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Abstract

The work focuses on the structural and mechanical characterization of Co-Cr-Mo cellular samples

with cubic pore structure made by Electron Beam Melting (EBM). X-ray tomography was used to

characterize the architecture of the sample. High resolution images were also obtained thanks to local



tomography in which the specimen is placed close to the X-ray source. These images enabled to
observe some defects due to the fabrication process: small pores in the solid phase, partially melted
particles attached to the surface. Then, in situ compression tests were performed in the tomograph.
The images of the deformed sample show a progressive buckling of the vertical struts leading to final
fracture. The deformation initiated where the defects were present in the strut i.e. in regions with
reduced local thickness. The finite element modelling confirmed the high stress concentrations of

these weak points leading to the fracture of the sample.

Highlights

- CoCrMo samples fabricated by Electron Beam Melting (EBM) process are considered.
- X-ray Computed Tomography is used to observe the structure of the sample.
- The mechanical properties are tested thanks to an in situ test in the tomograph.

- A Finite element model is developed to model the mechanical behaviour.

1. Introduction

For many years, cobalt-chromium-molybdenum CoCrMo alloys have been used as biomedical
devices, e.g. for orthopaedic prostheses or dental implants, due to an interesting combination of
properties: biocompatibility, high strength and hardness, and good corrosion resistance. Various
studies have been performed on the relationship between microstructure and mechanical properties
of the biomedical Co29Cr6Mo alloy [1, 2, 3, 4, 5]. Dense metallic implants have been extensively
used but they have some drawbacks: a high density and mechanical properties that do not match with
that of bone. For example, Co-Cr-Mo alloys have a Young's modulus of 230 GPa while the value for

bone is 15 GPa. This difference of stiffness creates a phenomenon called stress shielding, which



causes bone resorption around the implant and reduces the life span of the device. Development of
porous implants have been proved to be a solution to overcome these problems [6]. The porosity
enables to lower the mechanical properties towards those of bone. The bone in-growth around the
implants is also improved by colonization of pores by living cells. Conventional fabrication processes
failed in providing porous samples with complex shape, desired porosity and mechanical properties.
Producing such samples from casting of liquid alloy would lead different defects such as residual
pores or other heterogeneities. For these reasons, Additive Manufacturing (AM) techniques have been
developed to create innovative samples with desired porosity and shape [6]. For metals, Selective
Laser Melting (SLM) and Electron Beam Melting (EBM) are currently the most popular techniques.
Different authors fabricated biomedical devices with these processes with titanium alloys [7, 8, 9, 10,
11, 12, 13] and also with the above mentioned biomedical cobalt-based alloy [14, 15, 16, 17].
However, this also creates new specific defects that can have detrimental effects on mechanical
properties. The aim of this paper is to characterize the structural and mechanical properties of
CoCrMo samples produced by EBM. For this purpose, samples were characterized thanks to X-Ray
Computed Tomography (XRCT). This technique has become the most popular means of
characterization of highly porous materials because it is non-destructive and enables to provide three
dimensional information about the cellular samples with no special sample preparation [18]. Typical
resolutions of few microns are used to observe the mesoscopic architecture of the samples. But, it is
also possible to obtain information about the fine scale microstructural features of the solid phase
thanks to the so-called local tomography mode [19]. In this mode, the sample is placed near the X-
ray source and a high resolution image of the irradiated part of the specimen is obtained. The samples
were compressed in situ in XRCT to obtain images at different levels of strain. Finally, a Finite
Element (FE) model was built from the tomographic images at low resolution. The tomographic
images at two resolutions, the in situ test and the FE calculations were combined to explain the

mechanical behaviour of the material.



2. Material and methods

2.1. Fabrication of the materials

We prepared the samples according to the process described in the paper published by Sun et al. [20].
The cobalt powder used in the experiment had the composition given in table 1 and was made of
spherical particles with an average particle size of 64 um. It has to be noted that the powder
composition is in the range of the ASTM F75 standard. The samples were fabricated with a special
device (Arcam AB, Molndal, Sweden). An electron beam was focused thanks to electromagnetic
lenses and sent to a layer of powder. The powder was raked on the substrate from a powder stock. A
first beam scan pre-heated the powder at a temperature of 840°C and the powder was selectively
melted at a temperature of 1430°C (i.e. the melting point of the cobalt-based alloy). A new layer was
then subsequently created onto the previous layers already built which formed the sample under
construction. The powder is selectively melted according to a model previously generated by a
Computer Aided Design (CAD) software. The samples had a cubic shape with a dimension of 20 mm.
The cells were targeted to have a size of 1.2 mm and wall size of 400 um. The direction 3 is referred
as the building direction. After fabrication, the samples underwent an ageing heat treatment at 800°C
during 24 hours to transform the y (fcp) phase into € (hep) phase. In a previous paper, microstructural
analysis evidenced that the grains were fully transformed into the single € phase by the ageing
treatment [20]. Precipitates such as M2N nitrides and M23Cs carbides were also identified with M

being Cr, Mo and Si.

A small sample with dimensions of 4.6 x 4.7 x 3.9 mm? (respectively directions 1, 2 and 3) was cut
from one of the larger samples with a micro-saw (IsoMet 1000, Buehler, Germany). These dimensions

were chosen to have a sample small enough to be inserted into the in sifu mechanical test device.



The geometric relative density was calculated from the weight and the dimensions of the large
samples, considering a density of 8.4 g.cm™ for the fully dense CoCrMo alloy.

The sample was observed thanks to Scanning Electron Microscope (SEM, SUPRA VP55, Zeiss,
Germany) at a voltage of 10 kV.

Nanoindentation was used to determine the mechanical properties of the solid phase of the sample.
For this purpose, a sample was embedded in a plastic resin and carefully polished down to 1 um with
diamond paste. The nanoindentation system (Agilent G200, Agilent Technologies, USA) was equipped
with a Berkovich tip. Due to the geometry of the Berkovich tip, the indent length is equal to seven
times the indent depth. The applied load was chosen so that the indent was fully localized in the solid
wall. A series of 10 indents was made with a speed of 10 nm.s! and dwell time of 10 s. The calculation
of Young's modulus from nanoindentation experiments was done through the use of the continuous

stiffness measurement mode (CSM).

2.2. X-ray tomography

A laboratory X-ray tomograph (Phoenix viomeX / X ray, Germany) described in [21] was used to
scan the sample. Due to the high absorption coefficient of the cobalt-based alloys, the tomograph was
operated at 100 kV and 140 pA with a 0.3 mm copper filter on the incident X-rays. The whole sample
was scanned at a resolution of 15 um (i.e. voxel size of 15 um). The source to dectector is fixed to 80
cm in our device. To obtain low resolution, the distance between the X-ray source and the sample was
10 cm. In this configuration, the whole sample was irradiated by the X-ray conical beam. In order to
observe the finer details of the microstructure, local tomography was subsequently used [21]. In this
mode, only a part of the sample was irradiated by X-rays under all the viewing angles as the field of
view of the detector was smaller than the size of the sample. A part of the sample is not seen by the
detector for some angles of rotation. But, some authors demonstrated that it is possible to reconstruct

a 3D image without noise [22, 23]. For this purpose, the sample was placed very close to the X-ray



source: the distance between the source and the sample was then only 1 cm. Using this mode, a high
resolution reconstruction of the irradiated part of the sample could be obtained with a voxel size of 3
um. To scan another part of the sample, it was then sufficient to physically displace the specimen on
the rotating stage. Reconstructing the whole volume of the sample at high resolution required that we

acquired 8 images, each representing a part of the sample.

A home-made compression rig was inserted in the tomograph to perform the compression test as
described in [19]. The sample was placed between two grips acting as compression platens. The upper
platen was screwed to a force sensor. The set (force sensor, platens and sample) was placed into an
aluminium tube with an inner diameter of 16 mm and a thickness of 4 mm. The latter was then
screwed to the motor. Aluminium has a mass attenuation coefficient of 0.37 cm?/g for a beam with a
voltage of 100 kV [24]. This value is lower than that of cobalt (2.14 cm?/g). Therefore, the presence
of the aluminium tube does not impeach scanning of the sample during the in situ test. The
displacement was applied by the motor via a home-made software with a speed of 0.01 mm.s™. The
reaction force was measured by the force sensor and recorded by a second home-made software. The
test was interrupted to scan the sample at different strains with the voxel size of 20 um. The difference

of length between images of initial and deformed states was used to calculate average strain.

2.3. Image processing and analysis

Image processing of the 3D images was performed using the ImageJ software. The low resolution
image of the initial sample was processed to improve the image quality: adjustment of contrast and
brightness, application of median filtering over neighbours of two voxels. Then, it was thresholded

to separate the pores from the solid phase.

The thresholded image was used to perform different morphological characterizations. A more



detailed description of these measurements is explained in [25].

The relative density was determined as the ratio of total voxels belonging to the solid phase compared

to the total number of voxels.

The distributions of the pore size and of the cell wall thickness were measured by a technique of
granulometry comparable to sieving of a powder. It consists in applying a series of erosion and
dilation operations to the studied phase of the image. A histogram giving the pore size or the cell wall

thickness distribution is obtained.

2.4. FE modelling

The low resolution 3D image of the initial sample was meshed with 1200000 quadratic tetrahedra
having an edge size of 54 um by Avizo 8 software. A negative displacement corresponding to the
strain reached during the mechanical test was applied to the top nodes in the direction 3 whereas the
nodes of the opposite faces were displacement constrained. An elastoplastic behaviour was assumed
for the CoCrMo material. A Young's modulus of 230 GPa (determined by nanoindentation) and a
Poisson's ratio of 0.3 were considered for elastic properties. This value of Young's modulus is close
to one determined in literature [26, 27]. Plastic stresses and strains were defined following the
compression stress/strain curve from Montero-Ocampo et al. [28]. This curve was obtained for a
CoCrMo alloy (having a chemical composition in accordance with the ASTM F75 standard) cast at a
temperature of 1430°C (melting temperature of the alloy) and heat treated at 815°C during 24 hours.
The melting of powder during EBM is certainly a different process from the casting of liquid alloy.
Therefore, the compression stress/strain of a dense CoCrMo alloy made by EBM would certainly not
have exactly this profile. But, without existing data about a uniaxial compression test of dense

samples made by EBM, it was necessary to choose data from alloys made by casting.
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3. Results

3.1. Qualitative and quantitative description of the sample

The periodic square cell structure is visible thanks to 3D visualization (fig. 1a) and a SEM image of
the sample (fig. 1b). The 3D visualization was built from low resolution tomographic image with a
voxel size of 15 um. The sample has an apparent density of 0.24. The relative density calculated by
Imagel is 0.25 in good agreement with the previous value. The relative density distribution (fig. 2)
shows alternation of dense slices and more porous ones. The direction 3 corresponds to the building

axis during the EBM process. Each curve is periodic which is consistent with the cubic pore structure

(fig. 2).

The low resolution image (fig. 3a) enables to notice the important roughness at the surface of the
sample in all the struts. Some pores are also visible in the solid phase. This is confirmed by images
obtained thanks to local tomography. The high resolution images revealed the presence of many
morphological defects in the solid struts. We present hereafter tomographic images (3D visualization
and slices) of some zones in the sample. First, different pores with various shapes are noticed in the
struts (see fig. 3a showing a horizontal strut). In fig. 4a, sets of small solid spheres are visible in the
solid phase (see the red ellipse). They give a rough aspect to the surface (visible in 3D image in fig.
4a). The spheres are partially melted particles which attached to the sample during the process. Fig.
3b shows a strut where no attached particles are present. Its surface has an important roughness which
is the cause of irregular thickness along the struts (see the vertical struts in 3D in fig. 3b and in 2D in
fig. 4b). These defects are not visible in lower resolution images and are revealed by local
tomography. The interest of local tomography lies in the possibility to scan the whole sample at high

resolution and to characterize completely the presence of defects.
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The strut thickness and cell size distributions obtained from 3D granulometry on tomographic volume
are shown in fig. 5a and 5b. The structural element used to measure the granulometric distribution
was a sphere. The strut thickness distribution from tomographic image is rather wide around the main
peak. This is consistent with the presence of defects seen on fig. 3 and 4. The pore size distribution
possesses a main peak corresponding to the macro-pores with a square cross-section and a smaller
peak around 120 pum, indicating the presence of smaller pores. The wide size distributions of solid

and porous phases illustrate the presence of heterogeneities in the structure.

3.2. In situ compression test

Fig. 6 presents the compression engineering stress versus engineering strain curve. The stress/strain
curve presents a first elastic domain followed by a plastic part. The low ductility of the CoCrMo alloy
is an explanation of the brittle failure of the struts and of the absence of stress plateau and densification

regions.

The mechanical properties obtained from the compression test for this sample and for a second one
are summarized in table 2, as well as some data extracted from literature on compression of CoCrMo
cellular samples. The quoted authors of the table studied CoCrMo cubic lattice structures made by
AM (EBM or SLM) in compression. Our results are in relatively good agreement with these previous
experiments. The ratio of the cell over the sample size has already been shown to have an influence
on the mechanical properties, with a smaller strength for samples with fewer cells [29]. The quoted
authors tested samples with 6 cells in each direction whereas our sample has only 2 cells in each
direction. This can explain their higher relative yield strength and relative compression strength.
Moreover, the difference obtained by the two quoted authors can be explained by the different

processes used (i.e. EBM) and the different relative densities achieved.
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Fig. 7 shows a 3D visualization of some struts of the sample during the in situ compression test.
Deformation localizes in the upper struts and especially in the left one. Buckling is visible in this strut
at a strain of 2.5% (see fig. 7b). This strain corresponds to the macroscopic linear elastic part of the
stress/strain curve (see fig. 6). The deformation visible in the images could be caused by local micro-
plasticity. With increasing strain, stress exceeded yield point. At this stage (i.e. strain of 4.7% shown
in fig. 7¢), the deformation in the upper struts increases. This localization of deformation in some
struts created a deformation band perpendicular to the loading direction typical of a cellular material
tested in compression. This corresponds in the stress/strain curve to the beginning of the stress
plateau. But, the vertical struts progressively broke leading to a decrease of stress until separation of
the sample into two parts. This is not shown in the figure. Fig. 7c also shows the deformation localizes
in a part of the strut (see the red frame). The corresponding high resolution image of this strut (fig.
7d) evidences the presence of an agglomerate of partially melted particles at the exact location of the

deformation.

3.3. FE modelling

Fig. 8 presents the experimental and the modelled stress/strain curve. The calculated Young's modulus
was ten times higher than the experimental one. This has already been observed for finite element
modelling of cellular samples [32]. No clear explanation exists about this overestimation [33]. On the
contrary, there was a good agreement between experiment and modelling for the plastic part of the

curve (between the yield point and the compression strength).

The normal o33 stress distributions for the struts (at a strain of 4.7 %) are shown in fig. 9. It is seen
that the finite element model predicts higher stress in the upper struts. The defects due to fabrication
such as reduced thickness in the struts concentrate the stresses as it is visible in fig. 9. This confirms

the experimental findings about the detrimental influence of these specific defects.
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4. Discussion

CoCrMo cellular samples exhibit a mechanical behaviour which has already been observed by other
authors for cubic unit cell structures [30, 34]. The deformation occurs by buckling of vertical struts
followed by a layer by layer collapse of the sample [35].

The plastic deformation initiates in weak zones where some defects are present. These defects are
difficult to observe with low resolution image of the whole sample and are revealed by local
tomography. These defects are caused by the EBM process: small pores in the solid phase, attached
particles in the surface, irregular thickness along the strut. Other authors have already noticed the
presence of defects in samples made by EBM or SLM. Murr ef al. [16] or Pupo et al. [36] found the
important role of roughness in CoCrMo structures made by SLM. The presence of partially melted
particles on the surface has already been observed by SEM by Yan ef al. with stainless steel samples
made by SLM [13]. But, up to now, local tomography has not been used to scan a whole sample at
high resolution. The scans performed in this study enable to observe the presence of the defects in all
the sample and to link them to the zones of deformation during the compression. This is confirmed

by the FE calculation which predicts that the defects constitute weak points in the structure.

This new information should encourage the use of local tomography to better characterize the
structure of the EBM- or SLM-built samples. They also prove that improvements of these AM
processes are necessary to remove these defects which are caused by a non-optimized process. The
presence of spherical residual pores can be linked to entrapment of gas in the powder in the EBM
build chamber. The gas bubbles could not escape during melting of powder and generated pores. More
irregularly shaped pores are linked to an incomplete melting of powder during the process [37]. The

presence of attached particles is caused by a partial melting of some powder particles during the EBM.
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Different parameters of the process can be optimized: powder characteristics, scanning parameters,
electron beam or laser beam parameters. Post-processing operations can also be done: Yan et al. [13]
propose to sand-blast the samples after EBM to remove the particles, Pattanayak et al. [38] heat treat

their samples to fuse the particles and to bond them to the surface.

5. Conclusion

The EBM manufacturing technique was successfully used to produce porous samples with cubic unit
cells. X-ray computed tomography is useful to characterize quantitatively and qualitatively the
architecture of the samples. Local tomography revealed the presence of different defects due to the
fabrication process, especially at the strut surface: pores in the solid phase, partially melted particles
attached to the surface giving a rough aspect to the surface, irregular thickness along the struts. In situ
compression test performed on this sample showed a typical cellular behaviour with deformation
followed by fracture of the upper struts by buckling. Careful examination of the tomographic volumes
showed an influence of the fabrication defects on the initiation of the deformation. The presence of
thinner zones surrounded by bump of partially melted particles constituted weak points of the sample
which initiated the buckling. Consequently, the FE calculation predicted the highest stresses in the

zones of reduced thickness and of partially melted particles in the vertical struts.
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Figures and tables

Table 1: Chemical composition of the CoCrMo powder used for fabrication (wt. %) [20]

Table 2: Young's modulus, yield strength and compression strength obtained from the compression

test in this study and comparison with values from the literature for other CoCrMo cellular samples

Fig. 1: Compression stress/strain curve of a biomedical CoCrMo alloy used in the model [24]

Fig. 2: (a) 3D image of the whole sample and (b) relative density profile along the three directions

Fig. 3: 3D images of some struts showing: (a) the globular aspect of the surface and (b) the irregular

thickness

Fig. 4: Slices from tomographic images showing: (a) top view of a part of the sample and (b) cross

sections of a strut

Fig. 5: (a) Strut size and (b) pore size distribution of the sample measured by image processing

granulometry [22] using a spherical structural element
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Fig. 6: Experimental compression stress/strain of the sample

Fig. 7: 3D visualization of the sample with tomographic images with a voxel size of 15 pm: (a)

initial state, (b) at a strain of 1.4 %, (c) at a strain of 2.5 % and (d) at a strain of 4.7 %

Fig. 8: Experimental and simulated stress/strain curves

Fig. 9: Result of the simulation for some struts at a strain of 4.7 %

21



Table 1

Co Cr Mo N1 51 Mn C N O

63.2 284 6.66 0.18 0.45 0.69 0.23 0.2 0.023

Table 2
Reference Fabrication/Unit lattice Relative density Young's modulus (GPa) Yield strength (MPa) Compression strength (MPa)
This study
Our sample EBM/Cube 025 494+ 1.1 45.6 64.3
Examples of other samples from the literature
Hazlehurst et al. [30] SLM/Cube 0.18 48 + 0.5 654+ 1.8 90
Che Ghani et al. [31] EBM/Cube 02 3.8 49 57.4
Fig. 1

(a) (b)
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Fig 2

As uap annelay

200

000

800

§00

<00

200

Cross sections

Fig 3

23



Fig 5

(a)

008

o
a4

) 2

Volume fracton

L d 3

Volume fraction

Strutsize (ym) Pore size (pm)



Fig 6

L 1 1

L 1
28 &8 8 88 /| 8 °

(ed W) ssans Buasaufug

Engineering stain

Fig 7

(b)

~
<
~

X

«.i R g

i

25



Fig 8
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