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The fracture behavior of titanium open foam is characterized and the R-curves of crack propagation
from pre-cracks are measured. The crack growth has been optically observed, the measured initiation
toughness, Jic, has been analyzed and the effect of material morphology on the Jic is discussed. The fracture
toughness was found to be dependent on the expanding crack bridging zone at the back of the crack tip.

The compact tension specimens also have some plastic collapse along the ligaments and it has shown
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that the titanium foam with a higher relative density is tougher. The non-uniform stressing within the
plastic zone at the crack tip and the plastic collapse of cell topology behind the tip was found to be the
primary cause of the R-curve behavior in low relative density titanium foams.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Solid metal implants such as solid titanium with a porous coat-
ing have been used widely in the past to improve bone-implant
interface. These porous coated implants with rough surfaces can
prevent encapsulation and loosening of the implant and therefore
promote long-term interface strength [1]. Solid titanium also has
outstanding properties of high strength, low weight, and excep-
tional corrosion resistance and can be used for a diverse range of
medical implants. The disadvantage of this material for implanta-
tion is its high stiffness compared to the bone. When an implant is
much stiffer than the bone, the stress is removed from the bone and
causesreduction in the bone mass and therefore resorption of bone.
This phenomenon is known as stress shielding [2-4]. For load bear-
ing applications, biomaterials need to have a close stiffness to the
bone as well as high strength and toughness. The matched stiffness
will help to avoid the stress shielding problems [5,6].

In a previous study we have shown that titanium foam with rela-
tive density of about 0.40 has a close stiffness to several important
bone types within the skeletal system [7]. Other than the foam'’s
stiffness and strength, the fracture toughness of biomaterials is an
important material property that needs to be examined prior to
clinical studies. Sufficient fracture toughness is necessary to pre-
vent the prostheses from fracture inside the human body.
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Fracture mechanics testing indicates the amount of stress
needed to propagate a pre-existing flaw, which is especially impor-
tant in a foam material as it already includes many flaws because
of its porous structure. At present there is limited literature
on the mechanical properties of biocompatible titanium foams.
Imwinkelried [8] has studied mechanical properties via compres-
sion, tension, and classical fatigue testing using the S/N approach,
on titanium foams. Teoh et al. have studied the effect of pore sizes
on the fracture toughness of titanium foams with relative densities
of 0.915 and 0.65 compacted at 0.17 and 0.62 GPa [9]. The fatigue
behavior of titanium foams must be considered as they are very
important in classifying the potential in orthopedic applications.
However, to date, no advanced fracture mechanics study on low
relative density titanium foams has been reported.

There are multiple processes that have emerged on titanium
foam manufacturing, such as plasma-spray method with chemical
and thermal treatments [10], hot isostatic pressed method back-
filled with argon gas [11,12], Mg particles used as spacer [13],
directional freeze-casting [14], and powder metallurgy method
[15]. The latter method [15] using ammonium hydrogen bicarbon-
ate particles as the spacer to fabricate porous metals as implant
material has been applied here. This method has been used for
our purpose as it is an appropriate technique for making foams
from materials with high melting point such as titanium. Another
advantage is that the pore distribution and pore parameters are
also controllable with this simple method.

In this study the fracture toughness of titanium foams man-
ufactured via the powder metallurgy process with variable high
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Nomenclature

a; crack size at the end of an unloading/reloading
sequence

b; uncracked ligament size at the end of an unload-
ing/reloading sequence

Apl area of  the plastic deformation in
load-displacement diagram

Aa crack extension

B specimen thickness

E plane strain Young’s modulus

EPFM  elastic-plastic fracture mechanics

J J-integral (measurement of fracture toughness
using EPFM)

Jic initiation fracture toughness

Jpl J-integral of the plastic deformation

K stress intensity factor

Kic plane strain fracture toughness

P load

P; current load during the test

u displacement

v Poisson’s ratio

w width of the specimen

porosities are discussed in terms of cellular structure and edge. The
initiation toughness, Jic, was measured and used to calculate the
fracture toughness, K¢, of the foams. The fractured compact tension
titanium samples were analyzed by scanning electron microscopy
(SEM). These values are compared against a range of skeletal com-
ponents from literature.

2. Experimental procedures
2.1. Specimen materials and manufacturing

To produce open porous titanium material, the sintering of com-
pacted mixtures of metal powder and space holder material, is one
of the most promising methods, which can produce pore sizes from
micrometres to millimetres [ 16]. The space holder method has been
applied by Teoh et al. [9], Wen et al. [15], Imwinkelried [8], and
Kashef et al. [7].

Commercially available titanium powder was used as metal
powder. Titanium powder with the purity of 99.9%, average parti-
cle size of 45 pm, and irregular morphology was used. Ammonium
bicarbonate, NH;HCO3 was used as space holder material for fab-
rication of metal foams. This powder is white with angular shape.
The particles with purity of 99.0% were chosen with the size of
500-800 wm by sieving as this fraction of space holder generates
suitable pores for bone ingrowth. The spacer material was chosen
based on its chemical properties such that the spacer decomposes
totally at a low temperature.

To get open pore with required properties, powder, green body,
and sintering processes should be controlled. The production steps
may be listed as [7]:

1. Mixing of the fine titanium powder with the space holder sub-
stance.

2. Pressing of a green body under 200 MPa pressure at room tem-
perature.

3. Removal of the space holder by heat treatment at 100 °C for 10 h.

4. Sintering at high temperature of 1120 °C for 7 h by using vacuum
furnace.

The relative density values were taken by weighing the samples.
Titanium foams with relative densities of 0.30 (70% porosity) and
0.40 (60% porosity) were investigated here. The compact tension
specimens measuring 16 mm x 15.36 mm x 6.4 mm (Fig. 1) were
wire cut from 44 mm x 16 mm x 6.4 mm foam panels and then pre-
cracked as explained in ASTM E1820-08, the standard test method
for measurement of fracture toughness of metallic materials [17].
The advantages of wire cut are its small kerf to cut through softer
materials, and its precise cut. The disadvantages of this method
are that the cutting is done at slower speed and it is rather expen-
sive; however, it is an appropriate cutting technique for porous
materials.

2.2. Fracture toughness test

The fracture toughness testing was performed at room tempera-
ture using a MTS servo-hydraulic testing machine at a displacement
rate of 0.01 mm/s. In accordance with the ASTM E1820-08, this
test method is for the opening mode (mode I) of loading. In this
test method, a fatigue pre-cracked specimen was loaded to induce
crack extension while continuously measuring force versus dis-
placement.

There are two different procedures for measuring the crack
extensions: the basic procedure and the resistance curve proce-
dure. For basic procedure multiple specimens are used to obtain a
single point initiation toughness value. The resistance curve pro-
cedure determines multiple points from a single specimen and the
data are used to develop an R-curve. The resistance curve procedure
was used for our purpose.

2.3. Plane strain and initiation fracture toughness

The initiation fracture toughness Jic and the plane strain fracture
toughness Kjc were measured using three repetitions of the single
specimen method described in ASTM E1820-08. A key advantage of
this method is the ability to estimate both the J-integral and the Kj¢
for the same specimen. The specimens were unloaded and reloaded
during the tests. From the load P versus load-line displacement u
response of the specimen, the J-integral versus crack extension Aa
response was calculated and plotted. In addition, digital images of
crack tip growth were taken from both sides of the samples. The
crack tip growth was measured with reference to unit length mark-
ers on each sample. The average of crack length at front and back of
the sample was used as the average physical crack size from image
processing technique.

J-integral represents a way to calculate the strain energy release
rate per unit fracture surface area of the material [18]. The J-integral
can be divided into J-integral of elastic and J-integral of plastic (Eq.

(1))

K (1 = 12
Jtotal = ]elastic +]plastic = (1)(}:—7)
2.0+ 0.522b;_1 /W \ Apii) — Api(i—1)
+ |;]p](i])+ ( biil 1 5
x {1(1.0+0.76bi_1/W) (“’;al”ﬂ (1)
i

The Poisson ratio v is assumed to be 0.3 [19] and E, the Young’s
modulus was found from the elastic unloading compliance tech-
nique of the compact tension specimens. W is specimen width, B
is the specimen thickness, g; is current crack size, b; =W — q; is the
current uncracked ligament, and Ay, is the plastic deformation area
in load-displacement graph. The highlighted region in Fig. 2 rep-
resents the plastic area increment (Apy;) —Apyi— 1)) for resistance
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Fig. 1. Sketch and dimensions of compact tension titanium foam.

curve on a load-displacement diagram.
K;j is calculated from

P;
= BWO.5

P; is the maximum load, a=a;/W, and

K; f(a) (2)

(2 +a)(0.886 4 4.64a — 13.32a% + 14.72a® — 5.6a*)

fla)= A0

(3)

The obtained Jic was conventionally converted to Kc by using
Egs. (4) and (5) [17].

Kic = \/JicE (4)

, E
E = = (5)
E’ is the plane strain Young’s modulus.

At least eight samples were tested for each material. The crack
extension measurement was carried out by image processing
method and compliance technique according to section 8 of ASTM
E1820-08. For both analysis techniques, each measurement was
carried out at least three times for each sample within experimental
error of less than 2%. The statistical analysis of the data has shown
the degree of error below the 5% confidence level. Therefore, the
data are statistically significant.

Load

-
»

Displacement

Fig. 2. Load-displacement graph for resistance curve J calculation.

3. Results
3.1. Analysis of mechanical behavior of foams

There are two parameters that affect the mechanical behavior
of metallic foams. One is the properties of the solid material, and
the other one is the architecture of cells such as density, size and
their open or closed structure. The yield strength oys was measured
by tension testing to be 61.1 and 56.4 MPa for relative densities of
0.40 and 0.30, respectively. The density and elastic modulus of the
cell walls chosen to be those of solid titanium, which are 4.5 g/cm?
and 116 GPa, respectively [20].

3.2. Fracture response

The J-integral versus crack extension Aa curves are shown in
Fig. 3 for titanium foams with relative densities of 0.30 and 0.40.
The crack blunting lines on the J-Aa plots are given by Eq. (6),
where oys is the tensile yield strength of the foam.

J=20ysAa (6)

where these blunting lines intercept the J-curve, a conditional value
of Jic was found. The Jic for relative density of 0.40 was 2.4 kJ/m? and
for relative density of 0.30 was 1.3 kJ/m2. By using Eq. (1), the plane
strain fracture toughness (Kjc) was found to be 7.0 MN m—3/2 for
p = 0.40 and 4.0 MNm—3/2 for p = 0.30. In comparison, the Kic of
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6.0 0.2 mm offset titanium foam
oluatingfine 60% porous
5.0- titanium foam
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~
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Fig. 3. J-curve for compact tension titanium foams with relative densities of p =
0.40 (60% porous) and p = 0.30 (70% porous). The crack length measurement is
carried out using unloading compliance.
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Fig. 4. Effect of relative density on E, Kic, and Jic of titanium foams, using power law
fits (A = Bp©).

solid pure titaniumis 75 (+£11) MN m~3/2[21], which is significantly
higher.

3.3. Data analysis of power law

An important parameter of the metal foams, which may affect
the initiation toughness, is their relative density. The initiation
toughness Jic measured from experimental results based on ASTM
E1820-08 is shown in Fig. 4. In addition to Jic, the Young’s mod-
ulus E and also the values of plane strain fracture toughness Kic
are shown in Fig. 4. As relative density increases, the values of Jic,
Kic and E also increase. The maximum values for these parameters
were obtained at p = 1 which corresponds to solid titanium ((Jic)s,
(Kic)s, Es) [22].

R e T LA A
Observed
crack tip

A cell edge bridges
near the crack tip

Main crack follows the weakest
path and changes dlrectlon

Various types of curve fit could be used to represent the exper-
imental data in Fig. 4; however, the best fit is obtained with power
law (A = Bp©) for all three properties (Jic, Kic and E). This illustrates
that as p — 1, Jic, Kic and E increase towards their maximum pos-
sible values (corresponding to titanium solid). In case of Young’s
modulus E, a polynomial curve fit could also be used to represent
high relative densities, but at lower relative densities polynomial
functions predict unexpectedly high values for E, which is unrealis-
tic for a foam material. In addition to relative densities of 0.40 and
0.30, the toughness value for relative density of 0.65 obtained from
a study by Teoh et al. [9] follows the power law trend as shown in
Fig. 4. The power law fit had also been used and shown to be valid
for aluminum foams by McCullough et al. [23].

4. Discussions
4.1. R-curve behavior and crack bridging

The toughness testing on compact tension specimens showed
a considerable R-curve behavior. There are two types of factors
affecting the R-curve. The first one is the intrinsic factors which
are due to the base material properties, its inclusions and impuri-
ties. The other is the extrinsic parameters which are due to foam
properties such as relative density, morphology and complexity
of cell structures behind the crack tip, in the surrounding areas
and in the crack wake. The toughening mechanism due to extrin-
sic factors causes a reduction on the stresses at the crack tip by
sustaining part of the applied load, and consequently resisting the
crack growth. The scales of strain in these fracture toughness tests
verified that the titanium foams have good ductility besides some
plastic collapse crosswise the ligaments.

The J-tests confirmed that the crack bridging ligament was
present in the beginning of the advancing crack tip and cell faces
failed in advance of the crack tip. The crack bridging phenomenon

Cell edge
fails and
crack grows

Fig. 6. SEM images of compact tension specimens of 70% porous titanium foams.
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could be the primary cause of the R-curve behavior here. The
crack bridging is caused by regions of uncracked material spanning
the crack wake. As the main crack advances non-uniformly and
micro-cracks link imperfectly, the bridging happens in the form of
uncracked struts or cell wall faces that are left behind the crack tip.

4.2. Micrographs of compact tension titanium foams

In toughness tests, after a peak load, there were some cracks
around the edge corners of the notch tip. The same feature had
been seen in closed-cell Alporas and Alulight foams by McCullough
et al. and Olurin et al. [23-25]. After a certain number of cycles,
a dominant crack spreads down the centerline. This crack seemed
to follow the weakest path. Scanning electron microscope (SEM)
images are shown in Figs. 5 and 6 for a crack propagating in titanium
foams with relative densities of 0.30 and 0.40, respectively. These
images show that ahead of the observed crack tip, the failure of cell
faces is apparent. Since the crack tip was established by damaged
foam, it was difficult to be very exact about the location of the crack
tip.

4.3. Comparison of titanium foam’s fracture toughness to
different materials

For evaluating this porous material for different purposes, the
toughness results are compared against some skeletal parts [26-29]
for biomedical applications. Porous titanium foams with relative
densities of 0.40 (Kic =7 MN m~3/2) and 0.30 (K;c =4 MN m—3/2) have
higher toughness values, although similar in order of magnitude, to
Kic of cancellous bone (1.5 MN m~3/2) and dentine (2.5 MN m~3/2)
[27,28]. Kic of cortical bone (3.5 MN m~3/2) [26,29] is very close to
Kic of porous titanium foams with relative density of 0.30.

Titanium foams present a favorable combination of mechani-
cal properties and fracture toughness that make them suitable as
structural implant materials for bone replacement.

5. Conclusions

The fracture toughness of titanium foams have been measured
and explained in terms of morphology. It is known that data which
result in Jic value is independent of in-plane dimensions of the
specimen. In this range of relative densities, the titanium foam
with higher p (lower porosity) is tougher than the titanium with
lower p (higher porosity). This shows that the plane strain frac-
ture toughness increases with relative density. Also, the compact
tension titanium specimens have some plastic collapse along the
ligament. Titanium foams with densities between 0.30 < p < 0.40
not only have a matched stiffness to various body parts such as den-
tine and cancellous bone [7], but also seem to be appropriate choice
for implant’s material selection from fracture toughness point of
view.
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