” =

anm

Research Article

“ it

v A

Mechanical behaviors and porosity of porous Ti prepared

with large-size acicular urea as spacer
Guibao Qiu’ - Jian Wang' - Hao Cui?>*® . Tengfei Lu’

© Springer Nature Switzerland AG 2018

Abstract

Porous Ti scaffolds with average pore size of 600 pm and porosity ranging from 31.1 to 61.2% were successfully pre-
pared by powder metallurgy technology employing large size acicular urea as space holder. Results indicated that the
porosity (P) of porous Ti could be determined accurately by added spacer content (S.) in the green-pressing because the
relationship could be formulated as P=aS_+b, where a and b are constants. The compressive strength and structural
stiffness were in the range of 50-332 MPa and 0.6-3.7 GPa, respectively. Moreover, the dependence between relative
porosity and relative strength, along with the dependence between relative density and relative Yong's modulus were
formulated. Our research can provide helpful information to fabricate porous Ti with desirable structure and mechanical

properties by spacer method.
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1 Introduction

Porous Ti and its alloys have received considerable atten-
tions in recent years for applications in the field of bio-
medical engineering such as dental implants and artifi-
cial joints due to their unique structure, high chemical
resistance and remarkable biocompatibility [1-4]. There
are a large number of published reports investigating the
preparation and characterization of Ti foams employed
in the biomedical industry [5-9]. According to the study
of Oh [10], the produced Ti foams with porosity of 30%
possess an elastic modulus very close to that of cortical
bone. In practical, these novel materials with combined
advantages of structural foams and metallic property
have many other promising applications. For example,
they can be employed as functional materials in terms
of heat adsorption given the superior heat conductivity
for Ti metal and good energy consumption behavior for
foames, if their pore structures are artificially tuned to meet

specific demands [11]. In addition, the applications of Ti
based foams in many potential engineering community
such as load-bearing sandwich cores in aerospace, naval,
and ground transportation industries have already been
in focus of attention [12, 13], which requires materials that
can work at high temperature or in harsh environment.
Corresponding to different applications, the pore struc-
ture including pore size, pore distribution and porosity
should be precisely characteristic. Since the space holder
technique which can manufacture desirable porous struc-
ture without any impurity has been first introduced by
Zhao and Sun [14], numerous research have been carried
out to prepare porous metal with various spacers such as
Mg [15-17], NaCl [18], NH,HCO; [19] and urea [15, 20]. In
the work of Lee et al. [21], four types of spacers, namely
irregular-shaped urea, spherical urea, sodium chloride,
and starch powders, were applied to fabricate porous Ti,
and they found that desirable strength and elastic modu-
lus can be obtained by selecting a proper space holder.
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Tuncer et al. [22] studied the relationship between poros-
ity of Ti foams and size of spacer, and found that strength
and stiffness of products tend to increase with the increas-
ing of pore size. However, they have little investigation
on the relationship between mechanical properties of Ti
foams and porosity induced by spacer (urea) with large
size (> 1750 um). This is important because porous Ti with
large pores and relatively high strength can be applied
not only as energy adsorbent that can reduce the noise or
heat but also as load-bearing sandwich cores in aerospace
that can lower weight for supporter. In terms of porous
Ti prepared by space holder technology, the porosity is
gained by adding needed volume fraction of space holder
namely spacer content. Literature [15, 21, 23-27] reported
that the porosity might be less than, equal to or greater
than spacer content. The main reason of this interesting
phenomenon could be attributed to the decreased vol-
ume of macro-pores is larger, equal or less than increased
volume of micro-pores during sintering. But once the large
size spacer is employed to prepare foams, the volume of
micro pores would be reduced to a large extent, leading to
the obtained porosity more desirable and related mechan-
ical behavior much closer to what the manufacturer want.
Therefore, the relationship should be further clarified.
This work attempts to shed light on the effect of large
size spacer on porosity and mechanical behaviors of
prepared porous Ti, with the size of space holder over
1750 um. Compared with other spacers, urea has the
advantages of rapid dissociation, easy removal, little resid-
ual and low cost, thus it is selected as the space holder in
our work. Our experiment would be meaningful not only
lying in the systemically analyzed the effect of this urea
on the porosity and mechanical properties for obtained Ti
foams, but also giving a supplement for predicting these
parameters of Ti foams prepared by spacer method.

2 Materials and methods

Due to the high affinity to atmospheric gases, porous
Ti were prepared in this study by powder metallurgy
method, which can offer a high degree of freedom to
produce structures in a wide range. The purchased Ti
powder has the purity >99.5% and powder size of 300
meshes, with the chemical components by mass per-
centage listed in Table 1.

The commercial acicular urea has the average particle
size of 2 mm with content of CO(NH,), >99%, indicat-
ing that the spacer can be removed with little impurity.
One thing should be noted that the Ti powders were
pretreated by the high energy ball-milling machine for
25 min in order to reduce the particle size and simultane-
ously improve the fluidity between powders.

Figure 1 shows the geometries of raw materials. In
Fig. 1a where the morphologies of the Ti powders is
shown, it can be observed that the Ti powder size gener-
ally gets reduced, smaller than 50 um to a large extent due
to the milling process. Based on our previous research, we
found that the smaller powder size of Ti can contribute to
the compressing, making the process much easier, namely
helping to obtain related green-sample more integrate
compared with those compressed by untreated powder
which are readily to be ruptured. Through milling, not only
the powder size can be lowered, but also the improved
surface energy can be provided in terms of Ti powder,
which makes it more activated. In this case, the bulk of
powder would be much easier to be a whole green body
under the external stress [28]. In Fig. 1b, we can found that
the size of urea particles are basically larger than 1750 um
according to the icon inner the figure, which is in agree-
ment with our research aim.

Table 1 Chemical components

S Components Si
of commercial Ti power

Fe c C 0] N H

Content (%) 0.03

0.05 0.03 0.02 0.32 0.01 0.04

Fig. 1 Micrographs of raw
powders aTi powder and b
urea particle
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For compression, the cylindrical specimens were of a
height to width ratio of between 1.5 and 2.0 according
to the draft standard ISO/DIS 13314 “Compression Test
for Porous and Cellular Metals” [29]. Therefore, the size
of green-sample was defined as a cylinder with radius
of 7.5 mm and height of 12 mm, thus the volume of Ti
foam would be 1846.32 mm?3, in which the volume of urea
were added to be 30%, 40%, 50%, and 60%, respectively.
Then, Ti power and urea were mixed together for 20 min
to ensure homogenous distribution of Ti powders on urea
particles. Varying amount of Ti and urea added in green
compacts is based on the following relation:

WTi _ Pri - (1 - Vurea) (1)
m =

urea Purea * Vurea

where the W represents the mass of raw materials, p and
V are density of volume of raw materials respectively. Sub-
sequently, a little alcohol (about 0.5 ml) and zinc stearate
(about 0.5 g) was added into the mixture to improve the
fluency and lubrication property between the particles
and the cylindrical die. After the mixing particles were
decanted into the compress die, they are then uniaxially
compressed into a green compact under a constant pres-
sure of 200 MPa for 1 min to ensure the uniform press-
ing that samples suffered. The final step upon these so-
prepared green compacts for obtaining the products of
Ti foam is sintering, which is divided into two stages for
different aims. During the heating process, the samples
were heated up to 400 °C firstly at a constant heating
rate of 10 °C per minute to initially remove the spacer of
urea. The temperature should keep at the point of 400 °C
for 40 min, to guarantee the complete decomposition of
the urea and the thorough removal of its decomposed
components. Secondly, at the sintering temperature of
1250 °C, the samples were fritted for 2 h. It should be
noted that the sintering point, duration time and pres-
sure mentioned above were demonstrated sufficiently
in our previous studies [30]. In that case, we can make a
comparison among different properties of porous Ti in the
same preparing conditions. In addition, due to the active
performance of Ti in the surrounding at high temperature
[31], the high-purity argon (=99.99%) was poured into the
sintering chamber during the whole process to achieve
the atmosphere requirements and remove potential trace

oxygen surrounding samples. Finally, the samples were
taken out from the furnace after they have been cooled
to ambient temperature.

The pore structures of Ti foams were characterized by
scanning electron microscope (SEM), while the porosity
calculated according to the following equation [32, 33]:

o
P Ps @
where p* represents the density of porous Ti, which can
be measured by dividing the whole weight to the whole
volume of the sample, whereas p, denotes the density of
the solid Ti (o, =4.503 g/cm3).

To investigate the compressive behavior, the obtained
foams were compressed by a Universal Testing Machine
at a displacement rate of 1 mm/min to guarantee a sta-
ble stress transfer through the pressuring samples. All
the compression processes are performed through the
longitudinal direction. Considering the reliability of com-
pression data and repeatability of experiment, the poros-
ity, compressive strength and structural stiffness were
finally determined by calculating the average value of
five simples.

3 Results and discussion

In the present work, porous Ti with porosity ranging from
31.1% to 61.2% and main pore size of 600 um was pro-
duced by spacer method, with different volume fraction
of urea added to determine the obtained porosity. In addi-
tion, the mixture ratio for Ti and spacer, porosity and the
compressive results of obtained products are exhibited in
Table 2.

Based on this table, one can find that the porosity of
forms witnesses a rising tendency with the increasing
content of added spacer from 30 to 60%, and the values
for calculated porosities are all larger than those of added
volume of spacer, which will be further analyzed in the
following section. On the other hand, the compressive
strength along with the density of obtained products are
decreased sharply as the increasing content of urea. This
is understandable because if the adding content of spacer
becomes larger, the volume fraction for pores would get

Table 2 Mixture ratio, porosity Sample Mixture ratio Density (g/cm?) Porosity (%) Strength (MPa) Stiffness (GPa)
and compressive data of
porous Ti Ti/AU 73 3.10+0.04 31.1+0.8 331.84+7.5 3.69+0.08
6:4 2.66+0.01 40.9+0.2 193.25+6.6 2.87+0.10
5:5 2.19+£0.05 51.3+£1.1 108.67+4.2 1.68+0.06
4:6 1.75+£0.03 61.2+£0.6 50.34+33 0.64+0.04
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large accordingly after sintering, thereby leading to the
plummet in material density and strength. Detailed analy-
sis would be mentioned in the following sections.

3.1 Pore structural analyses

In the urea removal stage, the decomposed species of urea
have been completely sublimated under the temperature
of 400 °C, forming pores at places where the urea parti-
cles were stayed. After that, in the sintering process, the
pore structure would be dramatically affected due to the
thermal stress induced by the heating process. Figure 2
exhibits the pore structure of Ti foams with different size
and property.

It has been reported [34] that pores in porous metals
could be divided into two types: the micro-pores and the
macro-pores. The former is generated due to the partial
sintering of Ti powers on the sidewall of pores, which fre-
quently has the size only several micrometers (in Fig. 2a).
On the other hand, the latter that has much larger size
are obtained by the decomposition of spacer particles. To
meet the requirement of practical applications, the kinds of
macro-pores should be distinguished as well. The first type
is unconnected pores as depicted in Fig. 2b, in which the
pores stand individually and solely due to the homogeneous
distribution of a small fraction of urea particles on Ti powers.
In other words, this kind of pores are likely to be formed in
the foams with small porosity lower than 30%. Whereas, the
second one is called interconnected pores as seen in Fig. 2c,
which are formed because of the large fraction of spacerin a
form, leading to a large number of vacancies after sintering.
This pores are also named opening pores, which usually can
be found in a high porosity foam larger than 50%.

The pore size and distribution of prepared Ti foams are
described in Fig. 3. One can conclude based on this fig-
ure that the pore size spans in the range of 300-1000 pm,
which is smaller than the added spacer size due to the
shrinkage of the pores during the sintering process at high

= 10um
X ‘;Hv-r'

temperature. Simultaneously, with the increase of porosity,
the pore distribution becomes denser and denser, up to a
point that pores are basically connected within only a little
Ti support in the foam with porosity of 60%. This structure
would be favorable for a Ti foam being produced as energy
adsorbent for noise and heat consumption, or as promis-
ing candidate for hollow plate layer given its combined
advantages of light weight and high heat resistance.

3.2 Dependence between porosity and spacer
content

It is well-known that the porosity of foams prepared by
powder metallurgic technology is dependent on many
factors such as spacer type, volume and size, pressure for
a green-pressing, sintering temperature, etc. The spacer
volume, however, plays the most significant role among
all factors confirmed by the Ref. [35], where a linear rela-
tion between porosity (P) and added spacer content (S.)
was demonstrated. This implies that the other parameter
for porous Ti preparation would not exert dramatic influ-
ence towards the relationship between P and S.. Plotted
in Fig. 4 is such linear relationship obtained according to
our results, although the large size spacer was employed in
the present work. Therefore, in accordance with the previ-
ous report, we assume that the so-called porosity model
equation for porous Ti prepared by spacer method would
be formulated as P=aS.+b, with aand b to be 1.0072 and
0.7255, respectively, in our work.

Therefore, the equation here can be obtained as
P=1.00725.+0.7255 (R2=0.99975). It is explicit based on
this equation that the porosity of porous Ti prepared by
acicular urea with large size would be larger than spacer
content. This phenomenon can also be explained by the
Gibbs free energy model regarding the sintering potential
developed by Cocks [36], expressed as:

dG = (v, = 7,/ 2dA = ) mdV = y,(1 = cos 0)dA - )" ,.dV
3)

=  10um = 10um

Fig.2 SEM patterns of porous Ti: a micro pores; b unconnected pores; ¢ interconnected pores
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Fig. 3 Pore distributions of
cross profile in foams with
porosity varying from 30 to

60%
= 100 pm
30%
50%
65
60 |
55
= -
S 50
<
£
2 45F
=
S .
~ ol & Porosity
Fitting line
Equation y=a+bx
35k Weight Instrumental
Residual Sum 0.1174
of Squares
Pearson's r 0.99992
30F Adj. R-Square 099975
Value Standard Error
Intercept 0.72553 0.42244
o Slope 1.00724 0.00915
25 N L L L L L L
25 30 35 40 45 50 55 60 65

Spacer content(%)

Fig. 4 Relationship between porosity and spacer content

cos 0 = v,/ 2y; @
where y; is the surface energy, y, is the grain-boundary
energy, X, is the mean stress, while dA and dV represent
the changes in the surface area and pore volume, respec-
tively. Considering the stick-like spacer shape used in this
work, Eq. 3 can be rewritten as follows, with the underlying
assumption that the formed pores inner the samples can
be approximately presumed as cylinders.

40%

§ = 100um

60%

dGg =

y.-(1—cos@)-r-h
30 +h _Zm]d‘/:[zs_zm]dv
(5)
where r is the pore radius, h is the pore height and % is
the sintering potential. The r of urea is similar in this study
owing to the griddle of a 10 meshes sifter for its pre-
selection. Based on Eq. 5 we can find that the increasing
pore height would reduce the sintering potential at a con-
stant temperature and thus retard the sintering rate. In
the meanwhile, it has been investigated that pores inner
foams with volume larger than 0.5 mm? will induce the
decrease of sintering potential and density [37]. The pores
here caused by large size urea are evidently larger than
1 mm?, which would not only lower the sintering rate, but
also reduce the density of products, thereby leading to the
huge porosity for foams. Moreover, it should be mentioned
that the large pores inner the samples could also hinder
the condensation of Ti powders, weakening the binding
and sintering between Ti powers as well, which is another
contributor lowering the foam density. Combined the
overall analysis above, there would be no doubt that the
obtained porosity of our specimens are higher than the
added spacer content.
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Fig. 5 Stress—strain curves of porous Ti with different porosities

3.3 Mechanical behaviors analyses

The compressive stress—strain curves of Ti foams depend-
ing on the spacer fraction are shown in Fig. 5.

The previous discussions in the basis of Table 2 have
concluded that both compressive strength and struc-
tural stiffness are showed a continuous decrease as the
porosity increased, and here we give some detailed
expressions. It has been reported [16, 38] that the
stress—strain curves exhibits three distinct regions in the
compressing process: (1) linear elastic region, (2) plateau
region, and (3) densified region. In the plateau region,
stress oscillates around an average stress value and
remains relatively flat even with increase in strain value
(the average stress in this region is termed as plateau
stress). In densified region, stress increased drastically
with slight increase in strain. In this work, the compres-
sive stress—strain curves are presented in a similar way,
although ill-defined densified regions. From Fig. 5, one
can deduce that with the increase of porosity, not only
the compressive stress becomes gradually decrease, but
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related strains drop when the stress grows up to the larg-
est. This could be attributed to the increasing porosity
with large pore size of average 600 um induced by the
large size of acicular urea in the foams. In other words,
these formed large pores are likely to be collapsed in
the compression process, thus accelerating the linear
elastic region to a large extent. Apart from that, stable
plateau regions can be found when the foams suffered
the compressive strength. This is in agreement with the
property for porous material, which can be explained
by the uniform stress undergone by the foams with the
gradually collapsed pores if the prepared foams possess
the homogenous pore structure. In the third region, the
compacting specimens were completely collapsed and
crumbled into a pitch of small foams, instead of a dense
bulk. This would be the reason why there has no evi-
dent densified region of our prepared specimens during
compression. In practical, the behavior of stress—strain
curve is closely related to the property of the spacer
holder; while the main purpose of this work is to inves-
tigate the effect of large size spacer on the porosity and
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mechanical properties of Ti foams. In this regard, one
could comprehend that these large size of pores are
vulnerable to be crushed once the compacting stress is
beyond their topmost strength, resulting in the break-
age of Ti walls between pores, and then collapsing the
foams. Even so, these materials possessing relatively
high strength and good yield performance would be
suitable for energy cushioning and consuming material
given their uniform distribution of pore structure.

In the previous research, number empirical formulas
were proposed to characterize and predict the mechani-
cal properties of porous Ti, revealing the relations between
compressive strength associated with structural stiffness
of foams and related density. All the theoretical models,
frankly speaking, are based on some idealized microstruc-
tures, e.g. uniform spherical, cylindrical or cubic pores
arranged in a cubic array, and therefore the derived corre-
lations between properties and porosity cannot usually be
extended directly to real materials with pores of irregular
shapes, non-uniform size and random distribution [15].
Gibson and Ashby [39] raised a model to represent the
strength of cellular solids, which shows a linear depend-
ence between structural stiffness and the relative density
term (p*/p,). Another model introduced by Esen and Bor
[17] indicated that the relationships between the strength
and relative density in parallel with the structural stiffness
and the relative density of porous Ti obey a power law rela-
tion, shown as:

E*/E, = A(p*/p,)® (6)

o*/ oy = C(p*/ps)° 7)
where E, 0 and p represent structural stiffness, compres-
sive stress, and density, respectively, and the other fac-
tors are empirical constants. Furthermore, the super-
script * and the subscript s represent the corresponding
values of porous and bulk materials, respectively. In the
present work, the values were adopted as E.=104.1 GPa,
0,=485 MPa, and p,=4.503 g/cm? [40].

However, these relationships can be changed accord-
ing to variation of experimental condition and param-
eter determination, including raw materials, processing
condition as well as sintering parameters. Our results is
no exception. As shown in Figs. 6 and 7, the relative stiff-
ness (E*/E,) of a foam is well described as a linear depend-
ence on porosity (P=1-p*/p,), a conclusion that accords
with that reported by Tuncer [41]; while the relationship
between relative compressive strength and relative den-
sity fits properly with Eq. (2). Summly, the equation to
illustrate the relationship between porosity and stiffness
could be formulated as E*/E,=0.067-9.92x 1072 P; on the
other hand, the relationship between relative strength and

4.0

Equation y=a+bx
Weight Instrumental
Residual Sum 2.1007
es

of
Pearson's 099847
Adj. R-Square  0.99541
Value  Standard Erro

w
n

<102
P

Intercept 006701 0.00197
Slope 009918 0.00388

® Relative stiffness
— Fitting line

B

S

*

Relative stiffness (E /E
N

20F

0 . . L . . A
0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65
Porosity

Fig. 6 Relationship between porosity and relative structural stiff-
ness

0.7
0.6}
~05}
L
°
204}
)
1
=}
w
@
> 031 .
€ & Relative stress
] Fitting line
& 02F Model Allometric1
Equation y=a%x'b
Reduced 157528
Chi-Sqr
0.1F Adj. R-Square 099704
Value  Standard Eror|
a 2.39681 0.15802
° b 3.38226 0.14056
0.0 L s s . . N
0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70

Realtive density

Fig. 7 Relationship between relative density and relative strength

relative density could be expressed as 0*/0, =2.397 x (p*/
ps)3.38_

After obtaining these two formulations, it would be
more comprehensive to understand the porosity and
mechanical properties of Ti foam prepared by urea,
through analyzing the effect of large size urea on these
parameters. In addition, it would be more convenient to
predict the physical properties of Ti foams prepared by
spacer method.
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4 Conclusions

To enhance the investigation of spacer effect on poros-
ity and mechanical properties for prepared Ti foams
by spacer method, the large size urea particles were
employed as space holder in the present work. The main
conclusions are as follows:

1. The porosity, compressive strength, and structural
stiffness for obtained foams are in the range of 31.1-
61.2%, 50-322 MPa and 0.6-3.7 GPa, respectively.

2. The average pore size of 600 um is generated and dis-
tributed uniformly inner the foams.

3. Therelationship between porosity (P) and spacer con-
tent (S,) is formulated by P=1.007S_+0.7255, which is
helpful to obtain certain porosity of a foam by removal
of the spacer.

4. Additionally, the relation between relative compres-
sive strength and density obeys a power law relation;
while the relationship between relative stiffness and
porosity are described as a linear dependence. In this
way, the mechanical properties of foams could be
predicted by the models when using the space holder
technology.
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