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bstract

Composites consisting of a Ti–W solid-solution-strengthened matrix reinforced with TiC particles are produced by powder metallurgy. TiC
dditions increase strength but reduce ductility and matrix microhardness. Composites with 7.5 wt.% TiC show some tensile ductility (3–7%) but

hose with 15 wt.% TiC are brittle in tension. They are however strong and ductile in compression: Ti–15W/15TiC (wt.%) has a compressive yield
trength exceeding 1200 MPa. This composite also shows tensile crack growth rates which are considerably faster than for pure titanium (by a
actor 2) or Ti–15W (by a factor 2–6) and a fracture toughness which remains relatively high as compared to Ti–15W (21 vs. 34 MPa

√
m).

 2008 Elsevier B.V. All rights reserved.

nical

a
σ

T
ε

a
r
[

T
i
t
t
o
o

2

2

eywords: Titanium alloy; Composite; Orthopedic; Powder metallurgy; Mecha

. Introduction

Titanium and its alloys are used extensively for biomedical
mplants due to their excellent mechanical properties, corrosion
esistance and biocompatibility [1–4]. Moreover, their stiffness
∼80–130 GPa [5]) is substantially lower than that of other
onventional metallic implant materials such as stainless steel
∼190–200 GPa [5]) or Co alloys (∼200–248 GPa [5]), thus
educing the stress shielding effect arising from differences in
ompliance between bone (∼10–40 GPa [6]) and implant [7,8].

hile used for some low-stress bone implants [9,10], com-
ercially pure titanium (CP-Ti) suffers from a relatively low

trength and poor wear resistance, making it inadequate for
ighly stressed bone implants or wear-prone prostheses [11].
ardness and wear resistance, and to a lesser extent strength, can
e improved by the addition of TiC particles to CP-Ti [12–20];
owever, these Ti–TiC composites, in line with other metal
atrix composites [21], show reduced ductility and fracture

oughness [12–14,22].
Recently, the use of tungsten as a solid-solution strengthener
n CP-Ti has been found to result in large increases in strength
nd hardness with only moderate decrease in ductility [23,24].
or the two alloys studied to date, Ti–10 wt.% W exhibits
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stress–strain curve similar to Ti–6Al–4V (yield strength
y = 770–800 MPa and ductility εf = 14.1–18.5% [23,24]) while
i–15 wt.% W is stronger but less ductile (σy = ∼1000 MPa and
f = ∼9%). While Ti–W alloys are also harder than CP-Ti, they
re not expected to achieve the high levels of hardness and wear
esistance needed for some of the above implant applications
25].

Here, we investigate the effect of adding TiC particles to
i–W alloys, with the goal of striking a balance between the gain

n hardness and wear resistance and the penalty in ductility and
oughness provided by the ceramic reinforcement. We report on
he microstructure and room-temperature mechanical properties
f five composites consisting of Ti matrices alloyed with 0, 7.5
r 15 wt.% W and containing 7.5 or 15 wt.% TiC particles.

. Experimental procedures

.1. Processing and microstructure

As summarized in Table 1, five TiC-containing compos-
tes with Ti–7.5W or Ti–15W matrix and two TiC-free control
lloys CP-Ti and Ti–15W (all compositions are given in wt.%

n the following) were created by the combined cold and hot
sostatic pressing (CHIP) process [26]. Ti powders (<150 �m),

powders and TiC powders (both <10 �m) were blended and
ompacted into billets by cold isostatic pressing at a pressure of

mailto:heeman@kookmin.ac.kr
dx.doi.org/10.1016/j.msea.2008.01.069
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Table 1
Tensile properties (compressive yield stresses given in parentheses), fracture toughness and matrix microhardness

Alloy W (wt.%) TiC (wt.%) 0.2% yield stress
(MPa)

Ultimate tensile
stress (MPa)

Tensile strain at
failure (%)

Matrix
hardness (HV)

Fracture
toughness
(MPa

√
m)

CP-Ti 0 0 411a 518a 24a 210 ± 20a 45.0b

Ti–15W 15 0 1085 1168 8.8 461 ± 26 34.2

Ti/7.5TiC 0 7.5 689 714 6.9 375 ± 41
Ti–7.5W/7.5TiC 7.5 7.5 709 759 2.9 349 ± 35

Ti–15TiC 0 15 648 (663c) 698 1.2d 283 ± 48
Ti–7.5W/15TiC 7.5 15 >671 (746c) 692 0.7d 278 ± 15
Ti–15W/15TiC 15 15 >739 (1214c) 739 0.6d 297 ± 7 20.8

a See Ref. [23].
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d Premature failure.

79 MPa. The billets were vacuum-sintered at 1230 ◦C for 4 h
nd densified by hot isostatic pressing (HIP) at 900 ◦C for 2 h at
00 MPa [27], followed by slow cooling within the press. They
ere then annealed in vacuum at 732 ◦C for 1 h and furnace-

ooled.
The billet microstructures were evaluated by optical

icroscopy on polished cross-sections etched with a modified
roll’s reagent (5% nitric acid, 10% HF, and 85% water). Chem-

cal composition profiles were measured by energy-dispersive
pectroscopy (EDS, Hitachi S-3500) with a spot size of 15 nm
nd a voltage in the range of 15–20 kV.

.2. Mechanical testing

Matrix microhardness was determined with a Vickers
ndenter using a 200 g load and an indent time of 10 s on epoxy-

ounted cross-sections of the material polished to 0.05 �m with
olloidal alumina. Hardness measurements were taken in the
atrix far from any residual tungsten and titanium carbide par-

icles. Tensile tests were performed on one specimen of each
omposition (except CP-Ti for which prior data [23] were used),
achined to ASTM E-8 proportional standards [28] with 36 mm

auge length and 6.4 mm gauge diameter. The cross-head speed
as 12.7 mm/min, corresponding to an initial strain rate of
.2 × 10−3 s−1. The strain was measured with an extensometer
ith 25.4 mm gauge length. Additionally, the three composites
ith 15 wt.% TiC, which had displayed premature tensile fail-
re, were tested in compression on cylinders with a diameter of
mm and an aspect ratio of 3:1 according to ASTM standards
-9 [29]. The tests were carried out to strains of over 13%,
aintaining a low strain rate of 1 × 10−4 s−1.
CP-Ti, Ti–15W and Ti–15W/15TiC were machined for three-

oint bend test to dimensions 7 mm × 14 mm × 50 mm. They
ere polished down to 0.05 �m finish, and subjected to frac-

ure toughness testing in general accordance with the ASTM
tandard E-399 [30] for plane-strain fracture toughness. Prior

o the bend test, a fatigue pre-crack was grown out of the

achined notch in each sample by cycling at a load ratio of 0.1
R = Kmin/Kmax, where Kmax and Kmin are, respectively, the max-
mum and minimum stress intensities in the fatigue cycle) and

o
b
w
t

oading frequency of 1 Hz. Actual fatigue data were collected
fter well over 1 mm growth of pre-crack to eliminate the effect
f the machined starter notch [31]. A load-drop technique was
anually used to attempt to reach the fatigue threshold as rec-

mmended by ASTM E-647 [31]: the load was dropped by less
han 5% every 300 �m of crack propagation in order to minimize
ny crack retardation effect. A traveling microscope was used to
easure the crack length manually during fatigue crack growth.
he final crack length prior to the plane-strain fracture toughness

est, defined as a notch crack plus a fatigue pre-crack, was 7 mm,
pproximately half of the specimen width (14 mm) according
o ASTM standard E-399 [30]. An average value was taken
etween two opposite sides of a sample for toughness calcula-
ion. Samples were loaded to failure under displacement-control
t a cross-head displacement rate of 0.6 mm/min. The applied
oads and the corresponding displacements were recorded during
he test and analyzed for the determination of plane-strain frac-
ure toughness. Resulting fracture surfaces were also examined
n a scanning electron microscope (SEM).

. Results

.1. Microstructure

Fig. 1(a–g) shows micrographs of etched cross-sections for
he five composites and the two control alloys (CP-Ti and
i–15W). The TiC particles are roughly equiaxed and reason-
bly uniformly distributed for the composites with 7.5 wt.% TiC.
lustering is more pronounced in the composites with 15 wt.%
iC. Upon alloying with W, the matrix shows an acicular struc-

ure after etching (Fig. 1b, d, f and g), which was previously
eported as Widmanstätten �/� structure with most of the W
egregated in the �-phase [23,24,32]. As previously reported
n Refs. [23,24], W dissolution in the present alloys is antici-
ated to be complete, given the small W average powder sizes
<10 �m). In rare cases, partially dissolved W particles were

bserved, as shown in Fig. 1(b, d, f and g), which are surrounded
y a dark-etched matrix shell corresponding to a diffusion zone
ith high W content. The shell hardness is lower than that of

he matrix at a large distance from the particle (Fig. 2), with a
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Fig. 1. Optical micrographs of etched microstructures: (a) CP-Ti, (b) Ti–15W, (c) Ti/7.5TiC, (d) Ti–7.5W/7.5TiC, (e) Ti/15TiC, (f) Ti–7.5W/15TiC and (g)
Ti–15W/15TiC. TiC particles are marked with arrows. Micrographs of composites were selected to show W particles (marked with “W”) which were very rare
in the cross-sections.
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ig. 2. Microhardness profile from the center of a W particle into the Ti matrix
or Ti–15W.

alue in agreement with average matrix values given in Table 1.
he shape of the hardness profile of Fig. 2 for Ti–15W is sim-

lar to that of a profile measured previously on a Ti–10W alloy
24].

As shown in Fig. 3, the addition of TiC particles reduced the
i–W matrix microhardness. The macrohardness of the com-
osites was not measured but was expected to be significantly
nhanced by the very hard TiC particles.

.2. Tensile and compressive properties

Fig. 4(a) displays the engineering tensile stress–strain curves

or all specimens and for a previously published CP-Ti sample
roduced by the same process [23]. The corresponding tensile
roperties are listed in Table 1. As expected, all five composites
xhibit tensile yield and ultimate strengths higher than CP-Ti,

ig. 3. Average matrix hardness values as a function of W and TiC contents for
ll samples in the present investigation and CP-Ti [23].
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ig. 4. Tensile stress-strain curves for (a) all samples and CP-Ti [23] and (b)
omposites with 15 wt.% TiC which exhibited premature failure.

ut at the expense of decreased ductility. The two composites
ith 7.5% TiC have tensile yield and ultimate strengths compa-

able to or better than the three composites with 15% TiC, as a
esult of the premature failure of the specimens with 15% TiC
ontent occurring before the yield point (for Ti–7.5W/15TiC
nd Ti–15W/15TiC) or shortly thereafter (for Ti/15TiC). The
tress–strain curves for the composites with 15% TiC are shown
n greater detail in Fig. 4(b). When tested in compression, how-
ver, their fracture is inhibited and higher yield strengths are
chieved (Fig. 5), although a direct comparison may not be
ade between their tensile and compressive results due to a

ension–compression asymmetry existing in Ti and its alloys
33].

.3. Fracture toughness
Linear elastic stress intensity, K, was computed from the
STM standard E-399 [30] for plane-strain fracture toughness
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ig. 5. Compressive stress–strain curves for composites with 15 wt.% TiC.

or the three-point bend specimen:

=
(

PS

BW3/2

)
f

( a

W

)
(1)

here P is the applied load, S is the distance between the
uter loading pins, a is the crack length, B is the specimen
hickness, W is the specimen width and f(a/W) is a dimen-
ionless factor [34]. The specimen was monotonically loaded
nder displacement-control to produce catastrophic failure in
ccordance with ASTM E-399 [30], once the fatigue crack had
eached a significant length (approximately half of the specimen
idth). Results of the fracture toughness testing, in the form of

ypical test records of the load-versus-displacement curves, are

hown in Fig. 6 for CP-Ti, Ti–15W and Ti–15W/15TiC. In par-
icular, the crack length for CP-Ti increased significantly until
he point of maximum load: the crack growth was maintained
tably by the displacement-controlled nature of the test. Using

ig. 6. Load–displacement curves obtained for the measurement of the fracture
oughness after a fatigue pre-crack for CP-Ti, Ti–15W and Ti–15W/15TiC.
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ig. 7. Variation in cyclic fatigue-crack propagation rates, da/dN, as a function
f the applied stress intensity range, �K for CP-Ti, Ti–15W and Ti–15W/15TiC.
hown for comparison are literature data for CP-Ti [33].

q. (1), the ‘conditional’ fracture toughness was calculated from
he measured critical loads, PQ, for the onset of unstable frac-
ure as KQ = 45, 34 and 21 MPa

√
m for CP-Ti, Ti–15W and

i–15W/15TiC, respectively.

.4. Fatigue crack propagation

As recommended in Ref. [31], constant force amplitude pro-
edure for da/dN > 10−8 m/cycle was adopted for collecting
rack growth data. Additionally, attempts were made to acquire
atigue threshold values (�Kth) using load-dropping technique
anually [31]. Once the assumed threshold was reached, the

oad was kept constant to gradually increase the stress intensity.
he crack growth behavior during the load-ascending test was
imilar to that exhibited during the load-shedding, indicating no
r little crack retardation by the crack tip plasticity after each
oad-drop [31]. The variation in fatigue-crack propagation rates
average crack extension per cycle) with the applied stress inten-
ity range for CP-Ti, Ti–15W and Ti–15W/15TiC is shown in
ig. 7. It is apparent that the fatigue crack growth properties of
i–15W are superior to those of both CP-Ti and Ti–15W/15TiC.
he true value of fatigue crack growth threshold, �Kth (i.e., �K
t fatigue crack growth rate less than 10−10 m/cycle), could not
e obtained due to the lack of sample availability and the diffi-
ulties associated with manual testing operation. Crack growth
ates in these alloys exhibited comparatively low sensitivity to
he stress intensity, as is typically observed in most metallic

aterials. Using the Paris power–law relationship:

da

dN
= C �Km (2)

here C and m are scaling constants, the Paris exponents for

P-Ti, Ti–15W, and Ti–15W/15TiC are, respectively, m = 3.4,
.3, and 2.9, all of which fall in the range of typical metallic
aterials with m = 2–4 [36].
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. Discussion

.1. Effect of microstructure on hardness and
ensile/compressive properties

Due to the complete solubility between Ti and W above
82 ◦C and the fine W powder size, the sintering and HIP steps at
230 ◦C are expected to achieve near-complete dissolution of the

powders into the Ti matrix, giving rise to the Widmanstätten
/� structure visible in Fig. 1 and the marked strengthening
ffect observed in Ti–15W in Fig. 4, as reported previously
23,24]. On rare occasions, partially dissolved W particles sur-
ounded by a matrix diffusion zone were also observed, as shown
n Fig. 1(b, d, f and g). These most probably belong to a small
opulation of W particles much larger than average (as expected
n commercially sieved powders), which were not fully dissolved
uring the sintering and HIP steps.

It is apparent from Table 1 that the tensile yield
trengths of composites with low TiC content (Ti/7.5TiC and
i–7.5W/7.5TiC) are comparable to the respective compres-
ive yield strengths of the high TiC composites (Ti/15TiC and
i–7.5W/15TiC). The lack of composite strengthening upon
oubling TiC content from 7.5 to 15 wt.% may be due in part to
he clustering of TiC particles shown in Fig. 1(g), which is also
artially responsible for the drop in ductility observed for the
igh TiC composites.

Fig. 3 indicates that, with increasing TiC content, the hardness
f the matrix of the W-containing composite decreases substan-
ially. For the two composites without W, the hardness values
re almost within error: 375 ± 41 for Ti/7.5TiC and 283 ± 48 for
i/15TiC. However, for the composites with W, the drop seems to
e significant. It may be explained by the fact that TiC dissolved
nto titanium at 1230 ◦C until the maximum solid solubility of
arbon was reached (which is ∼1 at.% in pure Ti [37]) but is not
nown in Ti–W alloys). This dissolved carbon may have affected
he precipitation sequence on cooling, leading to a change in the

idmanstätten �/� structure [38] and a drop in matrix hardness
unlike the effect of C dissolution in CP-Ti, which increases
ardness, Fig. 3). This drop in Ti–W matrix hardness may also
xplain the decrease in tensile yield strength observed upon
oubling TiC content from Ti–7.5W/7.5TiC (σy = 709 MPa) to
i–7.5W/15TiC (σy = 671 MPa): the composite strengthening
esulting from increasing TiC content is negated by the softening
f the matrix.

At constant TiC content, the compressive yield stress of
he composites increases with W content, from 663 MPa for
i/15TiC to 746 MPa for Ti–7.5W/15TiC to 1214 MPa for
i–15W/15TiC, indicating that W solid solution strengthening
an improve the compressive strength even in the presence of
igh amounts of TiC. However, only TiC particles can provide
he higher macro hardness and wear resistance needed for some
iomedical implant applications.

Some TiC clustering is observed in all composites in this

tudy (Fig. 1(c–g)) but is more pronounced in composites with
he higher level, 15% TiC. Such TiC clustering was also reported
n Ti–6Al–4V reinforced with 10% TiC [38]. Indeed, it has been
oted that it is difficult to achieve a homogeneous distribution

l
B
c
r

ig. 8. SEM micrographs of tensile fracture surfaces showing (a) ductile failure
n Ti–15W and (b) brittle fracture associated with a number of microcracks in
i–15W/15TiC.

f ceramic particles in composite materials using conventional
owder metallurgy methods [39]. It has also been confirmed
y a number of authors [40–44] that particle clustering can
reatly reduce the ductility and flow stress of composites due
o reinforcement fracture followed by the onset of plastic insta-
ility at low strains. As expected, the tensile fracture surface of
i–15W/15TiC is brittle, as evidenced by the presence of frac-

ured clustered TiC particles and numerous secondary cracks
Fig. 8b). By contrast, the fracture surface for Ti–15W has

ductile appearance, and is characterized by coalescence of
icrovoids and dimples (Fig. 8a).

.2. Fracture toughness

According to ASTM E-399 [30], plasticity at the crack
ip must be small compared to specimen geometry and crack
ength in order to ensure the validity of plane-strain frac-
ure toughness condition. In other words, for the calculated

Q values to be equal to KIc, both the specimen thickness,
, and the crack length, a, must be larger than 2.5(Kc/σy)2,
here Kc is the fracture toughness of the material, i.e., much
arger than the plastic or damage zone size ry ≈ (1/2)π(Kc/σy)2.
oth Ti–15W and Ti–15W/15TiC samples pass the plane-strain
ondition requirement with 2.5(Kc/σy)2 = 2.5 and 1.98 mm,
espectively, using tensile yield strength in both cases. Their
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ig. 9. Optical micrograph of the cyclic fatigue region of three-point bend sam-
les of Ti–15W/15TiC. The nominal direction of crack growth is also indicated.

racture toughness is thus KIc = 34 and 21 MPa
√

m, respectively.
P-Ti does not meet the criterion (with 2.5(Kc/σy)2 = 9.1 mm

omewhat larger than a = 7.1 mm and B = 7.0 mm). However,
ecause this criterion is generally considered quite conser-
ative and the calculated damage zone (ry = 1.9 mm) is well
elow the specimen dimensions, it is believed that the tough-
ess value obtained with the current tested sample for CP-Ti
KQ = 45 MPa

√
m) is close to a lower bound of the fracture

oughness [45].
The crack path in TiC-reinforced composites is reported to

e strongly influenced by the fracture of TiC particles [38,46].
herefore, the drop in fracture toughness of Ti–15W/15TiC as
ompared to CP-Ti and Ti–15W is likely due to the presence
f brittle TiC phase: their resistance against crack propagation
s significantly lower than the matrix as was also observed in
racture surfaces in Fig. 8. Fig. 9 shows the crack propagation
ath through TiC particles in Ti–15W/15TiC, which confirms
hat TiC particles in Ti–15W/15TiC were fractured during crack
dvance. Moreover, since particles are unevenly distributed in
he Ti matrix of Ti–15W/15TiC, as described earlier and shown
n Fig. 1(g), this may have provided a preferential path for the
rack propagation [38]. Whether or not the crack indeed favored
ny preferential path through TiC particles or the occasional W-
ich region was not examined quantitatively in this investigation.

.3. Fatigue crack propagation

In the Paris law regime (i.e., typically between 10−9 and
0−6 m/cycle) Ti–15W exhibits greater cyclic fatigue resistance
han CP-Ti (Fig. 7). This can be attributed to the intrinsic
oughening mechanism active in the alloy, i.e., solid solution
trengthening provided by W, as is apparent by the higher
trength of Ti–15W. It may also be linked to the superior resis-
ance to fatigue crack propagation of the Widmanstätten �/�
icrostructure present in Ti–15W (Fig. 1(b)) over the equiaxed
structure visible in CP-Ti (Fig. 1(a)) [47].
In the Paris regime, the Ti–15W/15TiC composites displayed

omewhat faster crack growth rate (by a factor of 2–6) than

N
0
s
K
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i–15W, and almost the same growth rate than CP-Ti, whose
atigue behavior is in good agreement with literature data [35],
s shown in Fig. 7. The faster crack growth rate in Ti–15W/15TiC
ompared to Ti–15W and CP-Ti at high �K can be explained
y the fact that the composite reaches crack growth instabil-
ty at lower Kmax values due to its lower fracture toughness
48]. For low �K, the fatigue threshold value for the compos-
te seems to be near 6 MPa

√
m, while the lowest data point for

he Ti–15W may correspond to the start of the inflection lead-
ng to a threshold value near 8 MPa

√
m, as illustrated with a

ertical dotted line in Fig. 7. At low crack growth rates, par-
icularly near fatigue threshold, there are some cases where
omposites are reported to exhibit superior fatigue performance
han their monolithic matrix, as reinforcement particles pro-
ide crack deflection, meandering, or roughness-induced closure
48,49]. However, particulate reinforcements have sometimes
een found to worsen fatigue propagation behavior in compos-
tes [50,51], due to factors such as change in microstructure,
omposition and processing. In the present case, the inferior
atigue properties of Ti–15W/15TiC at lower crack growth rates
ay be due to the brittle nature of the TiC particles and their

nability to provide crack growth resistance through roughness-
nduced closure, as observed in Fig. 9.

. Conclusions

Following earlier work by the authors investigating either TiC
r W additions to CP-Ti by powder metallurgy, TiC particles
7.5 or 15 wt.%) were added to Ti–W (7.5 and 15 wt.%) solid-
olution-strengthened alloys, to enhance macrohardness and
ear resistance. As expected, TiC additions result in increased
ield strength but reduced ductility: composites with 7.5% TiC
how reduced, but still useful, tensile ductilities (3–7%), while
hose with 15% TiC are near brittle in tension, but exhibit duc-
ile behavior in compression and very high compressive yield
trength. It was also observed that the matrix microhardness
rops with increasing TiC, probably as a result of carbon disso-
ution affecting its transformation behavior.

A Ti–15% W/15% TiC was further examined, due to its very
igh compressive yield strength of over 1200 MPa. As expected,
he presence of TiC particles affects negatively the fatigue and
racture properties. The penalty in fatigue crack growth rate as
ompared to unreinforced Ti–15% W is relatively minor (a factor
f 2–6), and may be due to reduced matrix hardness or fracture
f the TiC particles ahead of the crack. While lower than the
racture toughness for the unreinforced Ti–15W (34 MPa

√
m),

he Ti–15W/15TiC composite exhibits a still useful value of
1 MPa

√
m.
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