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The unprecedented increase in human life expectancy have produced profound changes in the prevailing pat-
terns of disease, like the observed increased in degenerative disc diseases, which cause degradation of the
bones. Ti-Nb-Ta alloys are promising materials to replace the damaged bone due to their excellent mechanical
and corrosion resistance properties. In general metallic foams are widely used for medical application due to
their lower elastic moduli compare to bulk materials. In this work we studied the synthesis of 34Nb-29Ta-
XMn (x: 2,4 and 6 wt.% Mn) alloy foams (50% v/v) using ammonium hydrogen carbonate as a space holder. Alloys
were produced through mechanical alloying in a planetary mill for 50 h. Green compacts were obtained by ap-
plying 430 MPa pressure. To remove the space holder from the matrix the green compacts were heated to
180 °C for 1.5 h and after sintered at 1300 °C for 3 h. Foams were characterized by x-ray diffraction, scanning,
transmission electron microscopy and optical microscopy. The elastic modulus of the foam was measured as
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~30 GPa, and the values are almost equal to the values predicted using various theoretical models.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Biomedical and technological developments have rapidly im-
proved life expectancy of human beings causing an increase in de-
generative disc diseases by weakening the human bones. Geetha el
al. [1] have reported that 90% of the population (over 40 years of
age) is affected by degenerative disc diseases which will increase
the total number of joint replacements by 170% in 2030. Artificial
biomaterials present themselves as suitable materials to solve such
problems, but their performance in time need to be proven without
presenting any failure. In consequence, it is very important to devel-
op materials with high longevity, adequate mechanical properties
and excellent bio-compatibility. Metallic materials are widely used
as implants under load-bearing conditions [2,3]. The first metallic
materials used as surgical implants were 316L stainless steels
(316LSS), Co-Cr alloys, Co-Cr-Mo alloys. Such alloys have few disad-
vantages like high elastic modulus (E) around 200 GPa, which is very
high compared with the E values of cortical bones, with around 2 to
30 GPa[1,4]. Nowadays, pure Ti and Ti alloys are widely used as bio-
implant materials because of their excellent properties even though
their E values are higher (around 110 GPa) than the human bones [1,
4]. The first generation of Ti alloys had several disadvantages such as
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relatively poor wear resistance, lower hardness and higher stiffness
than human bones [5,6]. The stiffness mismatch between the im-
plant materials and human bones causes bone resorption and even-
tual loosening of the implants [2,3]. Also, few alloying elements
such as Al, V, Ni and Co present in the Ti alloys produce toxic effects
when they are placed into the human body. Some diseases produced
by these elements are dermatitis, Alzheimer, neuropathy and osteo-
malacia [7-9]. A second generation of Ti alloys was produced with
non-toxic elements such as Nb, Mo, Zr or Ta [10]. However these al-
loys present problems associated with their mechanical and corro-
sion performances. Efforts need to be directed towards finding new
alloying elements with improved properties. It has been reported
that alloying element Mn has a special role as a co-factor in the
bone mineralization and bone cartilage and collagen formation
[11]. Ti-Mn alloys are commonly used as aerospace materials but
not as bio-materials. Nicula et al. [12] have reported that the Mn in
Ti-Al-V alloys could enhance cell adhesion to such materials. Only
few reports have studied the effect of Mn on Ti alloys, especially in
their second generation. 3-phase Ti alloys are preferred as bio-
implant materials, because their elastic modulus are smaller than
the ot or (o0 4 ) phases [13]. p-phase Ti alloys are formed by incor-
porating (3-stabilizing elements such as Pd, Ni, Mo, Ta, V, Mn, and Nb
[14].

The elastic modulus (E) of materials may vary depending on the na-
ture of atomic bonding. Typical approaches to decrease the E values are:
i) formation of solid solutions, ii) synthesis of composite materials and
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Table 1
Methods of synthesis of metallic foams [21].
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Orderly oriented wire mesh
Vapor deposition
Ferromagnetic fiber array
Rapid prototyping

Rapid prototyping
Electro discharge compaction

Combustion synthesis
Plasma spraying

iii) synthesis of foams (which have two types of pores; closed and open
pores). For biomedical application, foams with open pores are preferred
for the increased growth of tissue and cells on the surface of the materi-
al. In general, metallic foams with open pores can be produced by three
routes; solid state in powder or fiber form, liquid metal and metal vapor
or gaseous metallic compound. Based on the pores and porosity levels, E
values of metallic foams can be customized to match the elastic modu-
lus of the bone to reduce problems associated with the stress shielding.
Table 1 summarizes the methods to produce foams with different type
and distribution of porosity. Method's choice will depend on the type,
distribution and sizes of pores required for the needed bio-material.
Foams can be designed using theoretical models such as Gibson and
Ashby [15], Nielsen [16], Knudsen [17], Spriggs [18], Phani and Niyogi
[19] and Pabst and Gregorova [20] that predict E values based in poros-
ity and other physical parameters.

When processing Ti foams, powder metallurgy (PM) method is
highly preferred over than casting, forging and other mechanical tech-
niques [14]. For instance, during casting process, Ti alloys become highly
reactive at temperatures higher than 600 °C and also it is prone to rapid
oxidation [14]. Therefore, high vacuum furnaces are required to synthe-
size Ti alloys which involves more difficulty and high cost. PM method,
in contrast, can be performed even at low temperatures, making it ideal
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for processing Ti foams. By PM the following methods are used to syn-
thesize the foams; sintered metal powders [22] and space holder
[23-25]. In this work, synthesis of Ti-34Nb-29Ta-xMn (X: 2, 4 and
6 wt.%) foams by powder metallurgy space holder technique is investi-
gated (NH5COs was used as space holder). The effect of the amount of
Mn on the porosity, pore size, phase constitution and elastic modulus
in compression of the foams was investigated. Also elastic modulus
values were calculated using different theoretical models.

2. Materials and methods

Ti powders of grade IV (— 100 mesh, Goodfellow, UK), Ta powders
(99.9% purity, —325 mesh, Noah USA), Nb powders (99.9% purity,
—325 mesh, Noah USA) and Mn powders (99.7% purity, — 100 to
+ 200 mesh, Noah USA) were chosen to produce the powder blends
of Ti-34Nb-29Ta-xMn (X: 2, 4 and 6 wt.% Mn). The mixture was placed
in 250 ml hardened steel vial and milled in an argon atmosphere (ultra-
pure with 99.999% with <2 ppm 0,) using a planetary mill. 2 wt.% of
stearic acid was added as lubricant to the milling process. The powders
were milled for 50 h using different diameters of hardened steel balls
(15,12.5,11, 8.0 and 6.5 mm of diameters) with a constant ball/powder
ratio of 10/1. Fig. 1 shows the schematic steps of space holder method.

(c) Mixing powders
milled
powders

Jar movement

(f) Ti-based alloy foam

Stress

%

Evaporation
space holder

u:
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Fig. 1. Scheme of synthesis of metallic foams by means of space holder method.
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Fig. 3. SEM images of milled powder at 50 h for Ti-34Nb-29Ta-xMn (x: 2, 4, 6 wt.%) alloys.
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Fig. 4. EDS analysis of Ti-34Nb-29Ta-xMn (x: 2, 4, 6 wt.%) powders milled during 50 h.

The milled powders were mixed with ammonium hydrogen carbonate
(NHsCOs) at 50% v/v to produce samples of 50% porosity level. From
such mixture, cylindrical samples of 13 mm of diameter and 25 mm of
height were compacted in an universal testing machine zwick roel
7030 using uniaxial compaction (430 MPa). The green compacts were
initially heated at 180 °C for 1.5 h to eliminate NHsCOs, then heated at
1300 °C for 3 h, followed by natural furnace cooling down. The milled
powders and foams were characterized by using different techniques.

2.1. Characterization of powders

The x-ray diffraction (XRD) analysis of milled powders was per-
formed using a Shimatzu diffractometer with copper target. All patterns
were measured in an angular range between 30 and 120° (26). As-re-
ceived milled powders and foams were observed by a scanning electron
microscopy (SEM) Zeiss EVO MA 10. Composition was characterized by
energy dispersive x-ray spectroscopy (EDS). In addition, transmission
electron microscopy measurements were performed through a FEI
Tecnai of 200 kV microscope. TEM samples were prepared by
suspending the powders in isopropyl alcohol and placing a drop on a
Cu grid.

2.2. Characterization of sintered foams

The porosity of sintered foams was measured by the standard ASTM
C373 method and through the image analysis software supplied by
Leica microscope. For optical analysis, foam specimens were ground
by increasing grades silicon carbide paper (320, 400, 600 and 1000-
grit). Cloth polishing consisted of two stages, at a first stage 9 um dia-
mond particles + water was used for 20 min followed by a second
stage where magnesium oxide + hydrogen peroxide (30%) was used
for 20 to 60 min. Additionally, compression testing to evaluate samples
elastic modulus were performed in an universal testing machine Zwick
Roell Z030 at a strain rate of 0.125 mm/min. These results were com-
pared with theoretical models.

3. Results and discussion
3.1. Characterization of powders

Fig. 2 shows size and morphologies of starting materials used in syn-
thesizing the metallic foam. Ti, Nb and Mn powders showed irregular
shapes with grain size smaller than 150 pm, 45 um and 45 pm, respec-
tively. Ta powder showed a rounded, irregular morphology with grain
size smaller than 45 pm. Observed particle size of NH5CO3; was smaller
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Fig. 5. Whole XRD pattern of Ti-30Nb-13Ta-xMn (X: 2, 4, 6 wt.%) powder.
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than 600 pm which was notoriously larger than metallic milled
particles.

Fig. 3 shows morphologies and grain size of Ti-34Nb-29Ta-xMn
alloy (x: 2,4, 6 wt.%) powders after 50 h of milling. Observed agglomer-
ated particle sizes was 60 um, 200 pm and 40 pm for 2, 4 and 6% Mn, re-
spectively. Agglomerated particle size is larger for alloys containing 4%
Mn because agglomeration effect was higher for this concentration
(Fig. 3e). The alloys containing 2 and 6% Mn showed agglomerated par-
ticles with irregular shapes whereas 4% Mn showed more equiaxed par-
ticles. In MA, energy transferred from balls to powder generates a
smaller grain size, increased grain boundary surface area and increased
crystalline defects density. Milling created new surfaces, enabling parti-
cles to weld together leading to an increased agglomerated particle size
[26]. The surface tension of powders was modified by the different
amount of Mn added in milling process. Powders containing 4% Mn
reached a high surface tension value which leads to larger agglomerated
particles. Powder particle edges were smooth in the alloy containing 4%
Mn because cold welding dominated over fracture (Fig. 3k). Powders
containing 2% and 6% Mn exhibit less surface tension and the powder
particle edges were rough as evidence that fracture predominates over
cold welding (Fig. 3j and ). As milling time increases, powder particle
brittleness increases as a result of work-hardening and the particle
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size decreases until the fracture strength of particles are equal or greater
to the stress caused by the collision [27]. In consequence, if the milling
time increases the level of contamination increases as well. Fig. 4
shows the EDS analysis of three alloys, which revealed iron and oxygen
contamination due to the impact of balls and vial.

Fig. 5 shows the XRD patterns of powders milled for 50 h. No inter-
metallic compounds of Ti, Nb, Ta or Mn were observed although TiO
peaks detected. The strongest peaks corresponding to Nb (110), Ta
(110) and Mn (221) disappeared after 50 h milling time. The disap-
peared peaks of solute Nb, Ta and Mn is assumed to be the formation
of a solid solution [26]. In addition, obtained XRD patterns exhibited
an amorphous phase, which will be interesting for the further studies.
Observed Ti and Mn peaks in the amorphous hump are in agreement
to a mixed crystalline and an amorphous phases. The peak broadening,
peak shift and disappearance of solute peaks are commonly observed as
aresult of MA. XRD peaks increase their broadening when materials are
under severe strain and nano-sized crystals are formed. If milling time
increases, the crystallite size decreases steadily and shear band coa-
lesces. When strain increases grain boundaries angle become larger, a
clear sign of grain rotation which produces disclinations [28]. This is
reflected in an absence of texture in the electron diffraction pattern
and an observed random orientation of the grains (contributing to x-
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Fig. 6. (a), (d), (g) TEM images of Ti-based alloys, (b), (e), (h) FFT and (c), (f), (i) diffraction patterns.
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Fig. 7. Photographs of (a), (b) green and (c), (d) sintered samples for Ti-30Nb-13Ta-4Mn alloys.

ray peak diffraction broadening). As the milling process progresses, the
nanocrystalline grains reach the saturation value due to the increasing
difficulty in dislocation generation as nanocrystalline scale is reached.
At such scale existing dislocations rearrange themselves and few of
them become eliminated [26], decreasing strain and dislocation density.
In nanocrystalline materials, the grain size can coincide with crystallite
size, so the crystallite size is the smallest measurable scale in
microstructure.

Fig. 6 shows HRTEM images of milled powders of the three alloys.
Mixed zones of nanocrystalline and amorphous phases are shown in
Fig. 6a,d and g. Figures b, e and h shows corresponding Inverse Fast Fou-
rier Transform (IFFT) and Fig. 6¢,f and i shows the Fast Fourier Trans-
form (FFT). TEM images showed crystallite size smaller than 5 nm
surrounded by an amorphous phases. From rings and spot inTEM im-
ages Ti-a and Ti-p phases, with hcp and bec structures, where found.
Through MA, it is possible to produce amorphous phases with different
compositions [29] and make composition ranges for the amorphous
phase formation wider than using any other processes [30]. The solid
solution and the strain energy increases linearly with the solute content.
If lattice strain reaches a critical value, amorphous phase formation be-
comes more favorable than a crystalline phase. During MA, powder un-
dergoes severe plastic deformation and produce a high crystalline
defect density and an increased grain boundary area. The decrease in
crystallite size enhance speed of diffusion process [29] and smaller
atomic volume ratio leads to the amorphous phase formation [31].
The criteria for the amorphous phase formation are different for
liquid-quenching techniques such as rapid solidification processing
[32] and solid-state processing techniques such as MA [33]. A common
criterion observed for the formation of amorphous phase formation by
all techniques is that a significant difference in atomic sizes between
the constituent elements introduces strain into the alloy generating an
amorphous phase [30].

3.2. Characterization of foams

Fig. 7 shows pictures of green and sintered foams. Green samples
showed a smooth outer surface (Fig. 7a and b). Small oxidation was ob-
served at the edges of sintered samples. Sintered samples undergo
shrinkage effects through the sintering process (Fig. 7c and d). During
sintering, diffusion occurs and a change in sample volume is observed
because of the atomic rearrangement. Shrinkage effect was calculated

B Archimedes method

100 + ® [mage analysis method
80 -
L ]
S 60+
s [
S 40+
o
o
20
0 . . : , ,
2 4 6
Mn (wt.%)

Fig. 8. Total porosity as a function of Mn content obtained by Archimedes method and
image analysis.
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macro pores

micro pores

mICro pores

macro pores

macro pores

micro pores

Fig. 9. Optical images of foams where big and small pores are observed.

using Eq. (1) [34] considering the external volume change of cylindrical
sample, where V is original sample volume, h and r correspond to the
height and radius of cylindrical sample, AV, Ah and Ar are the change
of volume, height and radius. Calculated average exterior volume
change (AV/V) values for 2, 4 and 6% Mn samples were — 14, —25
and — 17%, respectively.

AV _ah 240

v R T 1

The intrinsic shrinkage (— AV/Vo)intrinsic Was determinated by using
Eq. (2) [34], where p and pg are the final and initial porosity of green
samples, respectively. The measured average intrinsic shrinkage values

macro pore

macro pore

for 2, 4 and 6% Mn foams were —43, — 54 and — 45%, respectively. Al-
though foams were initially designed to exhibit 50% porosity level it
was necessary to measure the real porosity after sintering process. Po-
rosity values were measured by both Archimedes's method (as per
ASTM (373 standard) and through image analysis. Fig. 8 shows the po-
rosity values measured by Archimedes method. For all %¥ Mn content, Ar-
chimedes method showed around 50% porosity values. However,
porosity values obtained by image analysis showed porosity larger
than 50%, Fig. 8. These results prove that the % Mn content do not influ-
ence porosity levels of resulting the foams. Because the porosity influ-
enced by sintering temperature and time, compaction pressure,
amount and type of space holder, process control agent (PCA). Nouri
et al. [35] studied porosity changes with the amount and type of PCA

macro pore

Bwt%Mn

L/ 0,
wit ‘ C

Fig. 10. SEM images of foams for different amount of Mn and magnifications.



C. Aguilar et al. / Materials Science and Engineering C 58 (2016) 420-431

n
i

Fig. 11. Elemental distribution in metallic foams determined by EDS, (a) 2 wt.% Mn, (b) 4 wt.% Mn and (c) 6 wt.% Mn.
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(stearic acid and ethylene bis stearemida), for Ti-16Sn-4Nb foams.
They showed that high PCA content promoted sintering and increased
interparticle bonding of porous, while absence or only 1%PCA content
promoted the corrugated pore walls and large number of micropores.
Also, porosity values decreased from 77 to 68% for samples containing
from 0 to 3% of PCA. Ibrahim et al. [36] have reported that porosity
values decreased with increasing sintering temperature and compac-
tion pressure for c.p. Ti and Ti-5 wt.% Mn foams. Zhang et al. [37] have
shown the effect of the weight ratio and particle size of NaCl on the po-
rosity and pore size of Ti foams.

A\/) AV
- Rp—Po— - )
( Vo / intrinsic 0 Vo

Fig. 9 shows the optical images of foams with different amount of
Mn. Foams exhibited a bimodal microstructure composed of macro
pores and micro pores. The macro pores were produced by the space
holder and micro pores were formed during the sintering process. The
sizes of macro pores decreased with the increase of Mn content.

The macro and micro pores were heterogeneously distributed
exhibiting irregular shape, which revealed the typical morphology of
the foams produced by the space holder method [21,38]. Cell edges of
macro pores were irregular in thickness and inhomogeneous in distri-
bution. Measured average size of macro pores was smaller than
600 um for different amount of Mn, Corresponding value for micro
pores size was smaller than 20 um (Fig. 9). The macro pores in the sam-
ples are connected by micro pores which are distributed along the cell
edges of macro pores. Such bimodal porous microstructure is suitable
for growth of new bone tissue and vascularization [39] whereas the

2wi%Mn

rough border of pores promotes osteointegration. Analyzed results
were in good agreement with previous works. Wen et al. [39] have syn-
thesized TiZr foams by space holder method with macro pore size of
200-500 pm. Nouri et al. [35] have reported macro pores size of
350 pm for metallic foams of Ti-16Sn-4Nb alloys. Pore wall edges
were rough and corrugated for samples with no process control agent
and samples containing 1% of same agent. Samples containing 2 and
3% of process control agent showed rounded pores with well-defined
necks. This indicates that the amount of process control agent influences
morphology and configuration of the pores. Wang et al. [40] have stud-
ied the effect of NH5CO5 addition over Ti-10 wt.% Mg alloy foams, show-
ing that porosities and open porosities were increased depending the
concentration and particle size of NH5COs.

Fig. 10 shows SEM images of foams with different magnifications.
Obtained macro pore size was in the range of 100-600 um (Fig. 7a,b
and c), while micro pore sizes were smaller than 20 um (Fig. 9g,h and
i). Similar results have been reported by other authors. Xiang et al.
[41] prepared titanium foams using NHsCO3 as space holder and pro-
duced samples with a bimodal distribution of pores (200-500 pum)
which leads to micro pores with irregular in size and shape. For samples
in the present study micropore size decreased with the amount of Mn,
which is clearly seen in Fig. 10g,h and i. Microstructure of foams exhibits
three important characteristics: i) rounded corners of macro and micro
pores contributed to decrease the stress concentration, ii) macro and
micro pores were interconnected (micro pores in the cell walls and
edges connected to the macro pores) and, iii) the macro and micro
pores showed an evident rough inner surface which could be relevant
for application in bone growth. Interconnectivity, in particular, is an im-
portant criterion used to evaluate porous implants for its role in
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Fig. 12. EDS analysis of two phases produced in metallic foams, (a) 2 wt.% Mn and (b) 6 wt.% Mn.



C. Aguilar et al. / Materials Science and Engineering C 58 (2016) 420-431

| LR
[Jeq.4
[Jeq.5
[ eq. 6
I eq. 7
=) experimental

40 -

[~ w
(=] (=]
[ 1

Elastic modulus, GPa
=)

sauoq [e213402 Jo
sanjea J jo aduey

Mn Content, wt.%

Fig. 13. Estimations of E values using different models described in text together with E
value experimentally measured.

nutrition delivery and body fluid transport. Similar results were report-
ed by Rao et al. [42] for Ti-Nb-Zr foams and Wang et al. [40] for Ti-Mg
foams. Pore interconnectivity can be controlled by the space-holder
shape, size and packing, sintering temperature and time and tempera-
ture of dissolution (if the space holder is salt). The pore roughness of
inner surface can be controlled by the shape and size of the space holder,
amount of Ti, Nb, Ta and Mn powders, temperature and sintering time.
Macro pores showed a small pore aspect ratio (close to the equiaxial
shape), which differs from the aspect ratio of human bones (elongated
pores) [43].

Fig. 11 shows the element distribution obtained from EDS/SEM map-
ping method. Ti, Nb, Ta and Mn were present and spread homogeneous-
ly (at macroscopic level) for the different amount Mn foams used in this
study. In addition, homogeneously distributed oxygen was detected in
all foams. These results are in agreement with XRD results showed in
Fig. 5.

At microscopic level two phases were found in all foams, one Ti rich
and another Nb-Ta rich. From EDS analysis Ti rich phase was localized at
darker areas while Nb-Ta rich phase was found at gray areas, as is
highlighted in Fig. 12. When Mn content is increased in foams two ef-
fects were observed; i) size of both phases decreased; Ti rich phase
size was around 4 pm for 2% Mn and 1 um for 6% Mn (Fig. 11), and ii)
amount of Mn in Nb-Ta rich phase increased. Nb, Ta and Mn elements
formed the solid solution because these elements exhibit bcc-
crystalline structure and are B-stabilizer. To understand phase forma-
tion in ternary Ti-Nb-Ta systems, earlier reports of their thermodynam-
ic properties were considered. For example, Gavzeo et al. [44] studied
the ternary phase of Ti—-Nb-Ta system at 0 °C and Cocks et al. [45] stud-
ied the ternary phase of Ti-Nb-Ta system at 2400 °C. At 0 °C the phase

429

Table 2
Constant values used in different models to estimate E value.

Eq. (3) Eq. (4) Eq. (5) Eq. (6) Eq. (7)

b =336 m =193 a=1 a=1 Ff = 0.7

pc = 83% pc = 83% n=2
2 wt.% Mn 2 wt.% Mn 2 wt.% Mn

Density, g/cc 9.53 9.55 9.57

E, GPa 131 133 134

p, % 50

diagram showed only one solid phase and at 2400 °C showed two
phases; rich in solid Ta and rich in liquid Ti. Li and Warnes [46] experi-
mentally studied the Ti-Nb-Ta ternary system at 400 and 550 °C and re-
ported three zones: the first zone was rich in Ti (o phase), the second
zone was a mix of a and 3 phases, and the third zone was rich in
phase Nb and Ta. Tang et al. [47] studied the phase transformations in
solid solutions for treated and quenched Ti-(13-26)Nb-(22-38)Ta
(wt.%) alloys. Phase transformations in such alloys were sensitive to
both composition and cooling rate. The slow cooling technique showed
the fine o and ®jsothermar formation within the 3 matrix and the water
and oil quenching techniques resulted in the formation of orthorhombic
martensite (a”) in a retained B + ®a¢herma) Matrix. Under conditions of
equilibrium, oc phase microstructure volume fraction decreases while 3
phase increases. Cooling rate controls the microstructure when the
sample is under non-equilibrium cooling condition. The o phase precip-
itation is formed at low cooling rates. Two martensite phases are formed
through high cooling rates; (i) hexagonal (") structure and (ii) ortho-
rhombic (a’) structure. When [3-stabilizer content increased, the mar-
tensite transformation onset temperature (Ms) is reduced [48]. Moffat
and Larbalestier [49] have studied the competition between the stable
o phase and a metastable phase that precipitates in a metastable
phase matrix in aged Ti-Nb alloys. Generally above 425 °C microstruc-
ture was 3 + «, between 375 and 425 °C aged microstructure was
3 + o (which turns 3 + o with prolonged aging) and below 375 °C
only o precipitates were present. Since, our heating cycle also involved
natural cooling down of furnace, an equivalent effect of Ti—-Nb-Ta-Mn
alloys aging could be expected. The precipitation of » phase in titanium
alloys was not desirable, since it could lead to excessive embrittlement,
loss of ductility and fatigue resistance [50].

To predict the elastic modulus of foams some models were proposed
in earlier reports. Zhu et al. [51] proposed one general expression of the
elastic modulus as a function of porosity which was expressed as E =
Eof(p), where E is the elastic modulus of the foam, Ey is the elastic mod-
ulus of bulk material, p is the porosity and f(p) is a function that corre-
lates the elastic modulus to the porosity that is usually obtained by
fitting the experimental data. Knudsen [17] and Spriggs [18] proposed
Eq. (3) to obtain E where b is a material constant that is related to par-
ticles stacking. This expression is widely used to predict the elastic

a 2wt.%Mn b 4wt.%Mn [ 6wt.%Mn
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Fig. 14. Compressive stress—strain curves of metallic foams, (a) 2 wt.% Mn, (b) 4 wt.% Mn and (c) 6 wt.% Mn.
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modulus of foams with low p, but does not satisfy the boundary condi-
tion that E is equal to zero for p = 1.

E = Ege™™. 3)

Phani and Niyogi [19] proposed Eq. (4) to determine E, where p. is
the critical porosity at which E = 0, i.e. the material loose integrity.
The critical porosity depend on the stacking geometry of particles, and
the material constant m also depend on pore distribution geometry,
such as shape and connectivity.

E:Eo<l—£>m‘ @)

[

Pabst and Gregorova [20] proposed Eq. (5) which expressed E as a
function of packing geometry factor (a), when pores show spherical
shapes the value of a is 1.

E=Eyl-a p)(l—pﬁ) (5)

C

Gibson and Ashby [15] proposed a model where E values are affected
by relative density (Eq. (6)), where p and pg are the density of the foam
and dense matrix material, respectively and C and n are constants de-
pending on the porous structure. n value varies between 1.8 and 2.2
and o between 0.1 and 4, depending on the structure of metallic
foam. We consider n =~ 2 as approximation. Xiong et al. [3] measured
the mechanical properties of Ti foams and determined that C = 1 in
Eq. (6).

E— afo (pﬁ) B (6)

0

Nielsen [16] proposed a model to determine E values by considering
the porosity and the pore shape factor (Fr), Eq. (7), where F; = 4pA/PE?,
A is the pore area and PE is the experimental perimeter of the pore. In
our work the Fr were measured by Pro image analysis software.

E=E

)

(1—p/100)*
1+ (1/Fy—1)p/100|

Fig. 13 shows calculated E values using Egs. (3)-(7). The experimen-
tal elastic moduli were estimated from stress-strain curves shown in
Fig. 14. Constant values were taken from Zhu et al. report [51]. They
measured E values for foams of Ti alloys with various porosities using
an electromagnetic acoustic resonance experiment. Constant values
used in this work are listed in Table 2. Obtained E values ranging be-
tween 15 and 28 GPa. These E values are in the upper range of the elastic
modulus values of cortical bones [52].

Considering that elastic modulus of the cortical bones are different in
longitudinal and transverse directions because of anisotropy, typical
elastic modulus were reported as their average values.

Fig. 14 shows the compressive stress-strain curves versus Mn con-
tent. The curves did not show any typical feature of foams during
compressing, i.e., elastic deformation stage, plateau stage and densifica-
tion stage. In the elastic deformation stage, all pore walls were deformed
elastically. Also, during elastic behavior foams exhibited two phenome-
na, i) high elastic deformation observed when increasing Mn content
and ii) elastic modulus values do not change with Mn content. Mea-
sured elastic deformations were 1, 1,7 and 2% with 2, 4 and 6% Mn, re-
spectively, and the measured elastic modulus values lie between 27
and 33 GPa, which was close to E values calculated by Egs. (3),
(5) and (7). The samples did not exhibit a clear plastic yield stage (pla-
teau stage) because pore walls deformed plastically (due to pores slid-
ing each other). Foams have pre-existing micro flaws in pore walls,
which decrease its strength. In the compressive test, macroscopic

crack propagation resulted in an abrupt load drop (Fig. 14). The fluctu-
ating stress-strain behavior of the samples occurs due of the brittle na-
ture of the pore walls, which also lead to a lower degree of compaction
[35]. According to Gibson and Ashby [15], density is the most important
variable in deciding the properties of a porous sample by controlling its
peak stress and elastic modulus. The morphology of pore walls and pore
size has little effect on the strength of a porous material [53], but thicker
pore walls and smaller pore diameters lead to higher elastic modulus
(stiffness) and compressive strength. When foams are synthesized
through milling, the work-hardening affects the particle packing char-
acteristics modifying its densification in sintering stage of powder met-
allurgy [54].

4. Conclusions

The Ti-34Nb-29Ta-xMn (x: 2,4 and 6 wt.% Mn) alloys were formed
through mechanical alloying. The energy given by MA process was high
enough to increase the solubility among Ti, Nb, Ta and Mn elements. The
increased surface energy (due to decreased crystallite size) and elastic
strain energy (due to increase in dislocation density) were responsible
for the increase in solubility levels. Also 50 h milling produced a
mixed of crystalline and amorphous phases.

Foams showed a non-homogeneous distribution of macro pores and
micro pores with irregular shape. The macro pores produced by the
space holder are smaller than 600 pm while the micro pores produced
by sintering process are smaller than 20 um. The macro and micro
pores showed suitable features to promote cell adhesion and bone
growth.

Measured elastic moduli of foams were around 30 GPa. This value
lies in the upper range of elastic modulus of cortical bones. The elastic
moduli determined by several models gave values very close to the
measured ones. From the obtained results, synthesized metallic foams
have a great potential for application as biomaterial.
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