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Abstract

The objective of this work is to create a new class of porous metallic implant materials combining the biocompatibility of pure
titanium with the superelasticity of Nitinol. Ti-20.8Nb-5.5Zr, Ti-22Nb-6Ta (at%) and Ti-CP foams are produced by the space-
holder technique and characterized from both the pore morphology and the mechanical behavior points of view. To support these
developments, a multi-scale representative volume element-based approach is proposed and experimentally validated. Using this
approach, the implant’s porosity can be engineered, and the base material properties adjusted, so that the implant could offer
adequate pore morphology for bone ingrowth while offering high mechanical resistance.
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1. Introduction

It has been clearly demonstrated that the long-term clinical performances of metallic implants are improved
significantly when they possess an open-cell porous structure, thereby reducing stiffness mismatch and allowing
stable fixation by means of bone ingrowth [1,2]. Furthermore, this structure allows the implant to be lighter than an
equivalent solid structure while maintaining mechanical integrity. It has also been proven that porous superelastic
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implants made of Ti-Ni outperform porous implants made of pure titanium in terms of bone ingrowth under load-
bearing in vivo conditions, due to their enhanced biomechanical compatibility [3]. The positive outcome of this last
study makes it possible to suggest that porous superelastic implants made of Ni-free titanium alloys [4,5] should
result in even higher long-term clinical performance than their Ti-Ni counterparts, as they contain only highly
compatible components.

Generally speaking, the functional requirements for porous scaffolds can be divided into two groups: structural
(pore size, distribution and interconnectivity) and mechanical (stiffness, mechanical resistance and elastic strain).
The implant’s porosity should be engineered so that it offers a compromise between maintaining the mechanical
strength of the implant while providing adequate pore size for bone ingrowth, and matching the behavior of
surrounding bone. The latter feature should allow ingrowing bone tissue to be mechanically strained at a beneficial
level of several millistrains, preventing excessive shear displacement at the bone-implant interface, and thereby
promoting new bone formation [6,7].

Different materials (such as Ta, Ti and Ti alloys) and different manufacturing techniques can be used to produce
such porous structures. Among them are polymer foam-replicating technologies using either deposition or
infiltration techniques, additive manufacturing powder-bed or free-form laser/electron beam melting techniques, and
foaming or passive space agent power metallurgy-based techniques [8].

In this work, state-of-the-art space-holder technology is used to produce porous metallic implant materials
(foams). To support these developments, a novel multi-scale representative volume element-based approach is
proposed and partially validated. This communication is divided into three parts. The technological aspects of the
foam’s manufacturing are addressed first. Next, the principles of the multi-scale modeling of these structures are
elaborated, and finally, the numerical and experimental results are compared.

2. Foam manufacturing and characterization
2.1. Manufacturing

Metallic foams were manufactured using the powder metallurgy-based space-holder technique, which has five
common steps: mixing, pressing, space-holder pyrolysis, sintering and post-sintering thermal treatment. This
processing sequence started with two components in powder form: a prealloyed metal powder and a spacer polymer
powder. The metal powders were: commercially-pure Grade 2 titanium (TiCp), Ti-20.8Nb-5.5Zr (TNZ) and Ti-
22Nb-6Ta (TNT) alloys (at%). The spacer material was polymethylmethacrylate (PMMA) powder.

The following powder granulometries (d10, d50 and d90) were used: 20, 35 and 60 um for metallic powders and
50, 120 and 230 pm for the spacer. The mixture was uniaxially compressed (180 MPa), and the resulted green
product was subjected to two-step heating to produce a brown product (1x10 mbar vacuum, 2h space holder
pyrolysis at 450 °C) and then a final product (1x10"® mbar vacuum, 3h sintering at 1300, 1400 and 1500 °C for TiCp,
TNZ and TNT respectively). The details of the foam manufacturing are reported in [9]. The produced foams (Fig. 1)
were then characterized from both the pore morphology and the mechanical behavior points of view.

Fig. 1. Ti foam (P=0.5, P stands for porosity): photo (a), SEM images at magnifications of 25X (b), 100X (c), and 300X (d) (adapted from [9]).
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2.2. Microstructure and Morphology

At room temperature, the as-sintered TNZ and TNT foams have mainly cubic B-phase structure (a = 0.33001 +
0.00001 nm and 0.32855 + 0.00001 nm respectively) and small quantities of o’, o’” phases, and interstitial phases:
TiC, (Nb,Ti)C, NbC (carbides); rutile/anatase TiO2 (oxides). The precise assessment of the o’’-phase is complicated
by a net overlapping of o’’-phase and interstitial phases X-ray lines.

An analysis of the pore size and distribution was conducted using a combination of the image processing,
mercury porosimetry and Archimedes’ techniques. As an example of the image processing measurements using
ImageJ software, Fig. 2a shows a metallographic image of the TNZ P=0.47 foam, Fig. 2b shows the binarized (black
& white) image, and Fig. 2c, the pore size distribution. The calculated pore size distribution (D10, D50 and D90) for
this case is 65, 250 and 870 um. Note that for each measurement, the total number of pores analyzed varied from
9000 to 25000, depending on the foams’ porosity. Interpore (pore throat) size and distribution were measured using
mercury intrusion technique and it was found that the ratio of the pore size to the pore-throat size is approximately
10:1. More details on the foams morphology can be found in [9].
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Fig. 2. TNZ foam (P=0.47): (a) metallography (25X), (b) binarized image (pores are white), and (c) pore size distribution (adapted from [9]).
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2.3. Mechanical properties

Cyclic compression tests with incrementally-increased engineering strain up to € = 0.6 or specimen failure (e at
each cycle corresponds to 0.02 of the initial sample height) were performed (£=0.002 s™'). As an example, an
“apparent strain — apparent stress” diagram of the TNT (P=0.45) foam is shown in Fig. 3a. The following metrics are
extracted from such diagrams: the apparent yield stress (c,*) and the apparent Young’s modulus at € = 0.2 (E*). The
Young’s modulus is determined for the 10th testing cycle from the tangent to the point of the maximum stress on the
unloading portion of the stress-strain diagram, and the yield stress 6,* corresponds to the intersection of the tangent
lines with the elastic and the plateau regions.

2.4. Morphology versus mechanical properties

As an example, the evolutions of the TNZ foams’ pore size (D50), apparent Young’s modulus (E*) and yield
stress (oy*) are plotted in Fig. 3b as functions of the foam porosity. For the pore size ranging from 100 to 600 pm
(the general recommendation for porous metallic scaffolds [10]), the foam porosity varies from 0.35 to 0.45, the
Young’s modulus decreases from 13 to 8§ GPa and the yield stress, from 260 to 130 MPa. This range of stiffness
matches that of cortical bone, whereas this range of mechanical resistance comfortably exceeds that of human bone.
Note that the resulted stiffness is still higher than that of trabecular bone (the main target of this study). In this
respect, an appropriate post-sintering thermal treatment of metastable titanium alloys, such as the TNT and TNZ of
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this study, offers an extra capacity to lower the foams’ stiffness without altering their morphology, by creating
conditions for triggering reversible o.”— [ martensitic transformation during mechanical loading [11].
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Fig. 3. (a) TNZ foam (P=0.45) compression test; (b) TNZ foams: pore size, apparent Young’s modulus and yield stress as functions of porosity.
3. Modeling

Weighting the calculation power of modern desktop computers versus the structural complexity of real porous
structures, the latter cannot be explicitly simulated by a single model ranging from a crystal lattice (A) to an entire
object (cm). Generally, a three-level modeling approach is applied: a micro-scale model simulating the behavior of
the constitutive material, a macro-scale model simulating that of an entire object, and a meso-scale model bridging
the gap between the micro- and the macro-models by explicitly representing the foam’s architecture. Generally
speaking, the larger the size of the meso-scale model, the more representative it is of the whole object, but the
greater the computation time. The main challenge is therefore to determine the smallest size of the meso-scale model
(representative volume element or RVE), while adequately representing the structural complexity of the object.

Since metallic foams should simultaneously satisfy functional requirements of the morphological and mechanical
compatibility, both aspects should be considered when selecting the size of an RVE. To solve this problem, a
numerical study should be performed to evaluate the dependence of the morphological and mechanical
characteristics of the meso-scale model on its size (a convergence study).

To ensure the “mechanical” fidelity of the meso-scale model, the convergence of two characteristics can be
analyzed: that of the stress-strain diagram c=f(€) and that of the strain distribution at different deformation stages
¢(e). To ensure the “morphological” fidelity of the meso-scale model, two other characteristics can be selected: the
pore size distribution ¢(D) and the specific surface area. Finally, the minimum size of a meso-scale model capable of
simultaneously satisfying the criteria for morphological and behavioral fidelity can be determined, using the
principle of a so-called “dominant constraint”. The morphology-related numerical modeling of such foams is
discussed in more detail in [12], whereas this communication is limited to the issue of “mechanical” convergence.

3.1. Foam generation

In this work, an original numerical generation algorithm is applied, capable of generating random foam structures
with targeted porosities. These structures are composed of interconnected matter and interconnected void voxels, as
shown in Fig. 4.
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Fig. 4. Evolution of the path of matter Voxels (RVE = 12° and P=0.75) [12].

3.2. Mechanical convergence study

As a first approximation, mechanical convergence was studied using the phenomenological elastoplastic material
law (Fig. 5a) and Von-Mises failure criteria in the ANSYS FEA software environment. The convergence study
consisted of a series of displacement-controlled finite element simulations of a cubic domain with incrementally
increasing RVE size (Fig. 5b); with the converged size of the domain leading to the stabilization of some selected
metrics (Fig. 5¢). In our case, the RVE size was increased from 4° to 80° by steps of 2°, and the convergence metrics
were E* (apparent Young’s modulus), 6*, (apparent yield stress), and c*, (apparent ultimate tensile strength). Note
that each matter voxel corresponded to a single 20-node cubic finite element (FE). Convergence was considered to
be reached when the deviation between six consecutive smoothed values of the selected metrics became less than
0.1%.

Since after each loading step, any matter element (voxel) could only be in one of the following states: elastically
deformed, plastically deformed or failed, the corresponding volume fractions were calculated after each increment.
Fig. 5c illustrates the evolution of these volume fractions superposed on the stress-strain diagram of RVE=50"; this
last value is considered to be converged for all of the metrics (Fig. 5d,e).
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Fig. 5. (a) Elastoplastic material law; b) cubic domain and boundary conditions [12]; ¢) stress-strain diagram and evolution of volume fractions of
the plastically deformed and failed elements, d) stress-strain diagram convergence: 1 voxel = 1 FE (4°-50°) and 1 voxel = 2, 3 and 4 FE [50-2,
50-3, and 50-4]°; and e) Stress-strain diagram metrics convergence study (dots correspond to the convergent RVE for each metric).
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4. Experiment versus modeling

For the as-sintered Ti-Cp, TNT and TNZ foams of this study, the Young’s modulus and the yield stress values
(experimentally measured and numerically calculated) are superposed in Fig. 6a,b. It can be observed that the
calculated results are systematically higher than those obtained experimentally. This problem seems to be related to a
non-sufficient refinement of the finite element model used for these calculations (1 voxel = 1 FE). The preliminary
results obtained with 2°, 3° and 4° FE per voxel show that the 1 voxel = I FE meso-scale model was not really
representative (see Fig. 5d). This study is part of an ongoing project.
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Fig. 6. Young’s modulus (a) and yield stress (b) of the as-sintered Ti-Cp, TNT and TNZ foams of variable porosities (numerical versus
experimental results).

Summary

1. The space-holder method enables TiCp, TNZ and TNT foams to be produced consistently in the 0.25 -- 0.65
porosity range with controlled microstructure, morphology and mechanical properties.

2. The representative volume element (RVE) approach appears to be capable of simultaneously satisfying the
criteria for morphological and behavioral fidelity, at least for elastoplasticity and failure.
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