Mechanical characterization
of porous structures by the combined use
of micro-CT and in-situ loading

G. Kerckhofs!, J. Schrooten’, L. Elicegui®, S. Van Bael?, M. Moesen*, S.V. Lomov’,
M. Wevers®

! Dept. of Metallurgy and Materials Engineering, K.U.Leuven, Kasteelpark Arenberg
44 - bus 2450, B-3001 Leuven, greet.kerckhofs@mtm.kuleuven.be

ZDept. of Mechanical Engineering, Division of Production engineering, Machine
design and Automation, K.U.Leuven, Celestijnenlaan 300b - bus 2420, B-3001
Leuven

Aims .

In order to understand and simulate the behaviour of porous materials during
mechanical loading, a thorough knowledge of the relationship between their
morphology and mechanical behaviour on the one hand, and the failure mechanisms
on the other hand is required. Since most commonly used methods to characterize
porous materials are either empirical, indirect, often destructive, or not normalized
and thus not suitable for a reliable comparison, the combined use of microfocus X-
ray computed tomography (micro-CT) and in-situ mechanical loading was proposed
as a characterization technique to unravel the previously mentioned relationships [1-
10]. This approach allows (i) to quantify the morphology prior and during loading, (ii)
to determine in situ the global mechanical properties, (iii) to analyze the failure
mechanisms and (iv) to quantify the internal local strain distributions [11-14]. The
information thus obtained enables to link the morphology to the mechanical
properties and failure mechanisms, and can serve as input or validation for Finite
Element (FE) modelling and robust design.

In this study, the mechanical behaviour of porous Ti6Al4V structures produced by
rapid prototyping with varying pore size and constant strut size was investigated via
the combination of micro-CT imaging and stepwise in-situ compression. First the
accuracy of the developed micro-CT loading stage was assessed by validation
against a standard mechanical testing device. Then, the inter-batch variation of the
morphology and mechanical properties was determined to check the robustness of
the production technique, followed by a correlation between the morphology and the
mechanical properties.

Materials and methods.

Materials.

Three different batches (n = 15) of cylindrical porous Ti6Al4V samples with regular
structure and with varying pore and constant strut size were investigated (figure 1a).
Table 1 summarizes their design parameters. They were produced by rapid
prototyping (RP) and more specific by selective laser melting (SLM) [15, 16]. RP
techniques [17-19] allow the production of porous materials that are based on a robust
computer design, thus allowing a high morphological property control and hence
eventually a wider use. All cylinders had a radius of 3.00 £ 0.05 mm and a height of
12.0 £ 0.5 mm. The design made use of unit cells, which can also be applied for FE
modelling and determination of local surface strains as shown in figure 1b.
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Figure 1. a) A typical cylindrical porous Ti6Al4V structure with a radius of 3.00 £ 0.05 mm, a
height of 12.0 £ 0.5 mm and a global porosity of about 85 %. Designed pore size is 0.8 mm.
(b) A typical unit cell of the designed porous structures. The differing grey values on the struts
represent the surface strains under certain loading conditions.

Table. 1. Design parameters for the three different batches.

Batch | Designed pore size (mm) Designed strut size (mm) n
1 0.800 0.100 15
2 1.000 0.100 15
3 1.200 0.100 15

Micro-CT equipment

For this study, a Philips HOMX 161 X-ray system with AEA Tomohawk CT software
was used. Characteristics of the device and the applied acquisition parameters can
be found in Ref.[20]. In this study the thickness, width and height of the image voxels
were 13.9 um.

Mechanical loading devices

A mechanical loading stage was developed which can be installed inside a micro-CT
device for in-situ measurements. This loading stage has the following advantages
against others found in literature: (i) high forces can be attained (up to 30kN), (ii)
monitoring and control of relaxation is possible, (iii) no tubing is present around the
sample, thus low density polymers can be visualized accurately and (iv) there is a
possibility to add a cooling/heating or an oxygen- and/or moisture-level regulated
chamber. For standard mechanical testing, an INSTRON universal test bench, type
4505 equipped with an extensometer was used as reference. The compression rate
was kept approximately the same on both loading devices, namely 0.15mm/min. On
the INSTRON, a load cell of 5kN was used while the load cell on the micro-CT
loading stage was 30kN.

Results and discussion

Validation of the micro-CT loading stage against a standard mechanical testing
device was performed on all three batches. Five samples per batch were
continuously loaded on the INSTRON and five on the micro-CT loading stage. Since
the designed porous structure shows non-linear elastic properties, the stiffness was
defined as the maximum of the derivative of the stress-strain curve. Table 2
summarizes the results for stiffness, compressive strength and strain at maximum
load. There was no significant difference between the results. This indicated that the
micro-CT loading stage renders accurate and correct global mechanical properties.

Table 2. Stiffness, compressive strength and strain at maximum load determined both on the
INSTRON and the micro-CT loading stage for five samples per batch.

E-modulus (MPa) Strength (MPa) Strain at maximum load (%)
Batch INSTRON Micro-CT INSTRON | Micro-CT INSTRON Micro-CT
(n=10) loading stage loading stage loading stage
1 389.7+22.6 | 369.8 +29.8 15.7+03 |148+1.4 9.2 +05 7304
2 225.6 £20.5 | 237.7+16.4 8.1+0.3 8.0+0.2 7.3+0.2 7.2+x04
3 79.9+5.2 81.9+4.9 4.0£0.09 [39%0.2 9.0+£0.6 8.2+0.2




The combination of mechanical testing and micro-CT imaging allows to determine the
morphological properties of each sample prior and during stepwise loading. In this
way, a correlation can be made between the morphological and the mechanical
properties. The analysed morphological properties based on the micro-CT datasets
of all samples preloaded at 10N are summarized in table 3 together with physically
measured properties.

Table 3. Morphological parameters derived via the Archimedes principle and from the micro-
CT data via image analysis for the three different batches.

Archimedes Micro-CT
Batch Porosity (%) [Porosity (%) Specific Anisotropy |Avg. Pore Avg. Strut
(n=5) surface size (um) size (um)
(1/mm)
1 85.3+0.5 80.5+1.1 21.9+£0.7 0.59+£0.02 1480+ 8 1875
2 88.1+0.1 85.4 £0.3 21.6 £0.6 0.61+£0.02 |601+4 187 4
3 92.2+0.2 90.7+1.1 22.8+0.7 0.68+0.10 |776+ 12 181 +5

It can be seen that the micro-CT based porosity values correspond well to those
determined via the Archimedes principle, which serves as a physical reference [21,
22]. A small underestimation of the porosity is seen, which is mainly caused by the
partial volume effect [20, 23, 24]. Table 3 also indicates that for each morphological
parameter, the standard deviation within one batch is small. The same is seen in
table 2 for the mechanical properties. This confirms the robustness of the production
technique. Moreover, it indicates that one random sample within a batch is sufficient
for a full batch characterization.

Additionally, table 3 confirms that the main difference between the three batches is
the pore size and consequently also the specific surface and the porosity. It should
be mentioned that the pore size in table 5 is an average value. In reality however, a
distribution of pores with different diameter was found. The designed pore size and
the one derived from the micro-CT data are defined differently and hence cannot be
directly compared. For the struts also a distribution in diameter was found which was
equal for the three batches. In the distribution curves, two peaks can be
distinguished. The second peak, at larger strut size, represents the nodes in the unit
cell (fig. 1b) and hence should not be accounted for as a strut. Therefore, a Gaussian
curve was fitted to the first peak and the mean of this curve was taken as the
average strut size of the structures. For the three batches, an average strut size of
178 £ 44 ym was found. Since the structures assessed in this study were designed
close to the physical production limits, a difference between design (100 pum) and
reality (178 um) was expected.

Finally, as shown in figure 2, a correlation was found between stiffness and volume
fraction determined via micro-CT. The exponential fit shows a factor 2.5. This factor
indicates, as was expected, that the pore shape of the assessed structures lies
between what Gibson and Ashby [25] define as being an open cell and a
honeycomb. Equation 1 shows the correlation between the stiffness of the porous
structure and the volume fraction for open cells. Thus, if open cells would be
assumed, from the fit for the stiffness it could be concluded that the stiffness of the
bulk rapid prototyped material should be about 47 GPa (fig. 4). This was indeed
confirmed through experimental mechanical testing, showing an E-modulus for the
bulk rapid prototyped Ti6Al4V of about 42 GPa.

E = E_*(vol.frac.)?
where E is the stiffness of the porous structure and Eg the stiffness of the bulk
material [25].

eq. 1
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Figure 4. Correlation between the stiffness and the volume fraction of the samples,
determined via micro-CT

Conclusion. The new micro-CT loading stage was proven to give accurate and
correct results for the global mechanical properties of the tested rapid prototyped
Ti6Al4V porous structures. It was also determined that there was no inter-batch
variation for both morphological and mechanical properties. Thus, for further
research, one random sample per design can be assessed as a representative.
Finally, correlations between the morphology and the mechanical properties were
made. The correlation functions can be applied to tailor the design according to the
required stiffness and strength.
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