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Abstract. Porous titanium has been used for grafts and mhpiaatings as it allows the
mechanical interlocking of the pores and bone. Eat&dn of porous scaffolds for bone
regeneration is essential for their manufacturero$ity, pore size, pore shape and pore
homogeneity are parameters that influence strotitidymechanical strength and biological
functionality. In this study, porous titanium saepwere manufactured by powder metallurgy
by using pure titanium powders mixed with a ponerfer. The quantification of the porosity
parameters was assessed in this work by geomegticath and gamma-ray transmission, the
non-destructive techniques and metallographic imggecessing, a destructive technique.
Qualitative evaluation of pore morphology and stefaopography were performed by
scanning electron microscopy and optical microscopifie results obtained and the
effectiveness of the techniques used were comparerter to select those most suitable for
characterization of porous titanium scaffolds.

I ntroduction

Characterization of materials is of fundamental amig@nce for the development of new
materials, both in terms of the reengineering pecef preparation, as for potential
applications. In this sense there is an increasurgber of studies on materials with suitable
properties, which has been implemented throughptteus materials, named scaffolds. The
area of suitable properties and their correlatidth Whe processes of preparation has been the
object of various science fields and medicine inipalar.

Scaffolds are archetypes for cell interactions whake place migration, proliferation and
vascularization of osseous tissue and new boneatiwm[1]. These scaffolds provide a better
mechanical stability at the implant-bone interfét@n denser structures. Porous titanium (Ti)
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has been used as coatings for fixation dental atpaedic implants and as synthetic grafts,
as it allows the mechanical interlocking of thegmand bone (bone ingrowth) [2].

For high integration into surrounding tissue, solaf§ should reproduce bone morphology
and function. Parameters such as porosity volua&iém pore size, shape, interconnectivity
and distribution must be considered for constrggctimetallic scaffolds. Pores may be closed
type or interconnected type, which allows tissufiitrate into the scaffold. In general, there
is a mixture of both types. The porosity of mospiamts may have a suitable combination of
mechanical properties and pore morphology. The pe required for implant fixation has
been studied by many researchers, being the metiorfthe size of interconnected pores. In
order to optimize the mineralized bone ingrowtkerénis an agreement that pore sizes must be
in the range of 100-40@m and the porosity quantity in the range of 40-9[Bs].
Micropores (< 2Qum) and nanopores (1-10 nm) results in larger serésea that is believed
to contribute to higher bone inducing protein agson, favoring cellular adhesion and
implant osseointegration. In addition, a high peadl roughness has also shown to promote
intimate contact with bone and a better implaration [5,6,7].

Porosity evaluation of scaffolds is of great importe for their design and processing.
Different kinds of information about porosity cae hchieved depending on the analytical
method and usually a combination of techniquesedgiired. In this study, porous titanium
samples were manufactured by powder metallurgychviias low processing temperature,
suitable for metals with high contamination susitety, like Ti. The porosity quantification
was assessed by non-destructive methods: geometitod (GM), gamma-ray transmission,
and metallographic images processing, a destructie¢hod, in order to compare their
efficacy for porosity evaluation. Pore morphologydasurface topography were evaluated via
scanning electron microscopy and optical microsco@ualitative evaluation of pore
morphology and surface topography were performeddayning electron microscopy (SEM)
and optical microscopy. The results obtained aral dffectiveness of the techniques used
were compared in order to select those most saitinl characterization of porous titanium
scaffolds.

Materials and Methods

Pure Ti powder grade 2 (Micron Metals-EUA) made BWYOH (hydrogenation-
dehydrogenation) process, with acicular shape,gbarsize range of 149-17dm and an
organic additive (urea), as pore former, were usednake the samples by a powder
metallurgy route. Two cylindrical samples with 9m@m/height and 11.4 mm/diameter,
composed by 70% wt-Ti/30% wt-urea (210-2fhén particle size) and 100%Ti, were
compactedby uniaxial compaction at 300 MPa and 450 MPa, respygt One cylindrical
sample with 5.4 mm/height and 8.4 mm/diameter, cumsragd by with 85% wt-Ti/15% wt-urea
(149-177 um particle size) was compacted by cold isostatimmaction at 300 MPa. All
samples were treated at 200°C/2h to eliminate thanic additive and sintered at 1200°C/2h
in vacuum furnace (~10Torr).

The total porosity (P), obtained by GM is given®y 100 — RD, being RD the relative
density, which is determined dividing the geometiénisity (mass/volume) by the absolute Ti
density (4.5 g/cr}). About 8 measurements for each sample were peefrin the GM
method.

Sample transverse sections were prepared for bptderoscopy using the standard
methodology. Porosity volume fraction, size porstrihution and average autocorrelation
function C(u) were determined by quantitative metaghphic analysis (QMA), using Imago

117



Seventh International Latin American Conference on Powder Technology, November 08-10, Atibaia, SP, Brazil

software, in about 15 random images for each saripie Imago software is a program with
tools to estimate physical parameters using sampiages with microstructural information.
The images presented noise interferences and illtion gradients; because of this they
underwent cuts to choose the region of interestsamnitted to filter treatment in order to
eliminate the noise interferences.

The gamma-ray transmission technique consistsimtitenuation that an incident radiation
beam undergoes when go across this material. Theriexental setup is constituted by a
micrometer automated table for the sample positpnAm-241 radioactive source (59.53
keV, 100 mCi), 2 mm diameter Pb collimators, Nal(detector and appropriate nuclear
electronics [8]. The transmission measurements aeremplished taken 4 different positions
in a random order along the longitudinal axis, véitmeasurements for position at 300s.

Results and Discussion

Figures 1, 2 and 3 show the SEM topographic viemg @ptical micrographs of the Ti
samples and table 1 and 2 present the porositesdhom the Ti samples, obtained by the
three techniques analyzed in this work. SEM andcapimicrograph images (Figs. 1, 2)
illustrated the porous microstructure of the samméh 70% and 85% Ti, which consisted of
closed micropores less than p® and large interconnected macropores in the rahd@0—
500 um. The sample with 100% Ti presented only closectopiores less than 1Q@n (Figs.
3a, 3b). According to the porosity results (Taldle) and pore morphology (Figs. 1, 2) of the
samples processed with the pore former additivealurthey presented more adequate
porosity for bioengineering applications than tample processed without pore former [5,7].

As the additive quantity is higher, the pore siaes bigger (Figs. 1, 2, 3). Also as the
additive quantity is higher, the porosity quanigyhigher, for all the three methods studied
(Tables 1, 2). However this difference is not asssantial as expected, according to data of
previous research from the authors [9]. Probalblg, compaction types used influenced the
result, because uniaxial compaction (samples Wi#bTi and 100%Ti) confers less porosity
than isostatic compaction (sample with 85% Ti).

The porosity values obtained from gamma-ray trassion (GRT) have shown excellent
agreement with the values measured by the geonmagtbod (GM-Table 1). On the other
hand, the values measured by quantitative metalpdge analysis (QMA) are substantially
higher than those obtained from GRT and geometethod. Also the standard deviation
values of the QMA measurements are much highef (®0.10) than those obtained by the
other three techniques (gamma-ray/0.96 to 2.70;X3M/to 2.80).

Fig. 1 — SEM topographic view (a); optical microgjneof the 70% Ti/30% urea sample (b).
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Fig. 3 — SEM topographic view (a); optical micrggneof the 100% Ti sample (b).

Table 1 — Porosity measurements by gamma-ray tiaegm technique (GRT), geometric
method (GM) and quantitative metallographic analy§MA).

sample Porosity (%)
GRT GM QMA
70%Ti/30%urea 49.07+ 1.13 49.6% 1.41 60.1C 6.10
85%Ti/15%urea 43.50+ 0.24 43.86 2.80 47.8C 3.00
100% Ti 15.75+ 0.19 15.64 1.76 25.80 5.80

Figure 4 presents the frequency of pores as aibumcf pore size range for 2D images
(Figs. 1b, 2b and 3b), which indicates that apprnately 65.3%, 61.4% and 65.1% of the
material porous phase refers to pores with radarging from 42.00 to 144.00m, from

15.36 to 66.56um and from 16.50 to 54.0Am for 70%Ti/30%urea, 85%Ti/15%urea and
100% Ti samples, respectively.
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Pore Size Distribution (70%Ti 30%urea) Pore Size Distribution (85%Ti 15%urea)
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Fig. 4 — Pore size distribution: frequency of porgsore radius

While the porosity is related to the probabilityast arbitrary pixel of the image to belong
to the pore phase, the average autocorrelationtitumcC(u), relates to the probability of
finding two pixels separated by u and belongingh® pore phase. These relations constitute
the first and second order statistics (or momeotdhe image. The average autocorrelation
function C(u) was determined with goal to genei@ile models of the samples in order to
determine the porosity and the pore size distrputhtased on 3D volume. However, only
85%Ti 15%urea sample presented agreement betweeandBD average autocorrelation
functions, indicating that the generated model lmamepresent the sample. Fig. 5a shows the
2D binary section generated by model of the 85%pP#lirea sample. The 3D model was
created by truncated Gaussian method [10,11,1dhndonstructed a cube with 25@oxels,
spatial resolution of 4.1Q4m and magnifying factor of 4 (Fig. 5b) with estimatvalue of
porosity of 48.2 %. Fig. 6 presents the frequerfgyases as a function of pore size range for
3D model, which indicates that approximately 57.624he material porous phase refers to
pores with radius varying from 20.48 to 57,8%. The pore size distribution curve of the 3D
reconstructed model does not reproduce pore siggertthan 65.5m, which were measured
in 2D images. The 3D volume with Z50oxels is not sufficient to generate big pores. To
generate a 3D volume bigger than 280xels it is necessary to use computers with high
image processing performance.

The QMA method is quite dependent on human ahalityf the analysis were made in only
one transverse section of each sample, as sanmgpargtion is time consuming and difficult
for soft metals like Ti. Both reasons may induceasugement errors.

In the geometric method, the mass measured isetiileone but the method considers the
volume sample as a dense piece, without porescimglerrors in the density value. Also this
method is quite dependent on human ability.
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The gamma-ray transmission technique has many tafyesover conventional structural
characterization methodologies as it is faster;eestructive and also does not require sample
preparation. By this technique the total porositysamples can be determined, including
closed and open pores, being more representativeegort the porosity quantity and
homogeneity of Ti samples.

Fig. 5 - 85%Ti/15%urea sample: 2D binary sectionegated by the model (a) and 3D model
generated by truncated Gaussian method (b).
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Fig. 6 — Pore size distribution of 3D model of 8%46Ti/15%urea sample.

Conclusions

The porous samples processed by powder metalluitlypere former additive presented
the porosity morphology requisites of scaffolds $mrgical use. The characterization of a
porous media by image analysis is directly inflleshby the software operator intervention.
The choice of regions of interest and the noiséaats presented by the images, besides the
illumination gradients, can be responsible for th#erences among the porosity values
presented by the QMA over the GRT and GM technigques
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