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Three-Dimensional Characterization of Pores in Ti-6Al-4V Alloy
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The direct three-dimensional characterization of opaque materials through serial sectioning makes possible 
to visualize and better quantify a material microstructure, using classical metallographic techniques coupled with 
computer-aided reconstruction. Titanium alloys are used as biomaterials for bone implants because of its excellent 
mechanical properties, biocompatibility and enhanced corrosion resistance. The Ti-6Al-4V alloy (in wt. (%)) 
with porous microstructure permits the ingrowths of new-bone tissues improving the fixation bone/implant. 
This is important to understand connectivity, morphology and spatial distribution of pores in microstructure. 
The Ti-6Al-4V alloy compacts were produced by powder metallurgy and sintered at three distinct temperatures 
(1250, 1400 and 1500 °C) to obtain distinct microstructures in terms of residual porosity. The visualization of 
the reconstructed 3D microstructure provides a qualitative and quantitative analysis of the porosity of Ti6Al4V 
alloy (volume fraction and pore morphology).
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1. Introduction

The microstructure characterization of opaque materials is carried 
out by means of traditional metallography where 2-D planar sections 
are observed. Following, the three-dimensional characteristics of 
the material are then inferred from classical stereology, a field of 
science where statistics and geometry-based principles are used 
to describe the 3-D microstructure from 2-D sections1-3. However, 
important microstructural parameters including geometry, spatial 
distribution and connectivity of the existing phases cannot be fully 
described by the observation of 2-D planar sections. In this case, the 
visualization of the 3-D structure is necessary to fully understand 
their microstructures and corresponding properties1-5. The technique 
of serial sectioning allows the visualization and quantification of 3-D 
microstructures by coupling traditional metallography (2-D planar 
sections) and computational simulation2,3,6,7. With the increasing 
development of computational tools regarding acquisition and 
further processing of digital images this task becomes easier and 
faster8. Serial sectioning comprises the following steps: suitable 
sample preparation by mechanical or chemical-mechanical polishing, 
marking by indentations (Vickers indenter), image acquisition, 
computer-assisted processing of 2-D images, image alignment, 
rendering and 3-D reconstruction. An important parameter in serial 
sectioning is to determine the amount of material necessary to describe 
the microstructure. In this case, each polishing step has to be designed 
to remove the same amount of material in order to get a representative 
volume of the material for further 3-D reconstruction1,6,9. The amount 

of material removed after each polishing step can be calculated from 
the Vickers indentations using simple geometric relationships. The 
indentations are also very useful to limit the investigated areas. High 
loading forces during Vickers testing create deep indentations and 
large deformation areas around the indentation whereas low loading 
forces produce shallow indentations. In the latter case, the number of 
sections marked by a given indentation is small making difficult its 
further 3-D reconstruction3,5,9. During the digital acquisition of images 
in 2-D planar sections there may occurs changes from one image to 
another due to the rotation of the sample or by lateral displacement. 
Therefore, after every polishing step one has to align the image to 
ease the 3-D reconstruction. This alignment can be performed by 
using dedicated software enabling an accurate spatial visualization 
of the microstructure3,9,10.

The 3-D reconstruction of metallographic sections of powder-
metallurgy processed Ti-6Al-4V alloy sintered compacts has been 
chosen to validate our technique. Titanium alloys like Ti-6Al-4V 
have excellent mechanical properties, including a low elastic 
modulus, biocompatibility and good corrosion resistance in several 
media2,4-6,11,12. In a recent paper, Doi et al.13 reported the preparation 
of commercially-pure Ti and Ti-6Al-4V materials with coarse pores 
having Young’s moduli as low as 10 GPa for samples with pore 
volume fraction above 50%. Porous coatings on surgical implants 
may help to minimize this difference and also allows a faster 
osteointegration14. Furthermore, the morphology and the connectivity 
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of the pore network play an essential role to ensure a good adherence 
of the implant to the bone15. Not only aspects related to the pore 
structure can be evaluated using this technique. Other possibilities 
might include either the 3-D characterization of the shapes of alpha 
and beta phase platelets in this two-phase alloy or the morphology 
of the grains in the sintered material.

In the present work, serial sectioning was used to reconstruct and 
enabling the visualization of porous structures in Ti-6Al-4V alloy. 
An optical microscope was used to image the planar sections. The 
sharp contrast provided by pores in a polished surface is very helpful 
to image the microstructure. The 3-D reconstructions were used to 
evaluate the effects of the sintering temperature in the morphology 
and connectivity of pores in powder metallurgy (P/M) processed 
Ti-6Al-4V samples.

2. Experimental

Samples of Ti-6Al-4V alloy were prepared by powder metallurgy. 
The starting powder was obtained by the hydride-dehydride (HDH) 
process from Ti-6Al-4V alloy turnings. About 1.5 g of -100 mesh 
Ti‑6Al-4V powder was used to produce each compact. Powder batches 
were cold pressed in a uniaxial die with 10 mm in diameter. Green 
compacts had a density corresponding to about 65% of the theoretical 
density of the alloy (ρ

th
 = 4.42 g.cm–3). High-vacuum sintering was 

carried out at 1250, 1400 and 1500 °C for 2 hours in order to get distinct 
microstructures in terms of residual porosity. The sintered compacts 
were cut, mounted in epoxy, ground in SiC paper (240-1200 grit) and 
polished with a commercial colloidal silica suspension (0.05 µm).

The 3-D serial section reconstruction microscopy studies were 
carried out according to the following steps: i) marking with aid of 
a Vickers square-based diamond pyramid indenter with a load of 
160 gf; ii) digital acquisition of the first image in the light microscope 
(Leitz, Metallovert, brightfield contrast, variable magnifications); 
iii) polishing, iv) digital acquisition of the stacking sections (repetition 
of steps iii and iv); v) alignment of the digital images; vi) rendering for 
visualization and analysis of porous structure. All the digital images 
were processed and analyzed with aid of the freeware for image 
analysis NIH Image J. Spacing between two slices were computed 
from the reducing on diagonals of Vickers indentation marks. Since 
the angle (φ) between opposite faces in square-based pyramid is 136°, 
then the spacing (Δh) is computed from the difference between mean 
values of Vickers diagonals before and after polishing ( −1 2D D ) by:

− −Δ = ≈
ϕ 

  

1 2 1 2
4.952 tan

2

D D D Dh 	 (1)

The microstructure of each sintered compact of the Ti-6Al-4V 
alloys was characterized in 3-D after stacking and alignment of 101 
consecutive 2-D planar sections. The amount of material removed after 
each polishing cycle is about 1.5 µm. Thus, the reconstructed volume 
for the sample sintered at 1250 °C is about 380 × 310 × 152 µm3 and 
about 770 × 610 × 152 µm3 for the compacts sintered at 1400 and 
1500  °C. The difference in volume can be explained by the use 
of distinct magnification during image acquisition. To ease the 
visualization of the reconstructed microstructure with emphasis on 
the residual porosity of each compact, only 15% of the total volume 
was used in the respective 3-D reconstructions.

3. Results and Discussion

Figure  1 shows the 2-D planar sections of the three sintered 
samples with their respective Vickers indentations marked by 
circles. In order to get the most accurate set of micrographs from 
every sample, variable magnifications were used to image their 
microstructures at the light optical microscope. The alloy sintered at 
1250 °C has a large pore volume fraction. In this case, a magnification 
of 200X was used to acquire the digital images. For the samples 
sintered at higher temperatures, 1400 and 1500 °C, a magnification 
of 100X was sufficient to capture details of the pore structure.

Before starting the 3-D reconstruction, the 2-D planar sections 
were aligned to ensure they do represent the desired volume with 
aid of freeware NIH Image J16 using the plug-in StackReg. The 
StackReg plugin was designed by Philippe Thévenaz, from the 
Biomedical Imaging Group of the École Polytechnique Fédérale de 
Lausanne17. This plug-in is based on an “a posteriori” algorithm18, 
providing the recursive alignment of stacks where each slice image 
is used as a template for the next one, based on a coarse-to-fine 
iterative strategy known as “pyramid approach”. This algorithm 
involves a global three-dimensional affine transformation that can 
be optionally set by user in four types: translation, rigid body, scaled 
rotation and affine, all of them combined with isomeric scaling. 
The choice of better global transformation is dependent of imaging 
conditions, since alignment needs are derived from sampling process. 
Figure 2 shows one set of six consecutive slices for one example of 
sintered compacts. The alignment process is finished only when the 
images are perfectly aligned each other. Notice that the size of the 
indentations decrease as the slices are imaged and new indentation 
marks are necessary to ensure the same region is imaged after 
each polishing cycle. Vickers impressions have regular shapes and 
known center points, being very useful to check the consistence of 
alignment quality.

Figure 1. 2-D planar sections of compacts of Ti-6Al-4V alloy sintered for 2 hours at: a) 1250 °C; b) 1400 °C; and c) 1500 °C.
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The rendering for 3-D reconstruction of aligned stacks was done 
using the “Volume Viewer” plug-in, developed by K. U. Barthel19, 
setting the “Volume I” display mode to achieve more realistic 3-D 
scenes. In this display mode, the opacity is controlled by a threshold 
tool, being possible to visualize sections inside the reconstructed 
volume. As can be observed in Figures 4, 5 and 6, reconstructed 
images have enough quality for microstructural analysis, being more 
interesting due to the public domain character of the software used 
for stacks alignment and volume rendering.

Figure 3 displays the reconstructed microstructure of the sample 
sintered at 1250 °C. The 3-D representation shows a high pore 
volume fraction. Porosity is also uniform throughout the analyzed 
volume; however, the accurate description of the pore morphology 
is blurred or even hidden by the matrix. Figure 4 shows the same 
volume shown in Figure 3, but without the matrix (removed by the 
image analysis freeware). In this case, the visualization of the pore 
structure is eased allowing one to identify all the pores present in 
this volume. The skeleton-like microstructure consists of elongated 
and interconnected pores. Contrastingly, in other parts of the 
microstructure, tiny and isolated spherical closed pores can be seen. 
It is noticeable that there are very coarse pores in the interior of the 
imaged volume (marked by arrow) whereas in other parts, smaller 
and interconnected pores do form channels in the microstructure. 
These changes in pore structure regarding the morphology, size and 
spatial distribution of pores in the compact sintered at 1250 °C is 
not optimized for applications as coating for surgical implants due 
to its non-uniformity. A pore volume fraction of 14% was calculated 
in this particular reconstructed volume using the freeware Image 
J. For application as porous structures in surgical implants, much 
larger porosities are necessary to enable faster osteointegration. 
Nevertheless, it is worth mentioning that the development of 3-D 
reconstruction in sintered parts can be extended to other materials 
enabling the full description of the pore structure in P/M processed 
materials.

Figure 3. 3-D reconstruction of the microstructure of the Ti-6Al-4V alloy 
sintered at 1250 °C showing matrix and pores.

The 3-D reconstruction of the microstructure of the compacts 
sintered at 1400 and 1500 °C are shown, respectively, in Figures 5 and 6. 
In both cases the pore volume fraction is low and the pore structure is 
formed by small and round pores. There is no evidence of connectivity 
among pores, which is expected for such a degree of densification. 
In the latter stages of densification promoted by solid-state sintering, 
cylindrical pores tend to break down into isolated and spherical pores. 
The respective pore volume fractions found in the compacts sintered 
at 1400 and 1500 °C are 4 and 3%, respectively.

Figure 2. Alignment process in images corresponding to compacts of Ti-6Al-4V alloy sintered for 2 hours at 1250 °C.
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Figure 4. 3-D reconstruction of the microstructure of the Ti-6Al-4V alloy 
sintered at 1250 °C showing the pore structure. Matrix was subtracted to 
ease visualization.

Figure 5. 3-D reconstruction of the microstructure of the Ti-6Al-4V alloy 
sintered at 1400 °C.

Figure 6. 3-D reconstruction of the microstructure of the Ti-6Al-4V alloy 
sintered at 1500 °C.

Figure 7. Enlarged view of the 3-D reconstruction in the compact sintered 
at 1400 °C.

Figure 7 depicts the enlarged view of a small region taken in the 
compact sintered at 1400 °C for 2 hours. This detailed image shows 
that pores are predominantly isolated each other. There is evidence of 
a single larger connected pore (marked by arrow); however, this seems 
to be an isolated event in the whole microstructure. Figure 8 also shows 
an enlarged view of the reconstructed volume found in the sample 
sintered at 1500 °C. The pore morphology is similar to that one found 

in the sample sintered at 1400 °C, consisting of round closed pores. 
Pores are rather uniformly spaced each other making connectivity 
very unlikely. Such a detailed description of the pore morphology in 
sintered compacts, in particular the connectivity of the pores in the 
microstructure, can be only be provided by using 3-D reconstruction 
from serial sections. The conventional 2-D analysis taken from planar 
sections cannot provide such a level of microstructural understanding.
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Figure 8. Enlarged view of the 3-D reconstruction showing the pore structure 
in the compact sintered at 1500 °C.

4. Conclusions

Ti-6Al-4V sintered compacts were evaluated in terms of 
their pore volume fraction, pore morphology, spatial distribution 
and connectivity using 3-D reconstructions from serial section 
microscopy. The residual porosity drops with increasing sintering 
temperatures varying from 14% (1250 °C) up to 3% (1500 °C). Round 
and isolated pores are found in the samples sintered at 1400 and 
1500 °C (latter stages of densifi cation), whereas interconnected pores 
are found in the microstructure of the compact sintered at 1250 °C 
(earlier stages of densifi cation).

3-D reconstructions were very useful to describe the pore structure 
in these materials, in particular details of the pore connectivity in 
the less porous compacts. This simple, low-cost and straightforward 
routine can be used to investigate other metallic material processed 
by powder metallurgy.
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