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Abstract It is well known that interstitials affect the
mechanical properties of titanium and titanium alloys.
Their effects on the fatigue properties of titanium foams
have not, however, been documented in the literature. This
paper presents the effect of the oxygen content on the static
and dynamic compression properties of titanium foams.
Increasing the oxygen content from 0.24 to 0.51 wt% O in
solution significantly increases the yield strength and
reduces the ductility of the foams. However, the fatigue
limit is not significantly affected by the oxygen content and
falls within the 92 MPa + 12 MPa range for all specimens
investigated in this study. During cyclic loading, defor-
mation is initially coming from cumulative creep followed
by the formation of microcracks. The coalescence of these
microcracks is responsible for the rupture of the specimens.
Fracture surfaces of the specimens having lower oxygen
content show a more ductile aspect than the specimens
having higher oxygen content.

1 Introduction

Porous titanium coatings have been used for many years in
different load bearing orthopedic applications. These sur-
faces were initially proposed in the late 60’s as a solution to
problems encountered with methacrylate-based bone
cement used for orthopedic implant fixation [1, 2]. These
coatings have high roughness, increase the friction between
the implant and surrounding bone and provide the initial
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stability to the implants. Besides, the interconnected
porosity allows bone tissue ingrowth that secures the long-
term fixation and stability of the implant. This approach is
now widely used in various hip and knee cementless pro-
cedures and most orthopedic implant manufacturers are
now commercializing implants with these coatings.

Research has recently switched from thin porous bead
coatings, sintered mesh and thermal sprayed rough coatings
to metallic foams. These foams have been used in the
development of various new and improved treatments such
as bone augmentation and graft free vertebra fusion for the
treatment of degenerative disk diseases. These foams have
the advantage of being much more porous than the tradi-
tional sintered beads or mesh and plasma spray coating.
The increased porosity provides elastic modulus much
closer to those of bones, more space for bone in-growth and
interlocking as well as more surface for bone-implant
contact.

It is well established that the mechanical properties of
dense titanium and titanium alloys are sensitive to the
presence of interstitial solutes such as oxygen, nitrogen,
carbon and hydrogen. These interstitials increase the elastic
modulus, the yield strength and reduces the ductility of
titanium and titanium alloys [3]. Nitrogen has generally the
most significant effect, followed by oxygen and carbon.
While nitrogen and carbon are usually not found at high
concentration in dense titanium, oxygen is a common
contaminant due to the high affinity of titanium for oxygen
and its high solubility in titanium. At low concentration,
oxygen occupies octahedral sites of the a-titanium crystal
and increases the lattice parameters as well as the c/a ratio in
the crystal, resulting in a volumetric change of 0.0013 nm?
per atomic percent of oxygen [4, 5]. The oxygen atoms
interact with the hydrostatic stress field of the dislocations
but also with the shear stress field, so that both edge and
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screw dislocation motions are affected. Therefore,
increasing oxygen content results in an increase of the yield
strength, hardness and fatigue resistance at a given stress
level, whereas it decreases the ductility and impact resis-
tance by restricting twinning and prismatic slip [6].

Since interstitials significantly affect the properties of
titanium, standards have been established on the chemical
requirements for the use of dense titanium in orthopedic
and dental applications [7-11]. A standard has also been
developed for porous titanium coating for the production of
surgical implants [12]. According to this standard, the
maximum content of oxygen in the powder used for such
coatings must be lower than 0.4 wt% O. The standard does
not, however, specify the amount of oxygen in solution in
the final coating.

The effect of porous coating on the fatigue properties of
Ti—6Al-4V implants have been reported in the literature
[13-15]. It is recognized that porous coating reduces the
fatigue strength of the implants. This reduction is associ-
ated with the modification of the microstructure during the
high temperature sintering treatment as well as with the
stress concentration coming from the surface irregularities
at the sintered bond sites on the surface of the implants.
The fatigue properties of tantalum and nickel-titanium
foams intended for biomedical applications have also been
reported in the literature. The compressive fatigue limits
reported by [16-18] are 7.5 MPa at 10°® cycles for 63-68%
open porosity nickel-titanium foams and 13.2 MPa at
10® cycles for 65-70% open porosity tantalum foams. In
another study by [19], the compressive fatigue limit of 75—
85% porous tantalum foams is around 23 MPa at 5 x 10°.
Variations in the results presented in the later study were
significant and reported to be dependant upon the nature of
the material tested.

No studies are available on the fatigue properties of pure
titanium foams as well as on the effect of the oxygen
content on the fatigue of these materials. This probably
comes from the fact that these materials are relatively new.
The limited information available can also be attributed to
challenges associated with the production of materials with
the exact same structure but with different level of oxygen
in solution. Difficulties also come from the discrimination
of the amount of oxygen in solution from the oxygen in the
oxide layer on the surface of the foam. Due to the high
specific surface area of the materials, the relative contri-
bution of the amount of oxygen coming from the oxide
formed on the surface of the foam must be taken into
account when determining the effect of oxygen on the
properties of these materials.

This paper describes the compression static and dynamic
properties of titanium foams having different oxygen
contents. The titanium foam was produced with a powder
metallurgy process. The foam samples were oxidized at
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low temperature to obtain different oxygen concentrations.
They were then treated at 1000°C to dissolve the surface
oxide and obtain solid solutions with different oxygen
levels. The resulting titanium foam samples showed the
same structure but different oxygen contents. They were
then tested in compression under static (monotonic and
creep at room temperature) and cyclic loading to investi-
gate the effect of oxygen on their properties. The fatigue
behavior of the titanium foams was done under compres-
sion-compression fatigue, i.e. with a non-zero mean stress.

2 Experimental procedure

Titanium foams were produced using a process described
elsewhere [20]. Briefly, spherical pure titanium powder
(AP&C Advanced Powders and Coatings Inc., Quebec,
Canada; —180 pm) was admixed with a polyethylene
binder and a chemical foaming agent (p,p’-oxybis[ben-
zenesulfonyl hydrazide]). The resulting powder mixture
was poured into a cylindrical mold and heated up in air at
210°C to foam the material. The resulting material was
then successively debinded at 450°C in Ar (10~° ppm O,)
and sintered at 1400°C under vacuum (10_5—10_6 Torr
range). To increase their oxygen content, the resulting
foam cylinders were treated in Ar-20% O, at 3 different
temperatures (300-450°C). Using this method, foams with
3 different oxygen concentrations were produced. Material
A refers to the foam with the lowest oxygen content in
solution (0.24 wt%), Material B is the foam with the
intermediate oxygen content (0.42 wt% in solution) while
material C refers to the foam with the highest oxygen
concentration (0.51 wt% O in solution). The oxidized
cylinders were solution treated for 1 h at 1000°C to dis-
solve the oxide layer and bring the oxygen into solid
solution in titanium. After cooling, a thin oxide layer was
reformed on the Ti surface (typically 5 nm, as described in
[21]). Table 1 summarized the properties of the foams
characterized in this study.

The density of the specimens was evaluated using the
weight (Ohaus, Explorer, 210 g £+ 0.1 mg) and physical

Table 1 Characteristics of the titanium foams characterized in this
study

A B C
Density (% theoretical) 51 51 51
Surface area (mz/g) 0.05 0.05 0.05
Total oxygen content (Wt%) 0.3 0.48 0.57
Oxide thickness (nm) 5 5 5
Oxygen in solution (wt%) 0.24 0.42 0.51
Yield strength (MPa) 129 162 178
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dimensions of the cylinders. Specimens were observed
with an optical microscope, a JEOL 6100 scanning electron
microscope (SEM), an Hitachi S-4700 field-emission gun
scanning electron microscope (FEG-SEM) and a X-Tek
HMXST 225 X-ray microtomograph (LCT). The specific
surface area was evaluated by gas adsorption (BET) using a
Micrometrics ASAP 2010 system with krypton as adsor-
bate. Oxygen content was evaluated using an inert gas
fusion technique with a LECO TCH-600 analyzer. The
amount of oxygen in the oxide film was estimated using a
method described in [21] based on the evaluation of the
weight gain associated with the formation of the oxide film
after the sintering treatment. The amount of oxygen in
solution was deducted from the total measured amount of
oxygen (LECO) and the estimated amount of oxygen in the
oxide film. Compression testing was done on a MTS
100 kN testing machine. Cyclic tests were done under
sinusoidal 10 Hz cycling (deformation rate of approxi-
mately 1 mm/s) and a load ratio (R = 0yijn/0max) Of 0.1.
The tests were ended either at a user defined deformation of
22.5% or at 5 x 10° cycles (defined as no rupture). The
cyclic tests were done on 11 specimens for materials A and
B and 6 specimens for material C. Monotonic tests were
performed at a crosshead speed of 1.25 mm/min to deter-
mine the effect of oxygen on the yield strength. Some tests
were interrupted at 22.5% deformation to compare the
level of damage (i.e. cracks) in the specimens deformed
monotonically with those deformed under cyclic loading.
Creep tests were also done under a static load (107 MPa) to
determine the creep contribution to the total deformation
under cyclic loading. All tests were done at room tem-
perature in air. Cumulative deformation and deformation
amplitude were measured using a platen-mounted LVDT
transducer (Intertechnology, Don Mills, Canada, model
0243-000).

3 Results

A general view of the cylinders before compression is
presented in Fig. 1. The specimens are 51% dense and
consisted in a continuous network of open porosity. The
pore diameters are typically between 50 and 400 pum, as
determined visually on the SEM micrographs. Pycnometry
measurements showed that the porosity is completely open.
Besides, the material has a granular structure associated
with the powder metallurgy process used. Polished cross
sections (Fig. 2) and SEM micrographs (Fig. 3a) reveal
that the particles are well sintered together. At high mag-
nification, fine surface features can be observed (Fig. 3b,
d). These features were produced by thermal etching during
sintering as a result of the evaporation/condensation and
surface diffusion of titanium occurring at high temperature

Fig. 1 Specimens characterized in the study a general view and b 2D
cross section obtained from the reconstruction of microtomographic
images

during sintering. These fine sub-micron features on the
surface of the material account for its high specific surface
area (0.05 m?/g as evaluated by BET). Accordingly, due to
the presence of the thin oxide film naturally formed on the
surface of titanium (typically 5 nm in the present case), the
thermal etching lines contribute to the total oxygen content
of the material.

The total amount of oxygen in the specimens produced
is 0.3, 0.48 and 0.57 wt% (Table 1). When the oxygen
contribution of the natural oxide formed on the surface of
titanium is taken into account (i.e. 0.06 wt%), the calcu-
lated amount of oxygen in solution are 0.24, 0.42 and
0.51 wt%. The total carbon content is approximately
0.3 wt%. Carbon comes mainly from the foaming agent
decomposition products. Carbon present in the foaming
agent reacts with titanium and forms biocompatible car-
bides during debinding and sintering (Fig. 2b). Table 1
summarizes the densities, surface area and composition of
the foam samples characterized in this study.

The monotonic compression behavior of the foam cyl-
inders containing 0.24 and 0.51 wt% O in solution is pre-
sented in Fig. 4. The curves are characteristic of
compression curve of ductile porous materials showing
three stages: the initial elasto-plastic loading, the plastic
deformation plateau and the consolidation stage at the end
of the compression tests. The vertical lines visible on the
curve come from unloading done during the compression
tests to evaluate the elastic modulus (not presented in this
study). The shape of the curves changes when the oxygen
content in solution increases. Indeed, the yield strength
(defined in this study as the intersection of the lines parallel
to the stage 1 and 2 in the monotonic compression curves)
increases significantly when the oxygen content in solution
increases, as reported in Fig. 5. In addition, the densifica-
tion stage occurs at larger deformation and the slope of the
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Fig. 2 Optical micrographs of
the polished cross section of a
0.24 wt% O specimen: a low
magnification and b high
magnification micrograph with
arrows pointing at carbides

Fig. 3 SEM micrographs of a
foam a low magnification, b
high magnification presenting
the etching lines on the surface
of the particles and ¢ high
magnification showing a close-
up at the submicronic thermal
etching lines

densification is smaller when the amount of oxygen
increases (Fig. 4).

While all specimens exhibited smooth curves typical of
ductile foams, only the specimens containing small amount
of oxygen (i.e. 0.24 wt%) deformed plastically up to the
end of the tests. Indeed, when the amount of oxygen in
solution is large, the specimens showed severe cracks and
small pieces of material were ejected during the tests.
Figure 6 presents specimens containing two oxygen con-
tents (0.24% and 0.51 wt%) that were submitted to 22.5%
deformation under monotonic loading, which is equivalent
to the maximum deformation limit imposed during the
fatigue tests done in this study. On one hand, the specimens
with 0.24 wt% O did not show apparent cracks at their
surfaces (Fig. 6a). The observation of the internal structure
of these specimens using microtomography (Fig. 7a) and
optical microscopy on polished cross sections (Fig. 7b)
confirmed that only few microcracks were formed after
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Fig. 4 Compression curves of titanium foams having two different
oxygen contents in solution
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Fig. 5 Effect of oxygen content in solution on the yield strength of
the Ti foams in compression and dense Ti in tension (from Refs. [7]
and [21])

22.5% deformation in the 0.24 wt% O specimens. On the
other hand, the specimens containing 0.51 wt% O in
solution had significantly more cracks visible on their
external surfaces (Fig. 6b) and in the internal structure after
monotonic compression.

The cumulative cyclic deformation curves for specimens
having two levels of oxygen in solution (0.24 and
0.51 wt% O) is presented in Fig. 8. At low stress level, the
average deformation increases monotonically. The final
cumulative deformation of the specimens is relatively low
and similar for both oxygen contents. No crack or micro-
crack was observed on the external surfaces or polished
cross sections. At higher stress levels, the cumulative
deformation slowly raises up to a point where it strongly
increases during the collapse stage.

Fig. 6 General view of

specimens after 22.5% a
deformation under monotonic
compression: a 0.24 wt% O and

b 0.51 wt% O specimens

The deformation amplitude at the beginning of the tests
(Fig. 9) is similar and is not affected by the oxygen content
because the elastic modulus is similar for all materials and
the applied stress is lower than the materials yield strength.
Prior to their collapse, the deformation amplitude is
approximately constant, in agreement with the cumulative
deformation curves shown in Fig. 8. However, during the
collapse stage, an increase of the deformation amplitude is
observed, again in agreement with the cumulative defor-
mation curves shown in Fig. 8. It should be noted that the
sudden decrease in deformation amplitude observed in
some of the longer fatigue tests (i.e. >1 x 10° cycles), as
observed in the 0.24 wt% O specimen tested at 83 MPa, is
related to a sudden displacement of the LVDT transducer
during the fatigue tests due to a lack of lubricant used to
prevent the friction between the pin and the cylinder of the
LVDT transducer.

The specimens that failed during the fatigue tests
(defined at 22.5% of cumulative deformation) show cracks
on their external surface for all oxygen levels (Fig. 10a, b).
Slices from pCT reconstruction showing the internal
structure of specimens having 2 different oxygen contents
(Fig. 10c, d) present the formation of crush bands and
internal cracks (45° to the loading direction). Evidence of
cell collapse in the direction parallel to the applied stress
can also be observed. The metallographic cross sections
show several microcracks distributed throughout the spec-
imens (see arrows in Fig. 11). The crack propagation does
not seem, however, to be affected by the presence of the
carbides. In fact, the cracks propagate at the necks between
former powder particles but also within the particles. Very
few cracks are located in the vicinity of the carbides.

The total cumulative deformation as a function of the
loading time for foam specimens containing 0.24 wt% O in
solution tested at 107 MPa under cyclic loading (fatigue,
10 Hz, R =0.1) and tested at 107 MPa under static
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Fig. 7 Cross section of the
0.24 wt% O specimens after
22.5% deformation under
monotonic compression a 2D
microtomography cross section
presenting the general view of
the specimen and b polished
cross section presenting a closer
view of the microstructure
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Fig. 8 Cumulative deformation versus cycle at different applied
stresses for foams containing different amounts of oxygen in solution:
a 0.24 and b 0.51 wt% O

loading (creep) is presented in Fig. 12. The cyclic curve
presents three stages (i.e. creep like, creep + crack initia-
tion and propagation, crack coalescence). Beside, the static
curve has only one stage and is linear. The slope of the
static curve is similar to the slope of the initial portion of
the cyclic curve.
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Fig. 9 Deformation amplitude versus cycle at different applied
stresses for foams containing different amounts of oxygen in solution:
a0.24 and b 0.51 wt% O

The S—N curves for materials with three levels of oxy-
gen in solution (0.24, 0.42 and 0.51 wt% O) is presented in
Fig. 13. The number of cycles to failure criteria is defined
as the intersection of the lines adjacent to the first and third
stage of the cumulative deformation vs. cycle curves. No
clear difference between the three series of specimens,
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Fig. 10 Specimens at the end
of the fatigue tests at 107 MPa
(22.5% total deformation): a
general view of the 0.24 wt% O
specimen, b general view of the
0.51 wt% O specimen, ¢
internal structure of a 0.24 wt%
O specimen observed by
microtomography, d internal
structure of 0.51 wt% O
specimen observed by
microtomography

Fig. 11 Polished cross sections
of the specimens at the end of
the fatigue tests at 107 MPa
(22.5% total deformation):

a 0.24 wt% O specimen and

b 0.51 wt% O specimen (arrows
are pointing at microcracks)

containing 0.24, 0.42 and 0.51 wt% O, is observed in
Fig. 13a. When all the specimens are considered, the fati-
gue limits all fitted in the 92 MPa £ 12 MPa range. The
normalized S—N curves presented in Fig. 13b suggest a
difference in fatigue behavior between the lowest and
highest oxygen contents (0.24 vs. 0.51 wt% O). It should

be noted that the specimens containing 0.42 and 0.51 wt%
O did not show a different behavior in fatigue, probably as
a result of their yield strengths that did not differ signifi-
cantly (approximately 10%).

The fracture surface observed on specimens containing
0.24 and 0.51 wt% O (Fig. 14) shows that in both cases,
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Fig. 12 Cumulative deformation versus time curves for specimens
containing 0.24 wt% O in solution under two different charging
modes: static (i.e. creep) and dynamic (10 Hz, R = 0.1)

quasi-cleavage is observed. However, ductile dimples were
also observed on the fracture surface of the specimens with
the lower oxygen content (i.e. 0.24 wt% O). This is con-
sistent with observations done under monotonic compres-
sion testing [21].

4 Discussion

The amount of oxygen in solution has a clear effect on the
compression behavior of the titanium foams under mono-
tonic loading. While the smooth compression curves sug-
gest that both materials are ductile, the specimens with
smaller oxygen content (i.e. 0.24 wt% O) were signifi-
cantly more ductile, which limited considerably the for-
mation of cracks during monotonic deformation. The
titanium foams containing larger amount of oxygen are
more brittle, which leads to the formation of cracks that
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propagate during deformation. The formation of cracks and
the damage of the specimens during monotonic compres-
sion postpone the densification stage and cause the slope of
the densification stage to be smaller (Fig. 4). Indeed, the
effective cross section of the specimen contributing to the
densification at the end of the tests was smaller in the
brittle specimens.

The increase of the yield strength with the oxygen
content is consistent with observations done on dense
titanium where the yield strength () in tension typically
increases from 170 to 480 MPa when the oxygen content
increases from 0.18 to 0.4 wt%. Direct comparison cannot,
however, be done since the deformation mechanisms of
porous materials in compression are very different from
those observed during the deformation of dense materials
in tension.

The cumulative cyclic deformation curves are composed
of three stages. The first stage corresponds to a linear
regime, where the average deformation is increasing at a
constant rate and the deformation amplitude is relatively
constant (Figs. 8, 9). The deformation rate during this stage
is similar to the one observed during the creep test
(Fig. 12). This suggests that “creep like” deformation or
ratcheting occurs during the initial portion of the com-
pression—compression fatigue tests. This behavior has been
reported for other types of metallic foams [22]. The second
stage of the cyclic loading curve is observed when the
cumulative deformation rate increases and the curve
deviates from linearity. During this stage, cracks are initi-
ated at different locations in the specimens but do not
propagate rapidly as a result of the heterogeneous structure
of the foams. In the present case, cracks in cell walls are
stopped by pores or windows in the structure. The rupture
of the cell walls forces the redistribution of the internal
load, which leads to the formation of new cracks. Even-
tually, the increased concentration of microcracks leads to
crack coalescence and the rapid collapse of the specimens.
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Fig. 13 Fatigue data for titanium foams with 0.24, 0.42 and 0.51 wt% oxygen in solution: a maximum stress and b maximum stress relative to

the yield strength
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Fig. 14 Fracture surfaces after
cycling a 0.24 wt% O in
solution, b 0.24 wt% O in
solution at higher magnification,
¢ 0.51 wt% O in solution

18KV }Hwiﬁ'ﬁ o 18rnNHD24

This corresponds to the onset of the third stage observed in
Fig. 8. While all specimens have cracks distributed in their
structure after 22.5% of cyclic deformation, the presence of
large cracks and the formation of debris during the tests
were more important in the specimens containing higher
oxygen content, due to their more brittle nature. Difference
in ductility were in fact observed on the fracture surface of
the specimens (Fig. 14). It was, however, difficult to
extract much information from the fracture surfaces since
the loading and deformation patterns in these porous
materials are very complex and fracture surfaces are par-
tially damaged during the tests.

The slope of the third stage is steeper in the foams with
higher oxygen content, indicating a faster collapse in these
specimens. While microcracks were observed in the spec-
imens that failed during the cyclic tests at 107 MPa, mi-
crocracks were not observed in the specimens exposed to a
107 MPa static load for the same period of time. Accord-
ingly, their formation is directly associated with the cyclic
deformation mode observed during the fatigue tests.

It is recognized that porous metals and metallic foams
behave differently than dense materials under static and
cyclic loading. In foams, cyclic creep or ratcheting can be
observed under non-zero mean stresses [22]. In compres-
sion-compression fatigue (load ratio >1), large cumulative
plastic strains gradually develop and the material behaves
in a quasi-ductile manner. The underlying mechanism is a
combination of distributed cracking of the cell walls and
edges and cyclic ratcheting under non-zero mean-stress
leading to a progressive crushing of the cells [22].
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The effect of the amount of oxygen in solution on the
S—-N curves (10 Hz, R = 0.1) is not important for the
materials and oxygen range investigated in this study
(i.e. 0.24-0.51 wt% O), despite the fact that the foams with
higher content of oxygen are more brittle. However, when
the maximum stress is divided by the yield strength of the
foam, an effect of oxygen in solution can be observed. The
relative fatigue limit of the 0.24 wt% O foams is approx-
imately 70% of its yield strength while that of the
0.51 wt% O foam is approximately 52% of its yield
strength. These observations suggest that the fatigue limit
is not only affected by the yield strength but also by the
ductility. This finding differs from observations reported in
the literature on dense titanium in tension, where fatigue
limit are generally 65-70% of the yield strength of the
materials. For example, Lutjering and Williams [23]
showed that the high cycle fatigue in tension (R = —1) at
107 cycles of grade 3 (0.35 wt% O) and grade 4 (0.4 wt%
O) titanium increases with the oxygen content and that the
fatigue strength is approximately 70% of the yield strength
of the material. Conrad [3] compiled the results from
various investigators on the fatigue limit of dense titanium
with oxygen content varying between 0.1 and 0.37 wt% O
and showed that the fatigue limit is generally around 65%
that of the yield strength.

This difference between the fatigue behavior in tension
of dense titanium and that of titanium foams under com-
pression may be attributed to the different deformation
modes observed. During cyclic loading of metallic foams
under compression, the stresses are not uniformly
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distributed in the specimens and lead to simultaneous
compression, tension and shear loading. Fatigue cracks are
formed in various areas of the foam depending of the local
load path. The failure of a cell wall forces the load path to
be transferred to other portions of the specimen. Due to this
mechanism, the specimen can support a significant number
of cycles before failure occurs. However, when a suffi-
ciently high density of microcracks is reached, crack coa-
lescence is observed, which leads to the formation of larger
cracks, generally at 45° with respect to the loading direc-
tion. Portions of the structure can then detach and be
ejected, which leads to a reduction of the specimen cross
section. This second failure mechanism could explain the
influence of ductility on the fatigue behavior of titanium
foam and, therefore, the effect of oxygen on the relative
fatigue limit.

The fatigue limit at 5 x 10° cycles of the specimens
characterized in this study fits in the 92 MPa £ 12 MPa
range. These values are significantly larger than those
observed with other metallic foams (Ta and Ni-Ti) inten-
ded for orthopedic applications [16-19]. This may be
partially attributed to the higher relative density of the
specimens characterized in this study. The values obtained
are also significantly larger than the fatigue limit observed
for dense cortical bone [24-26] and should be sufficient for
the design of various structural and load bearing biomed-
ical devices. Besides, the fatigue limit cannot be simply
predicted from the yield strength of the material since the
fatigue limit is not only linked to the yield strength of the
material.

5 Conclusions

Titanium foams with different oxygen contents were
characterized to evaluate the effect of oxygen on their
compression behavior under static and cyclic loading.
While the results obtained showed that oxygen in solution
has a significant impact on the yield strength and the
ductility of the foams, the effect of oxygen on the S-N
curves (10 Hz, R = 0.1) is not important for the materials
and oxygen range investigated in this study (i.e. 0.24—
0.51 wt% O). This is attributed to the combined effect of
the increased yield strength and the reduction of the duc-
tility when the oxygen content increases. This finding
differs from observations reported in the literature on dense
titanium in tension, where fatigue limits are approximately
65-70% of the yield strength of the materials. During
cyclic loading, the deformation of the foams is a combi-
nation of creep-like deformation and fatigue. During the
initial stage of deformation, creep-like or ratcheting is the
predominant deformation mechanism up to the appearance
of microcracks distributed uniformly in the specimens. The

@ Springer

coalescence of the cracks appears to be the governing
mechanism for the final failure of the specimens. The
fatigue limit at 5 x 10° cycles in the range 92 MPa =+
12 MPa were obtained for all specimens characterized in
this study. This is significantly larger than the fatigue limit
generally observed on other metallic foams intended for
orthopedic applications as well as on dense cortical bone.
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