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There is an urgent need to understand the failure behavior of titanium foams because of their promis-
ing application as load-bearing implant materials in biomedical applications. Following our recent study
on fracture toughness of titanium foams [1], this paper investigates the mode I fatigue crack propaga-
tion in 60% porous open pore titanium foams both with and without solid coated surface. Fatigue crack
propagation tests were performed on compact tension specimens at load ratios of R = 0.1 and R = 0.5 and
the fracture surfaces were examined using scanning electron microscopy. The crack growth rate, da/dN,
itanium
oam
atigue crack growth
rack bridging
rack closure

versus the stress intensity factor range, �K, curves were measured and compared using two different
techniques; image processing and compliance methods. The crack extension rates were well described by
�K, using the Paris-power law approach. Coated and non-coated titanium foams with 60% porosity had a
significantly higher Paris exponent than solid titanium, which can be explained by crack closure and crack
bridging. It was also shown that the fatigue crack grows along the centerline, following the weakest path
throughout the foam. The results obtained from this work provide important information for evaluating

poro
the structural integrity of

. Introduction

Intensive physical activity can lead to stress fracture or micro
racks in load-bearing bones and joints such as the human hip
nd knee [2]. These fractures are the result of continued repetitive
r cyclic fatigue loading [3,4], and damage leading to failure may
evelop over numerous years. As such, the cyclic fatigue loading
roperties of biomaterials used for bone replacement is an impor-
ant consideration.

In recent years, new manufacturing processes and improve-
ents in quality have made foam materials an interesting option for

iomedical applications, particularly in load bearing functions such
s hip and knee joint replacements. Foam materials offer significant
dvantages compared to solid materials as the porosity can be var-
ed to match the strength and stiffness of the surrounding bone

o minimize stress-shielding [5], as well as the porosity allowing
ngrowth of tissue into the implant [5].

Numerous studies have been done on the mechanical properties
f metal foams used in industries other than biomedical engineer-
ng [6]. For instance, Motz et al. [6], Zettl et al. [7], Olurin et al. [8],

∗ Corresponding author. Fax: +61 3 5227 1103.
E-mail address: skas@deakin.edu.au (S. Kashef).

921-5093/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.msea.2010.11.024
us titanium components in the future biomedical applications.
© 2010 Elsevier B.V. All rights reserved.

and McCullough et al. [9] have investigated fracture mechanics and
fatigue properties of different aluminum foams. Alternatively, there
are few studies [10–19] on the mechanical properties of titanium
foams. For instance, Imwinkelried [17] carried out static compres-
sion, cyclic compression, bending, tension, and torsion tests on
titanium foam, while Teoh et al. [18] have investigated the effect of
pore sizes and cholesterol lipid solution on fracture toughness of
pure titanium foam. Pore sizes in the pure titanium samples ranged
from 25 �m to 103 �m with porosity of 8.5–35% and it was discov-
ered that the fracture toughness of samples with smaller pore sizes
was twice the fracture toughness values of samples with larger pore
sizes [18].

While the high cycle fatigue properties of titanium foams have
been studied (S–N approach) [17], to-date there are no studies on
the fracture mechanics of highly porous titanium foams. As foam
structures often have inherent flaws, there is usually no crack initi-
ation stage. Thus, use of S–N approach, which typically incorporates
initiation of a crack, is not practical. A realistic way to investi-
gate foam materials is to examine the number of cycles needed
to propagate these inherent flaws to failure. Fracture mechanics or

damage-tolerant method is usually used for such predictions. For
fatigue crack growth (FCG) analysis, the number of cycles needed
for a crack to grow sub-critically to a critical size is calculated from
information relating the crack velocity to the mechanical driving
force, and the stress intensity factor, K [20]. Studying the crack

dx.doi.org/10.1016/j.msea.2010.11.024
http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:skas@deakin.edu.au
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Nomenclature

a crack length
C Paris law coefficient
da/dN crack growth rate
FCG fatigue crack growth
�K stress intensity factor range
�Kth fatigue crack growth threshold
m Paris law exponent
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N number of cycles
� Poisson’s ratio

rowth of titanium foam will examine whether they are compatible
or biomedical implantations.

In this study, the mechanical properties of pure titanium foams
ith 60% porosity (relative density of 0.40) have been examined by
sing mode I of crack growth testing, and the results are compared
gainst a range of skeletal components. Foams were manufactured
sing the space-holder method [21] both with and without a solid
oating. Typically, low porous metals have higher stiffness and
trength than high porous metals; but do not have space for bone
ngrowth [22]. Conversely, high porous metals have more space
or bone regeneration with lower stiffness and strength. A good
mplant material should have both permeability and strength. For
rowth of bone tissue into the pores and connectivity of macrop-
res, the material must have at least 55% porosity [15,23]. Titanium
oam with 60% porosity was chosen because this porosity not only is
uitable for bone ingrowth but its strength and toughness is shown
o be appropriate for biomedical applications [1,17,21]. The objec-
ive of this research is to understand the mechanisms of fatigue
rack propagation in titanium foams and to compare these results
ith the fatigue data on the bone, dentine, and current implant
aterials from literature.

. Experimental procedures

.1. Material and specimen preparation

Commercially available 99.9% purity titanium powder (Atlantic
quipment Engineers, USA) with an average particle size of 45 �m
nd irregular morphology was used. To produce open porous tita-
ium material, the space holder method was used [24]. This method
as been applied by Teoh et al. [18], Wen et al. [5], Imwinkel-
ied [17], and Kashef et al. [21]. In this process, the fine titanium
owder was mixed with the space holder substance and pressed
t room temperature under 200 MPa pressure. The space holder
as removed by heat treatment at 100 ◦C for 10 h and the remain-

ng titanium sintered at 1120 ◦C for 7 h in a vacuum furnace [21].
he purity of the titanium foam is considered to be still above
9.0% after sintering. Ammonium bicarbonate powder, NH4HCO3
Sigma–Aldrich) with 99.0% purity was used as space holder mate-
ial. The angular-shaped particles were obtained with 500–800 �m
ize by sieving. The spacer material was chosen such that it decom-
oses completely at a low temperature. The weight ratio of the
itanium powder to spacer was chosen to be 60–40% to obtain the
esired porosity.

.2. Fatigue crack growth test
The compact tension (CT) titanium foam samples with dimen-
ions of 31.25 mm × 30 mm × 6 mm (Fig. 1) were machined from
arger pieces of 55 mm × 50 mm × 6 mm and then pre-cracked as
xplained in ASTM E647-08, the standard test method for measure-
ent of fatigue crack growth rates. Two groups of samples were
Fig. 1. Schematic of a titanium CT specimen.

prepared: one with a thin solid coat and the other without any
coating. For the coated samples, a thin surface layer of solid tita-
nium was allowed to form around the sample by the heat dissipated
from a regular cutting process. The solid film of titanium is simply
created by localized melting of the sample surface during machin-
ing. The average thickness of this solid titanium film was 0.5 mm.
The purpose of studying the fatigue crack growth rate of the porous
samples with solid coating is to provide a comparison basis for the
analyses of fatigue crack growth rate in the porous samples without
any coating. However, the preparation method used in this paper
to create the solid coated surface is only limited to simple plate and
regular surfaces and cannot be used for complex shapes. Samples
without coating were wire cut with the temperature controlled so
that no melting, hence surface layer, was introduced to the surface.

FCG testing was carried out at room temperature on a MTS
servo-hydraulic test machine (MTS 858) in accordance with
ASTM E647-08. Tests were conducted at load ratios (minimum
load/maximum load) of R = 0.1 and R = 0.5 and frequency of 40 Hz.
It has been shown that the correlation of experimental values for
positive ratio of 0 ≤ R ≤ 1 is better than for R less than zero [25] and
thus the load ratios of R > 0 were chosen for this study. Initially,
the yield load of the samples was determined by putting samples
under tension. To find out the maximum allowable cyclic loads, a
set of sacrificed samples were used, which were cyclically loaded
near the ultimate tensile strength (UTS). The cyclic failure loads of
the sacrificed samples were found to be less than the UTS. Then, the
maximum allowable load was determined at 5% below the cyclic
failure loads of the sacrificed samples. As a result, the maximum
load of 200 N was applied for samples without a solid coated sur-
face while a maximum load of 350 N was applied for samples with
solid coated surface. At the final fracture stage, the frequency was
reduced to 10 Hz to obtain more data. As stated in standard, a sin-
gle specimen was enough to get the desired data and at least five
samples for each material were tested.

2.3. Measurement of crack growth

Measurement of crack growth was done with the following two
techniques:

• Image processing.

• Compliance technique.

Digital images of the samples’ surfaces were taken during the
FCG testing. Camera’s speed was about 3 fps (frames per second)
up to the highest speed of 6 fps. Photographic grids were used on
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m value and lower C value. Both C and m depend on the stress range,
mean stress, the material, the test environment, and the details of
the testing procedure [31].
604 S. Kashef et al. / Materials Science a

igital images of crack tip growth that were taken from both sides
f the samples without interrupting the test. The average of crack
ength on each side of the sample was used as the crack size from
mage processing technique. Each measurement was carried out at
east three times. By image processing technique, the crack size is

easured as a function of elapsed fatigue cycles [26]. These data
re subjected to numerical analysis to establish the rate of crack
rowth, which are stated as a function of �K.

The compliance method is another technique for FCG testing,
nd was carried out according to Annex 5 of ASTM E647-08. As
tated in standard, the compliance method is the reciprocal of
he force–displacement slope normalized for elastic modulus and
pecimen thickness [26]. Therefore the relationship between com-
liance and crack size analytically had been derived for a number
f samples.

.4. Analysis of crack growth rate

From the crack size versus elapsed cycles data (a–N), the crack
rowth rate da/dN was calculated by following the standard. The
rack tip stress intensity factor range, �K = Kmax − Kmin, was cal-
ulated from the maximum and minimum loads of the loading
ycles. The fatigue crack growth data was expressed in terms of
aris power-law expression, where the Paris law parameters, C and
, are constants:

da

dN
= C�Km (1)

. Results and discussions

.1. Fatigue crack propagation behavior

The da/dN–�K plot generally has three regions; I, II, and III.
egions I and III are the near-threshold and the rapid-crack prop-
gation regions, respectively. Region II is the Paris region, which is
efined by a power-law relationship that corresponds to a straight

ine on a log(da/dN) versus log(�K) curve. By using the data reduc-
ion technique, as explained in ASTM E647-08, �K-increasing can
e generated, which corresponds to regions II and III.

The rates of fatigue crack growth for near threshold or �Kth
re extremely slow and large scatter of the data and the influence
f pre-cracking conditions make determining the �Kth value dif-
cult, as it was also found by Motz et al. [6]. Therefore, it is very
omplicated to experimentally initiate a �K-decreasing test, which
orresponds to region I [27].

In region III, the crack growth rate is extremely high and obtain-
ng data in this unstable region is quite difficult. For fatigue life
rediction, region III is usually disregarded since the number of
ycles spent in region III is insignificant compared to the total
atigue life [28]. In this work, regions I and III are not considered.

The �K-increasing test was performed and the fatigue crack
rowth rate or da/dN was attained from the slope of the a–N curve
nder displacement controlled conditions. Fatigue life in such con-
itions is very sensitive to the cyclic stress level [29]. The da/dN–�K
ehaviors of porous titanium with and without solid coated surface
ith load ratios of 0.1 using image processing technique are plotted

n Fig. 2. The 60% porous titanium without any coating had a higher
aris exponent (m = 17.1 ± 0.3) than the 60% porous titanium with
olid coating (m = 14.2 ± 0.2). The values of m (with one decimal
oint) were found by curve fitting on experimental data points that

ave up to 4% maximum experimental error bars, which is below
he 5% confidence level.

The parameter C for 60% solid coated porous titanium is
× 10−16 and for 60% porous titanium without any coating is
× 10−17. The relationship between C and crack initiation duration
Fig. 2. da/dN–�K for 60% porous titanium and 60% porous titanium with solid
coated surface at load ratio of 0.1.

is that as C decreases, the crack initiation duration increases [30].
Fig. 2 shows that at a given stress intensity factor, the uncoated
specimen had a higher crack growth rate. This means that the
porous foam does have a lower fatigue resistance despite a higher
Fig. 3. Comparison of the da/dN–�K data using two different techniques (image
processing and compliance methods) for 60% porous titanium (a) and 60% porous
titanium with solid coated surface (b) at load ratio of 0.1.
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Fig. 4. Scanning electron micrographs (SEM) of the main c

The da/dN–�K data using the image processing and compliance
ethods are shown for comparison in Fig. 3a for porous titanium
ithout solid coated surface and in Fig. 3b for solid coated porous

itanium at load ratio of 0.1. The experimental difference between
he results from the visual and compliance techniques is very small.
his suggests the data for da/dN–�K measurements at load ratios
f 0.1 and 0.5 from visual technique are experimentally verifiable
y compliance technique.

.2. Examination of crack propagation and fracture surface

Crack nucleation is the first stage in the fatigue process and initi-
tes at the highest stress concentration locations. In titanium foams
ith heterogeneously distributed pores and flaws, the crack nucle-

tion lies at or close to the surface as stress concentration of a near
urface defect is higher than the interior defect.

The titanium foam fracture surfaces showed the presence of
icro-void coalescence, suggesting that crack advancement was

ccompanied by ductile deformation in the vicinity of the crack. The
uctile micro-void coalescence occurred in thin cell walls due to
igher localized stresses versus the normal fatigue fracture surface.

The main crack in the uncoated titanium foam was roughly
inear. Fig. 4 shows fatigue crack propagation throughout the
eterogeneous porous microstructure, including crack branching
esulting in multiple crack tips.

Fig. 5 shows the crack tip and fracture surface for the coated
oam, with some ductile tearing of the solid coating evident. Con-
equently, crack deflection occurred at an angle in the solid coated

urface material.

For both coated and uncoated samples, after a certain number
f cycles a dominant crack spreads down about the centerline. The
rack remained straight throughout some sections of the specimen
hile following a tortuous path in other sections of the sam-

Fig. 5. SEM of the main crack meandering through the cell walls of 60% porous titan
eandering through the cell walls of 60% porous titanium.

ple, which is due to cracking along the weakest path on tiny cell
walls.

The difference between coated and uncoated samples is due to
contribution that the thin solid layer has in improving the crack
growth resistance. As such, the coated specimen had a higher crack
growth resistance for a given stress intensity factor despite the fact
that m value was lower and C value was slightly higher than the
uncoated samples. Crack initiation started at initial defects such as
pre-cracks in the interior sections of the cell walls. Final fracture
was seen in regions with low material density or large cells and
therefore FCG mostly occurred where cell wall thickness was small.
This is in agreement with the results of FCG of aluminum foam by
Zettl et al. [7].

3.3. Crack bridging and crack closure

The high Paris exponent in titanium foam can be partially
explained by crack bridging and crack closure. Crack bridging and
crack closure are both processes that reduce the crack growth rate
and therefore extend the fatigue life. Olurin et al. also found a high
Paris exponent for Alulight compared to solid ductile metals. They
established that the fatigue failure of the cell edges behind the crack
tip will cause the degradation of crack bridging and this will con-
trol the fatigue crack growth rate [8]. In contrast, the plasticity and
increased surface roughness at the crack wake increases the crack
bridging and crack closure of the fracture surfaces. The develop-
ment of crack bridging zone behind the crack tip leads to increase
in crack growth resistance as crack progresses.
Crack closure, as was also found in the study by Motz et al.
on aluminum foam [6], could be a possible explanation of such
high Paris exponent in titanium foams. When the sample goes
under tension–tension loading, a plastic zone is created at the
crack tip because of the stress concentration. There is also some

ium with 0.5 mm solid coated surface, where some ductile tearing is evident.
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ig. 6. Plots of da/dN–�K for 60% porous titanium (a) and 60% porous titanium with
olid coated surface (b) at load ratios of 0.1 and 0.5.

ompressive stress as the crack is partly closed till a large tensile
tress is applied to stabilize the compressive stress. Therefore, after
certain number of cycles the crack closure occurrence usually

anishes.

.4. Load ratios

Plots of da/dN–�K at load ratios of R = 0.1 and R = 0.5 for both
oated and uncoated titanium foam using the image processing
echnique are shown in Fig. 6a for 60% porous titanium and in
ig. 6b for solid coated titanium foam. According to Paris law (Eq.
1)), the fatigue crack propagation only depends on �K, and it is
nsensitive to the load ratio in region II (Fig. 6) [32]. There are

ther proposed relationships such as Forman [32] that will take
nto account the sensitivity of da/dN to load ratio. However, in
ddition to region II, data from either of region I or III, or all of
he sigmoidal da/dN–�K relationship must be considered in these
mpirical equations. In this study, only region II of da/dN–�K curve

able 1
omparison of Paris exponents for different materials.

Material m

Pure titanium 3.41
Dentine 8.76
Cortical bone 4.4 < m < 9.5
60% Solid Coated porous titanium 14.16
60% Porous titanium 17.15
Fig. 7. Comparison of the da/dN–�K data of different materials.

has been plotted (Fig. 6). The Paris exponent m is slightly higher for
uncoated titanium foam at load ratio of 0.1 (m = 17.15) than load
ratio of 0.5 (m = 16.59). In contrast the Paris exponent m is a little
lower for coated titanium foam at load ratio of 0.1 (m = 14.16) than
at load ratio of 0.5 (m = 15.76). The load ratio had a negligible effect
on the FCG behavior of both materials.

3.5. Disadvantages of coating titanium foams for biomedical
applications

The manufacturing method used in this paper to create the solid
coated surface is only limited to simple plate and regular surfaces
and cannot be used for complex shapes. The coating did increase the
fatigue crack growth resistance for higher values of �K, however,
the lower Paris exponent, m, and higher fatigue crack coefficient,
C, meant that this difference was not as significant at lower values
of �K. The presence of the coating has other drawbacks when used
for metal implants, including reduction of space available for bone
ingrowth as well as potential degradation of the coating material
[16].

3.6. Comparison of fatigue crack growth rate to different
materials

Paris law parameters, m and C, which are experimentally
determined scaling constants, are shown in Table 1 for the tita-
nium foams used in this study, as well as literature values for
solid titanium and some common skeletal parts. The C values for
porous material are recorded to be lower than pure titanium solid
(C = 1.95 × 10−11) [33], dentine (C = 6.24 × 10−11) [34], and cortical
bone (6.5 × 10−8 < C < 3.7 × 10−6) [20,35].
The Paris exponent (m) of titanium foam with 60% porosity is
significantly higher than the Paris exponent of 3.41 for solid tita-
nium. Foam materials with significantly higher m values than solid
metals are less at risk of failure by crack growth propagation [36]
due to the crack bridging and closure mechanisms. The Paris expo-

C References

1.95 × 10−11 [33]
6.24 × 10−11 [34]
6.5 × 10−8<C < 3.7 × 10−6 [20,35]
1 × 10−16

7 × 10−17
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ents of metal foams are reported to be considerably higher than
olid metals, nonetheless much lower than the Paris exponent of
eramics that are as high as 50 and above [37,38]. Ceramics have
ores and microcracks and such high Paris exponents in ceramics
ay possibly be due to crack closure, debris, or even microcracking

nd microplasticity [38]. Alulight with comparable porosity to tita-
ium foams also have similarly high Paris exponent values (19.66

or 70% Alulight and 24.98 for 68% Alulight) [8].
The Paris exponent for cortical bone (4.4–9.5) and dentine (8.76)

re also recorded to be lower than 60% titanium foams [20,35]. Fig. 7
hows that at a given �K, bovine bones [39] have a comparable FCG
esistance as uncoated titanium foam. Conversely, the Paris expo-
ent of bovine bones recorded to be 3.71 < m < 5.42, which is much

ower than uncoated titanium foam. Elastic strain concentration at
he tip of the crack shown to be the main factor in FCG in metallic
oams; nevertheless bovine bones or bones in general, do not show
o act in accordance with such frequent behavior found in metallic
oams.

High porous titanium foams have a good fatigue crack growth
esistance and may be used as cancellous bone and dentine in
rthopaedic and dental applications. Even though the titanium
oams have seen to have reasonable crack growth resistance rate as
iomaterial, this property may improve by maintaining the purity
f titanium powder during the foam making process, which leads
o better mechanical properties.

. Conclusions

The following conclusions can be drawn from this study:

Titanium foam with 60% porosity has a significantly higher Paris
exponent than solid titanium, most likely caused by crack closure
and crack bridging. The Paris exponent was also higher than corti-
cal bone and dentine, suggesting that high porous titanium foams
would not be limited by their fatigue crack growth resistance for
implantation at various skeleton parts.
The results of mode I fatigue crack growth of titanium foams are
in good agreement from both reproducible image processing and
compliance techniques.
A solid coating on the titanium foam resulted in lower crack
growth rates for a given stress intensity factor, and a lower Paris
exponent than the uncoated foam.
The load ratio had a negligible effect on the FCG behavior of both
materials in region II, which agrees with Paris law.
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