance imaging afterimplantafiby2). the implant and the host tiss{g. Unlike ceramic reinforce-
Another critical requirement for implants is wear resistance, ment, tungsten has unlimited solubility in titanium at the
as wear debris can cause severe inflammatory responses inomposite densification temperature. For short processing
surrounding tissugl,2]. However, the wear resistance and times when partial dissolution of the W particles occurs,
strength of commercially pure titanium (CP-Ti) is relatively the composite then consists of a Ti-W matrix containing
poor, which makes it insufficient for highly stressed bone partially dissolved W particles, as shown in a previous study
implants or wear-prone prosthes@}. A solution to both [5]. In that study, however, the relative importance of solid-
strength and wear-resistance limitations is to add to titanium solution strengthening and composite strengthening was not
a hard ceramic reinforcement that is thermodynamically investigated.
stable with the matrix, e.g. titanium carbide or boride. The  Here, we present a study of the microstructure and
resulting metal matrix composites however exhibit low mechanical properties for a series of Ti-10wt.% W alloys
ductility and toughnes$4]. Recently, it has been shown produced by powder metallurgy using W powders with size
that tungsten particles can be added to a titanium matrix, varying over a wide range. This allows to vary the degree of
W dissolution from small to nearly complete, and to probe
the relative importance of solid-solution strengthening and
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2. Materials and methods

Three Ti—10wt.% W blends were mixed using different
W powder size. The W powder sizes spanned two orders of &
magnitude: 0.72m (for Alloy 1), 2m (for Alloy 2), and
<250pm (for Alloy 3), as summarized ifable 1

Processing was by the combined cold and hot isostatic &
pressing (CHIP) technology6] as follows. A blend of 4
Ti powders (<15Qum) and W powders were compacted 4
into green billets by cold-isotatic pressing at a pressure
of 379 MPa. The billets were then vacuumed-sintered at
1230°C for 4 h and densified by hot-isostatic pressing (HIP)
at 900°C for 2 h at 100 MP45], followed by slow cooling
within the press. Billet density was, within experimental er-
ror, equal to the theoretical value of 4.9 g&imdicating that
complete densification had been achieved.

The microstructure of the Ti-W alloys was evaluated by
optical microscopy on cross-sections produced by grinding
on SiC paper, polishing with diamond and alumina slur-
ries, and etching with a modified Kroll's reagent (5% ni-
tric acid, 10% HF, and 85% water). Chemical composition
profiles were achieved by energy-dispersive SpeCtrOSCOpyFig. 1. Optical micrographs of Ti-10W alloys showing a W particle, an

(EDS, Hitachi S-3500) with a spot size of 15nm. MatriX adjacent dark-etched matrix shell with high W content and the surrounding
micro-hardness was measured with a Vickers indenter using ax/g etched matrix (a) Alloy 1 with 0.&m initial W powder average size and

100-200 g load and an indent time of 10 s on epoxy-mounted 0-006 vol.% W particles; (b) Alloy 2, with @m initial W powder average
cross-sections in matrix regions far from W particles. size and 0..07 vol.% W patrticles; (c) _AIon 3W|th.<25Im |n|t|aI_W powder
. . average size and 2.25vol.% W particles, showing a W particle cluster.
Tensile tests were preformed at ambient temperature on

one specimen of each alloy, machined to ASTM E-8 pro-

portional standards with 36 mm gauge length and 6.4 mm ith Widmanséttena/g structure with most of the W segre-

gauge diameter. The cross-head speed was 12.7 mm/mingated in theg phase. Alloys 1 and 2 with micron-size initial

corresponding to an initial strain rate of 6:2 103s7%. W powder exhibit almost no remaining un-dissolved W par-

The strain was measured with an extensometer with 25.4 mmtic|eS, while many such partides are visible in A||0y 3 with

gauge length. Fracture surfaces were examined in a scanningnych coarser initial powders. In Alloys 1 and 2, the few re-

electron microscope (SEM). maining W particles are equiaxed, uniformly distributed and
10-20um in size Fig. 1a and b). In Alloy 3, the particles
are much larger (11@m average sizeTable 1), tend to be

3. Results more irregular in shape and can be clustefred.(Ic). Table 1
summarizes the W particle size and volume fraction, as well

Fig. 1(a)—(c) shows micrographs of etched cross-sections as the calculated average matrix W content.

for Alloys 1-3, which exhibit the following features: (i) white EDS composition profiles are shownhig. 2 for Alloys

particles; (ii) a surrounding dark-etched shell, ca.p5® 1 and 3, measured from the center of a W particle into the

thick; (iii) an etched acicular matrix. These features were matrix. The W content decreases monotonously from 96 (at

identified previously5] as: (i) partially dissolved W particle;  particle center) to 10wt.% W (in matrix) over a distance of

(i) matrix diffusion zone with high W content; (iii) matrix =~ ~90um for Alloy 1. A similar gradient is observed for Alloy

Table 1

Tungsten powder and particle parameters in Ti—-10W Alloys

Alloy W powder type Average size of Size of W particlegum) Volume fraction Extent of W powder Matrix average W
initial W powders in composité of W particlesin dissolution in concentration in
(m) composite (%) composite (%) composit& (wt.%)

1 FSSS0.72 0.7 11+ 8 0.006 99.8 9.98

2 FSSS2.02 2 20+ 8 0.07 97 9.74

3 —60 mesh <250 119 54 2.25 10 1.23

@ Apparent size in metallographic sections with error given as standard deviation.
b Calculated from measured W particle volume fraction assuming an overall W content of 10 wt.%.
¢ Fisher sub-sieve size.
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Fig. 2. EDS composition profiles from the center of an arbitrarily selected
W patrticle into the Ti matrix for Alloy 1 (with most W dissolved) and Alloy
3 (with most W un-dissolved).

3, but the matrix composition isOwt.% W at a distance
of ~170pm from the particle edgeF{g. 2). The hardness
profile measured for the same Alloys 1 and=&y( 3) shows
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Fig. 4. Tensile stress—strain curves of Ti-10W alloys: Alloys 1 and 2 (with
most W dissolved) and Alloy 3 (with most W un-dissolved). Also shown for
comparison is the curve for W-free CP-Ti produced by the same powder-
metallurgy routg5].

for comparison is a Ti—10W alloy produced fronuwg W
powderg5]. Alloys 1 and 2, with almost all the W in solid-

that particles are much harder than the matrix, whose hard-solution, have nearly overlapping stress-strain curves which
ness reaches a minimum in the diffusion zone adjacent to theshow very high yield and ultimate strengths as compared to
particles, before achieving values of ca. 400 and 300 HV for CP-Ti. These alloys also show considerable necking, with
Alloys 1 and 3, respectively, in good agreement with average ductility values that are only somewhat lower than that of

matrix values listed iable 2

CP-Ti. On the other hand, Alloy 3, with large W patrticles,

Fig. 4 shows the tensile stress—strain curves for the threefractured shortly after reaching its ultimate tensile strength

Ti—10W alloys together with that of pure CP-Ti fabricated
by the same processing royte]. The corresponding me-
chanical properties are listed able 2 and also included
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Fig. 3. Microhardness profiles from the center of a randomly selected W
particle into the Ti matrix for Alloy 1 (with most W dissolved) and Alloy 3
(with most W un-dissolved).

(UTS) which, together with its yield strength, is closer to that
of CP-Ti than those of Alloys 1-Zlable 2also shows that
good agreement exist between the mechanical properties of
Alloy 2 (made with 2um W powders) and those of a previ-
ously studied Ti—-10W alloy produced fronu3n W powders

[5].

SEM pictures of fracture surfaces for Alloys 1 and 3 are
shown inFig. 5. The stronger and more ductile Alloy 1 is
characterized by pockets of spherical dimples in the matrix
(Fig. 5a). For Alloy 3, matrix dimples are larger than for Alloy
1 (Fig. &c), and fractured W particles are observey( d),
together with particle pull-outHig. 5b).

4. Discussion
4.1. Microstructure

The equilibrium Ti-W phase diagram is characterized by
a eutectoid reaction at 74C€ where a Ti—W solid solution
decomposes into Ti-rich and W-rich phases, without any in-
termediate intermetallic phasgg. Above 882 C, there is
complete solubility between Ti and W, so that the sintering
and HIP steps at 1230 and 900D are expected to promote
complete dissolution of the W powders. The W patrticle vol-
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Table 2
Tensile properties and matrix micro-hardness values of Ti-10W Alloys
Alloys 0.2% Yield stress Ultimate tensile Strain at Failure Elastic modulus Matrix

(MPa) strength (MPa) UTS (%) strain (%) (GPa) hardness (HV)
1 803 905 48 185 108 438+ 10
2 784 884 a 179 101 420+ 21
3 576 613 17 21 99 265+ 21
Ti—10W[5] 769 931 5 14 110 300+ 12
CP-Ti[5] 411 518 13 23 115 210+ 20

ume fractions listed ifable lindicate that dissolution was  sion, and/or to the complex structure of the fine agglomerates
almost complete (99.8 and 97%) for Alloys 1 and 2 with the forming those particles. The hardness profile show values at
fine 0.7-2.m powders, but very limited (10%) for Alloy 3  large distances from the particles that are in agreement with
with the coarsest powders. The latter alloy thus exhibits a average matrix values givenable 2 as expected. For both
non-equilibrium structure, consisting of a matrix wiii3 Alloys 1 and 3, however, hardness reaches a minimum in the
Widmansétten structure (typical of Ti alloys slowly cooled diffusion zone where its W content is higher than matrix re-
from the B-phase field8]) and 2.25vol.% W particles con-  gions away from the W particle$ig. 2). This unexpected
taining some Ti in solid solution. Also expected from diffu- resultis probably due to the formation of complex metastable
sion kinetics is the smaller average size of the remaining W phases whose structure (and thus probably hardness) change
particles in Alloys 1 and Z2Table 1. Furthermore, when ob-  with W content. In binary Ti-W alloys, hexagonal martensite
served by SEM, it is apparent that these patrticles consist of (a’) is formed below~8 wt.% W, orthorhombic martensite
agglomerates of fine, micron-size W particulates, as also re-(a”) exists between-8 and~24 wt.% W, beyond which or-
ported for a Ti-10W alloy processed fromugh W powders thogonalw precipitates can form. Additionally, the forma-
by the same routfs]. tion of the metastable phases is further complicated by their
Fig. 2shows that both Alloys 1 and 3 exhibit typical diffu- quenching and aging histofy,10,11]
sion profiles away from the W particles, with W concentra-
tion reaching a steady state value of 10 wt.% at a distance of4.2. Strength and hardness
80pm from the interface for Alloy 1, and 0 wt.% at 1jMn
from the interface for Alloy 3. Two mechanisms may contribute to the increase in yield
In Fig. 3 the hardness of the coarse W particle in Al- strength of the Ti-10W alloys as compared to CP-Ti: (i) solid
loy 3 is in agreement with the range reported for pure W solution strengthening of Ti by W, which is influenced by the
(350-445HV[9]). The hardness of the fine W particle in Al- W content of the matrix (both average and local); (i) com-
loy 1 is however significantly higher (525 HV), which may posite strengthening by the W particles, which is affected
be due to hardening by Ti in solid solution following diffu- by their volume fraction, size and shape. Direct composite
strengthening by load transfer is expected to be negligible,
given the low volume fraction and equiaxed shape of the
particles: Eshelby calculations based on elastic load trans-
fer to spherical particle§l?] predict an increase in yield
stress with respect to CP-Ti by 6 MPa for Alloy 3 with the
highest un-dissolved W volume fraction. Indirect composite
strengthening by thermal-mismatch dislocations and grain
size refinement is similarly negligible given the low volume
fraction and relatively large size of the W particles. Finally,
W particles are much too large for any significant dispersion
strengthening. We thus conclude that the large differences in
yield strength between Alloys 1-2 and Alloy 3 is due to differ-
ing extent in solid-solution strengthening. For Alloys 1 and 2
with the smallest initial W powders, the matrix composition
is uniform, except in the immediate vicinity of the very few
remaining W particlesKig. 2). By contrast, for Alloy 3 with
only one-tenth of its W content in solid solution, the matrix
W composition drops to near zero at a distance of ATH
Fig._5. SEM micrograp_hsofthetensilefr_acturesurfz_aces_showing (@ pocketsfrom the particle edgeFig. 2). Yielding is then controlled
of dlmpl_es in the matrlx_of Alloy 1, typical of duc‘:tllle failure; (b) a Ia_rge by the W- r matrix regions between the W rticl nd
depression due to W particle pull-out from the matrix in Alloy 3; (c) relatively y_ e p_oo a ! €gio S e . ee e pa Ces‘:jl
large matrix dimples in Alloy 3; (d) brittle fracture of W particle clusterin ~ their associated W-rich matrix regions. The volume fraction
Alloy 3. of W-poor region is estimated as 30 vol.%, calculated by con-
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sidering a W content of 5wt.% at a distance of 190 from

the particle centerHig. 2) and an average particle radius of
60um (Table J).

The average matrix hardness of Alloys 1 and 2 (ca.
430 HV) is exceptionally high: it exceeds the hardness of
pure annealed W (350 H}®]) and is close to that of work-
hardened W (445 H\[9]), thus indicating that Ti-10W al-
loys are very wear-resistant. The hardness of Alloys 1 and
2 is higher than that reported previously for a Ti-10W alloy
(300 HV [5]) which however used different W powder size
(3p.m) and cooling rate after HIP, the latter being known to
affect the non-equilibrium phases in the Ti-W system. De-
pending on composition and cooling process, it is possible
to obtain a martensitic structure leading to a range of non-
equilibrium phases, namely,, ”, andw with a concomitant
change in mechanical propertiggs7,11] By contrast, Alloy
3 is expected to be less wear-resistant due to its lower ma-
trix average hardness and strength; in particular, W particle
pull-out may become an issue for biomedical implant appli-
cations.

4.3. Ductility

The three Ti—-10W alloys have very different ductilities:
Alloys 1 and 2 exhibit large strain to failure (ca. 18%) and
extensive necking, while Alloy 3 fractured shortly after reach-
ing its UTS. This difference can be explained by the different
volume fractions of hard and brittle W particles which can
trigger early fracture. For the highly ductile Alloy 1, it is ap-
parent that the inherent ductility of the Ti-10W matrix (as
illustrated by the fine dimples typical of ductile tensile frac-
ture, Fig. 5a) controls the fracture behavior, despite the oc-
casional presence of W particlégaple 3. The low ductility
of Alloy 3 is then not due to the limited ductility of its matrix
but to the presence of the large, brittle W particles. Indeed,
Alloy 3 shows evidence of both particle fracture and pull-
out (Fig. 5d and b), indicative of particle cracking and rein-
forcement/matrix debonding, respectively, which are known
in metal matrix composites to lead to a relatively brittle frac-
ture behaviof13]. The clustering and relatively large size of
W particles in Alloy 3 Fig. 1c) are further reasons for its
low ductility, as observed in other metal matrix composites
[14-16] In particular, the simulation work by Segurado et al.
[17] shows that a small degree of particle clustering causes
the fraction of broken particles to increase dramatically, lead-
ing to a large decrease in the overall composite flow stress
and ductility.

5. Conclusions

e Blends of Ti-10wt.% W powders were densified by
powder metallurgy using W powders from very small

nd Compounds 390 (2005) 62—-66

(0.7—2p.m) to very large (<25@um) sizes. After process-
ing, almost all the W is dissolved within the Ti matrix for
the former materials, which are thus solid-solution “alloys”
with a transformed/B microstructure at ambient temper-
ature. By contrast, for the latter materials, most of the W
remains un-dissolved in the form of large metallic parti-
cles, resulting in a particulate-reinforced “composite”.
The strength of the Ti—-10W alloys is much higher than
that of the Ti-10W composite, indicating that W is more
efficient as a solid-solution strengthener than as a particle
strengthener.

The hardness of the Ti-10W alloys is higher and more
uniform than that of the Ti—-10W composite, and achieves
values of~400 HV, indicative of excellent wear resistance.
The Ti—-10W alloys are also much more ductile than the
Ti—10W composite, which suffers from particle pull-out
and fracture.
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