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a b s t r a c t

This paper presents a novel method for fabrication of bone-like Ti6Al4V foamy core@compact shell
composite for utilization as substitutive implant for cortical bone having porous core. Seven prototypes
with core-diameters of 0, 6, 8, 10, 12, 14 and 16 mm surrounded by dense shells of respective thicknesses
8, 5, 4, 3, 2, 1 and 0 were produced by an innovative two-stage packing/compaction sintering method.
Density, porosity, Young's modulus and compression strength of the prototypes depended on the core
diameter. Mechanical strength and Young's modulus of 10@16 (10 mm core, 16 mm diameter prototypes)
resembled that of the human ulna bone. Creation of foam at the center was achieved by carbamide
powder space holder. Sintering potential model of porous spaces was a basis for heat treatment. Yield
strength and Young's modulus of the prototypes ranged from 501 MPa to 46 GPa in the compact shells
and 7 MPa to 2 GPa in the foamy cores of the composite samples. Final products contained 8e65%
porosity with 1.45e2.84 g/cm3 theoretical density which were within the range of the real human bone.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Titanium based foams are widely used as hard tissue implants
due to suitable specific strength, excellent corrosion resistance and
good osseointegration [1e4]. In order to fabricate porous struc-
tures, previous investigators have used powder metallurgical and
space holder techniques with sodium chloride [5e8], ammonium
hydrogen carbonate [9], magnesium powder [10], polymer gran-
ules [11e13], starch [14], carbamide [15,16] and steel wires [17,18]
for foam production. Studies on the effect of size and shape
[19e21] and the amount of porosity [22] on properties of the
products have been made.

Kim et al. [23] have used a multiple electro-discharging method
for fabrication of Ti hybrid compacts consisting of solid core and
porous outer shell. Poor controllability of porosity and pore-size
plus high process expense are two shortcomings of this method.
Lim et al. [24] have used powder metallurgical method for pro-
duction of specimens having dense core and porous shell. They
used Ti6Al4V alloy wires as dense core and space holder for pro-
duction of the porous outer layer. Their results showed that implant
compacts with porous-shells had much higher compressive
haad).
strength than human bones; while the sudden change from solid
core to the porous shell caused stress concentration at the corej-
shell interface. In general, fully dense core of these samples
developed stress shielding complications. Noncompliance with the
real bone structure was another undeniable problem of these
methods.

Most previous works have been focused on fabricationmethods,
sub-features (pore size and shape) and porosity within a simple
uniform media, regardless of the actual bone bilayer structure. No
studies have been found tomatch the exact bone structure. While it
is obvious that each bone configuration definitely plays a key role in
properties and implications of the biological implants. Our aim has
thus been defined to study the design and manufacture of a bone-
like configuration with foamy cores of different diameters sur-
rounded by compact shells. The prototypes are to play the role of a
spongy cortical bone with consolidated surface layer. The method
of fabrication of foamy core@compact shell Ti6Al4V alloy is firstly
devised and the mechanical behavior of the produced samples is
then evaluated.
2. Experimental procedure

Sieved carbamide powders of 250e500 mm supplied by Merck
KGaA were employed as space holder. Ti6Al4V milled powders
(<63 mm) produced from fillings of Ti6Al4V ELI (TIMET Ltd., USA)
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Fig. 1. Ti6Al4V powder produced by high-speed ball milling of filings made from
Ti6Al4V Grade 5 rod: (a) FE-SEM image and (b) XRD pattern.

Fig. 2. Procedure for manufacturing of the foamy core@compact shell Ti6Al4V bone-like sam
green core compacts in the largest die, (4) secondary cold press at 500 MPa and (5) heatin
interpretation of the references to color in this figure legend, the reader is referred to the
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rods were used as base material. Fig. 1a shows the field emission
scanning electron microscope (FE-SEM) image and Fig. 1b the X-ray
diffraction pattern of the milled Ti6Al4V powder used in this
research.

Mixture of Ti6Al4V and carbamide particles were cold pressed at
5 MPa into smaller diameter dies to produce foamy core green
compacts. The prepared compact was placed in center of the
biggest die (16 mm) and around it was filled with pure Ti6Al4V
powder. High pressure (500 MPa) cold press was used to produce a
16 � 12.8 (diameter � height) mm green specimen based on the
standard compression test of metallic materials at the room tem-
perature (E9-89a, ASTM). Fig. 2 shows the procedure, schematically.

Temperature was raised from room temperature to 200 �C with
a rate of 3 �C/min slow enough to avoid sudden evaporation of the
space holder and possible destruction of the cell walls. The tem-
perature was then increased under 10�5 torr vacuum pressure to
1200 �C and held constant for 3 h for sintering of the samples
without any undesirable alloy oxidation.

Archimedes' principle was utilized to determine density and
porosity of the samples. The sample was immersed into the boiling
paraffin (120 �C) for 2 h for liquid paraffin impregnation of the open
pores. Morphologies of the core@shell structures were inspected by
scanning electron microscopy (SIGMA/VP ZEISS). Compression
tests were carried out with universal testing machine (SANTAM
STM-150, Iran) of 15 kN capacity at a crosshead speed of 0.2 mm/
min. Yield strengths and elastic moduli of the porous samples were
determined using 0.2%-offset method and from curves fitted to the
linear elastic regions of the stressestrain curves.
3. Results and discussion

Sintering is known as the most important manufacturing step of
powder metallurgy method which affects the shrinkage of the
samples. It depends on temperature, time, heating rate, cooling
conditions and possible phase transformation processes. Since
prepared green samples contained both Ti6Al4V metallic powder
and carbamide grains which had different heat behaviors, a two-
ple: (1) mixing the powders, (2) primary cold press of the inside cylinder, (3) placing
g the green sample to remove the space holder and to consolidate the specimen. (For
web version of this article.)



Fig. 3. (a) Heat treatment steps of Ti6Al4V foamy core@compact shell samples: (i) initial step is related to carbamide removal and (ii) Ti6Al4V powder sintering at higher tem-
peratures. Separation of porous core from compact shell occurs when the sample is held at 1200 �C for longer than 1 h. (b) FE-SEM micrograph of foamy core@compact shell sample
sintered at 1200 �C for 3 h. More shrinkage of porous core compared to the compact shell in too long a sintering time causes delamination at the corejshell interface.

Fig. 4. Schematics of top surface of the foamy core@compact shell samples sintered for
(a) proper enough and (b) too long a sintering time. (c) Proper time selection for
sintering of different pore-size regions. Notice that the large-pore areas exhibit slower
sintering than the small-pore regions. Appearance of the delamination region is due to
higher shrinkage of porous core as compared to the compact shell because of too long a
sintering time.
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step heat treatment procedure was deduced for removal of
carbamide particles (1st step) and sintering of the titanium alloy
powders (2nd step). Based on differential thermal analysis of
carbamide and sintered Ti6Al4V powders, heat treatment proce-
dure used in this research included the following two steps: (1) 1 h
at 200 �C for removal of carbamide and (2) 3 h at 1200 �C followed
by furnace cooling. In this step, sintering of titanium occurs. It has
also been used by previous authors [16,19,25,26] to assure good
connection of Ti6Al4V particles together. Experimental results
primarily showed that separation (delamination) of the porous core
from the compact shell accompanied with considerable core
shrinkage under this condition. FE-SEM micrograph inspection
showed that excessive holding time of 3 h at 1200 �C caused
delamination of the heterogeneous regions, as illustrated in Fig. 3.

Separation of porous core from dense shell is a major drawback
in bilayer prototype manufacturing. Based on the investigations
already conducted by Cocks [27], it is understood that the differ-
ence in the pore size of the core and the shell regions is the main
cause of difference in the sintering and shrinkage rates. The Gibbs
free energy change of the regions containing spherical pores can be
evaluated by Ref. [27]:

dG ¼
�
2gsð1� cosqÞ

r
� Sm

�
dV (1)

where dG is Gibbs free energy change, dV is volume change, gs is
the surface tension, q is half of the dihedral angel, Sm is the mean
stress and r is the pore radius. Since spherical pore volume in-
creases by the following arbitrary amount:

dV ¼ rdA=2 (2)

dG can only be negative when [27].

Sm � 2gsð1� cosqÞ
r

¼ Ss (3)

where Ss is the sintering potential which only depends on the size
of the large pores while it is independent of the grain size and the
other factors responsible to the densification mechanisms [27]. It is
clear from Eq. (3) that the sintering potential is inversely propor-
tional to the pore radius. In other words, sintering of the compact
shells having small pores is faster than the cores hosting very large
pores. According to the Cocks model, the compact shells are
sintered before the porous cores. This means that at the same time
when the porous cores are passing the shrinkage stage, the
compact shells are in their final step of sintering procedure which
has a slow rate. In order to have good connection between different
pore size regions, sintering should be completed in a time interval
(Dt) in between the time required for sintering of the mixed
powders and large pore size area shrinkage.

As mentioned previously, a delamination region appears at the
corejshell interfaces in case of too long a sintering time due to the
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higher shrinkage of the porous core in comparison to the compact
shell which helps reduction of the surface energy.

It is generally believed that shrinkage increases with sintering
time [28]. But despite the great number of experimental and
theoretical investigations carried out on bimodal porous materials
shrinkage due to sintering, no accepted single opinion does exist on
the influence of pore size distribution and ration on kinetics of the
process.

Olevsky [29] has presented, for example, small and large pore
size growth against the specific sintering time (t):

dRP
dt

¼ RPð1� qÞ2
2ðP� 1Þ

�
1þ ðk� 1ÞP

3j
þ k
2f

�
(4)

drP
dt

¼ � rP
4ð1� qÞ (5)

t ¼
Z
t

PL
h
dt (6)

where PL is the Laplace pressure, h is the effective shear moduli, t is
the real time of sintering, k is the ratio of small (rp) to large (Rp) pore
radii. P is the volume fraction of large pores, 4 and j are described
by the following equations [29]:
Fig. 5. (a) Epiphysis of an adult long bone [24]. (b, c) Scanning electron microscopy images
core consisting of macro- and micro-pores and (ii) compact shell with micro-pores. The m
incomplete sintering of the sample, respectively.
f ¼ ð1� qÞ2 (7)

j ¼ 2=3
ð1� qÞ3

q
(8)

where q is the volume ratio of the pores (Vpores) to the whole
sample (Vtotal).

In order to determine the kinetics of the shrinkage of the porous
region, quantification of fundamental parameters like Laplace
pressure, effective shear moduli, q and pore diameters are neces-
sary. It should be noted that according to Eq. (1), the large-pore
diameter increases by the sintering time which confirms a
disputable theory [29]. However, Pan et al. [30] have recently found
out that the large pores of a powder compact have shrunk during
sintering. They have given the following equation for kinetics of
shrinking of the large pores:

dR
dt

¼ �1þ m

2h
R31p

R32 � R31

R32
R2

� 12m
h

 
R31p

R32 � R31
þ ss

!
R (9)

where m represents the Poisson's ratio, h is the unidirectional vis-
cosity of the shell matrix, ss is referred to as the sintering stress, R1
and R2 describe large pore and under-study shell material radii, R
describes the radial velocity of the shell material at location R and p
is the equivalent of applying traction on the surface of the large
pore given by Refs. [31,32]:
of the foamy core@compact shell sample. The images illustrate two regions; (i) foamy
acro- and micro-pores are created due to the evaporation of carbamide grains and
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p ¼ 2
gs

R1
(10)

where gs is the specific surface energy. As is clear from Eq. (6), in
order to evaluate kinetics of sintering to find a suitable sintering
time for bimodal porous structures (such as foamy core@compact
shell), quantitative measurements of some fundamental parame-
ters such as specific surface energy, Poisson's ratio and unidirec-
tional viscosity are essential. However, it is noteworthy that Eq. (6)
shows the large pores shrinkage during sintering whichmeans that
the regions with large pores (foamy core) suffer more shrinkage
than the compact sections (compact shell). However, the total
shrinkage increases during the sintering [28].

At first, a long sintering time of 3 h was chosen in this research.
This has usually been selected for production of titanium foam via
space holder technique for assurance of good Ti6Al4V powders
connection. Under this condition, a separation (delamination) be-
tween the foamy core and compact shell appears. The FE-SEM
micrograph of the specimen sintered at 1200 �C for 3 h showed
delamination at the corejshell interface, as shown in Fig. 3b.

There are two accepted theories concerning the delamination
effect:

1. Amount of shrinkage increases during sintering [28e30].
2. The regions of different pore sizes have different sintering and

shrinkage rates [27], i.e. large pore size regions observe slower
sintering rates while compact structures perceive higher
shrinkage rate but lower shrinkage amount.

In the following experiments, the duration of sintering was
reduced step by step to control the amount of shrinkage in the
Fig. 6. FE-SEM images of the sintered areas and neck regions of: (a) porous core and
(b) compact shell regions of the Ti6Al4V alloy.
foamy core@compact shell specimen. Finally, the sintering time of
1 h was selected for integration of the structure. Schematics of the
samples sintered under proper and too long conditions are pre-
sented in Fig. 4a and b while the proper time interval necessary for
sintering different pore size regions is presented in Fig. 4c. Ac-
cording to the mentioned concept, the Ti6Al4V foamy cor-
e@compact shell was heat treated at 1200 �C for 1 h.

Devising the two-step procedure used here reduced shrinkage,
compensated gap production and increased layers attachment at
the interface. Fig. 5b, c indicates satisfactory attachment of
porousjsolid layers.

A comparison is made of the epiphysis of an adult long bone
with the FE-SEM image of a foamy core@compact shell sample in
Fig. 5. Two regions are distinguishable in the pictures: (i) foamy
core consisting of macro and micro pores and (ii) compact shell
with sole micro-pores. Macropores of the Ti6Al4V samples are
outcome of the carbamide evaporation. Their micro pores are
resulted from incomplete sintering of the powder mixtures.

Based on morphological observations, 8e64% of the foamy
core@compact shell pores were interconnected. Closer microscopic
examinations revealed appropriate attachment of the sintered re-
gions in both core and shell areas. Different interface regions
showing typical neck appearance are illustrated in Fig. 6. It is
interesting to note that although the porous core of the prototypes
benefited from less sintering rate than their compact shell, the
particles at the core areas exhibited acceptable junctions that could
Fig. 7. Typical compression curves for foamy core@compact shell Ti6Al4V samples
produced in this research. Note that each stressestrain curve is shifted 100 MPa above
the lower strength curve to eliminate interferences.



Fig. 8. Strength and Young's modulus of foamy core@compact shell Ti6Al4V against
core diameter of the sample. Notice that 10@16 sample complies with the human ulna
specifications [34e36].

Fig. 9. Schematics of epiphysis of a long bone with spongy-compact texture repaired
by a foamy core@compact shell implant.
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result in strong mechanical behavior.
Fig. 7 shows the compression test results of the porous Ti6Al4V

prototypes having various core diameters. As can be observed, the
samples exhibit metallic foam behavior consisting of an initial
elastic deformation, a wide plateau region and a final densification
stage. Fig. 7 indicates yield strength reduction from 501 MPa (for
dense sample) to 7 MPa (for porous sample) against the core
diameter of the produced specimens. The Young's moduli of the
samples decrease from 46 to 2 GPa by the foamy core diameter
increase.

It is interesting to note that the mechanical characteristics of the
sample manufactured with a core diameter of 10 mm (10@16)
resemble the human bone [33e35]. Appropriate porosity for cell
anchoring and bone growth can provide desirable consonant for
minimization of problems caused by bone mismatch and strength
difference. New structure should reduce stress shielding effects for
long-term stabilization of implants in the patient's body. Fig. 8 plots
the strength and Young's modulus of the produced samples versus
foamy core diameter as compared with typical human bone
specifications.

Bone replacement generally requires transfer of body fluid for
in-growth of live tissue. Design and manufacturing of innovative
implants emulating the structural and mechanical behavior of hu-
man bone double layer have been aimed in this research. Porous
structures can fulfill these requirements plus force-displacement
adjustments usually needed for elimination of implant-bone
mismatch.

The bilayer foamy core@compact shell implants produced here
have structural properties close to the spongy-compact bones. An
obvious benefit is lessening of the stress shielding which lowers
adjacent tissue damage. Previous researchers have explained
bonejimplant fixation and long term stabilization [37,38]. Sche-
matics of a long bone epiphysis which has been repaired by a novel
foamy core@compact shell implant is illustrated in Fig. 9.

Table 1 compares the mechanical properties of a number of
foamy core@compact shell implants. Both Young's modulus and
density of the implants reduce through introduction of pores in
core of the samples. Interconnected highly porous cores facilitate
transportation of blood and nutrients within the implant where
leading to the ingrowth and fixation of the bone cells [39e41]. The
strength of the implant is at the same time maintained around the
human bone range via compact shell presence.

As is seen in Fig. 8, the sample with 10 mm core diameter totally
complies with mechanical specifications of the human ulna. Yield
strength, Young's modulus, density and porosity of the manufac-
tured samples are summarized in Table 1.

Because of low sintering potential, fully porous sample (16@16)
suffers from weak strength and low Young's modulus. There are
other samples, however, that perform remarkably close to the hu-
man bone mechanical behavior despite the short sintering time
that they need for strengthening their shell.
4. Conclusions

Foamy core@compact shell Ti6Al4V alloy prototypes were suc-
cessfully fabricated via a double stage space holder technique. Ac-
cording to Cocks model, sintering procedures of two regions with
different pore sizes were considered. It was found out that a good
connection between the foamy and the condensed regions was
achievable with selection of a defined time range (Dt) for sintering
duration. Dt should be between the times required for sintering of
the powders and when the shrinkage rate of the areas with larger
pores is more than that of smaller ones. The sample made with a
core diameter of 10 mm (10@16) showed similar mechanical



Table 1
Physical and mechanical properties of the manufactured foamy core@compact shell Ti6Al4V alloy samples.

Sample Diameter (mm) Porosity (%) Density (g/cm3) Compression Young's modulus (GPa) Compression yield strength (MPa)

1 0@16
(Compact)

8.97 2.84 46 501

2 6@16 9.32 2.33 28 384
3 8@16 15.39 2.04 27 269
4 10@16 23.85 1.97 17 119
5 12@16 27.97 1.87 9 53
6 14@16 39.78 1.74 8 40
7 16@16

(Fully porous)
64.08 1.45 2 7

Human bone [34e36] Different tissues:
Ulna to Femur

3.5e79.3 1.24e3.10 14.7e34.3 167e213
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behavior to the human ulna bone that it can reduce mismatch
problems to minimum and promise a long-term stabilization of the
produced specimens.
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