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The production of porous scaffold structures using additive manufacturing is becoming widespread,
however a detailed understanding of the scaffold failure mechanisms is lacking. In this research, Selective
Laser Melting (SLM) is used to produce Ti–6Al–4V scaffold structures consisting of a regular array of unit
cells previously designed using topology optimisation. Interrupted compression testing and subsequent
X-Ray Micro Tomography (XMT) characterisation is used to study the deformation and failure of the
scaffolds for a range of solid fractions. Further, the XMT data of the unloaded scaffolds is used to generate
meshes for finite element analysis which allowed direct comparison of desired and as built behaviour.
Likely failure sites predicted from the finite element analysis compare favourably with the experimen-
tally observed ones. Failure is initiated in areas that exhibit the greatest tensile stress, while the onset
of the commonly observed layered failure occurs afterwards. The XMT of the unloaded scaffolds also
highlights the inaccuracies in the SLM build process, which contributes to stress concentrations in the
horizontal arms within the scaffolds. The results indicate that although the strength of the topology
optimised structures is very high, further refinement in both the unit cell design and build quality would
further increase the strength.

� 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).
1. Introduction surrounding bone can cause stress shielding in the bone, which
The use of porous materials for regenerative medicine is attract-
ing increasing interest due to the ability to control the stiffness
[1,2] of the device as well as promote the in growth of bone [3].
In load bearing applications, polymers and ceramics do not possess
the requisite mechanical strength and toughness to survive the
in vivo loading and therefore metals and their alloys have become
the material of choice [4].

The relatively low modulus of titanium, along with its excellent
corrosion resistance and very high specific strength, has resulted in
it being widely favoured for bone replacement applications [4,5].
Even so, Ti has a modulus which is at least an order of magnitude
larger than bone. Mismatch of moduli between the biomaterial and
eventually leads to bone resorption, and has been identified as a
major causal factor of implant loosening [3,6]. The modulus of a
material can be decreased by introducing porosity, which, provided
it is interconnected, can have the additional desired effect of
promoting bone in-growth [7–9], along with easy diffusion of
nutrients to and waste from the implant [10,11].

There are a number of methods to produce porous titanium
components (see [12–14] for recent reviews). Of these methods,
only additive manufacturing (‘‘3D printing’’) techniques enables
the fabrication of anatomically-shaped scaffolds with complex
internal architectures, allowing precise control of the porosity
(including pore size, shape and interconnectivity) and therefore
stiffness.

The mechanical strength of porous materials is determined lar-
gely by the characteristics of the pores – namely their size, volume
fraction and shape [15], as these dictate the size of the load bearing
struts. There have been a number of methods used to predict the
mechanical behaviour of porous solids. Gibson and Ashby [16]
have developed a micromechanical model to predict the strength
of foams based on the physical characteristics such as relative
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Fig. 1. The optimised unit cell at a 10% solid fraction. The samples were built using
an array of 3 � 3 � 3 cells at 7%, 10% and 15% solid fractions. All struts have the
same dimensions.

Fig. 2. Scanning electron image of the Ti–6Al–4V powder.

Table 2
Laser parameters used.

Parameter On powder setting On solid setting

Contour Fill Contour Fill

Laser power (W) 100 140 140 200
Point distance (lm) 120 120 120 100
Exposure time (ls) 80 80 80 80
Scan speed (mm/s) 1500 1500 1500 1250

Table 3
Comparison between the nominal, CAD and actual as fabricated solid fraction for the
scaffolds used.

Nominal solid fraction
(%)

CAD model solid fraction
(%)

Fabricated solid fraction
(%)

7 6.5 7.4 ± 0.3
10 9.5 10.5 ± 0.3
15 14.7 15.4 ± 0.4

Fig. 3. Schematic of the in situ compression rig. The samples were held at constant
strain while the XMT scan was performed.

Fig. 4. Bulk properties used in the finite element analysis (a) and the constraints
and loading applied (b). The yellow arrows indicate constant load. The orange and
blue marks indicate the constraints applied: in the bottom xy-plane there is a
symmetry restraint in z translation, x rotation and y rotation. The points where the
loading and constraints are applied are equally spaced around the surface of
the structure. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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density, the nature of the porosity (i.e. open or closed) and the
material properties of the metal. Predictions using continuum
micromechanics were subsequently developed [17] to overcome
some of the limitations of the Gibson–Ashby models (namely
assumptions of uniform porosity, idealised smooth struts and the
absence of any axial or shear displacement of the foam edges
during loading). A third approach has been to use finite element
modelling (FEM) of the three dimensional (3D) structure and has
been used to predict the compressive behaviour of bone [18],
titanium [19–21], aluminium [22–26] and bioactive glasses [27].
This modelling work usually has been accompanied by X-Ray
Micro Tomography (XMT), which can be used to quantify the 3D
microstructure, generate the required FEM meshes and directly
Table 1
Selected characteristics of the Ti–6Al–4V powder used in this work.

Powder composition (wt%) Powder size (lm) Flow rate (s/50g) Apparent density (%)

Ti Al V O N Fe d10 d50 d90 15.6 57.5
Bal 6.25 4.04 0.14 0.02 0.22 25.6 37.5 51.1
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study the deformation behaviour [21,28–30] and flow properties
[31] and bone in growth [32] into porous solids. This provides
insights into the failure mechanisms, especially the prediction of
the most vulnerable localised regions.

Recently [2] we have shown the advantage of combining topol-
ogy optimisation and Selective Laser Melting (SLM) to produce
structures with exceptionally high strength and stiffness to weight.
However, we do not understand the deformation or failure mech-
anisms of these structures, which is hindering our ability to
improve the design further. In this work, we have studied the fail-
ure of topology optimised structures [1,33] using interrupted com-
pression testing and XMT characterisation, allowing the direct
comparison of the desired properties and failure mechanisms to
those actually achieved.
(e)
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Fig. 5. Comparison between the CAD file ((a), (b)), actually built unit cell ((c), (d)) and the
(a), (c) and (e), and the top view in (b), (d) and (f). It is apparent comparing (a) and (c) th
while the horizontal arms (shown in (d)) are smaller than in the model, they are essent
2. Experimental details

2.1. Part manufacture

In this work, scaffolds were created from a unit cell that was
designed using topology optimisation [1,33] at three different
nominal solid fractions, 7%, 10% and 15%. The base unit cell of
the 10% solid fraction is shown in Fig. 1. These unit cells have
exceptionally high strength and stiffness to weight ratio [2].

Structures consisting of 3 � 3 � 3 unit cells, 3.333 mm in size
(overall size 10 � 10 � 10 mm3), were manufactured using Selec-
tive Laser Melting (SLM) on a Realizer SLM100 machine (Borchen,
Germany). The Ti–6Al–4V powder that was used was obtained
from TLS Technik, Germany. A scanning electron image (Zeiss
(f)
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central slice ((e) and (f)) for the 10% solid fraction scaffold. The side view is shown in
at there is significantly greater surface roughness on the downward facing surfaces,
ially fully dense and integral.



Fig. 6. Finite element analysis of the unit cell. It is apparent that the horizontal
arms carry the tensile load and the vertical one, compression.

Fig. 7. Typical stress strain curves for optimised structures at the solid fractions
used as acquired on an Instron material testing machine. The overlaid dots indicate
the equivalent position that XMT scans were performed. The numbers indicate the
nominal solid fraction of the structure (see Table 3).
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1555 VP-FESEM, Jena, Germany) of the powder is shown in Fig. 2
and the important characteristics of the powder are summarised
in Table 1. The composition was measured using inductively cou-
pled plasma atomic emission spectroscopy (ICP-AES) by Spectrom-
eter Services (Melbourne, Australia), the particle size using a
Malvern Microsizer Plus (Worcestershire, UK) and the flow and
apparent density according to Metal Powder Industries Federation
Standard 03 and 04 [34], respectively. The theoretical density of
the alloy was taken to be 4.43 g/cm3.

The SLM processing parameters used are summarised in Table 2.
Each slice was divided into regions that were ‘‘on solid’’ (that is
contained at least one layer of solid beneath them) or ‘‘on powder’’
(which contained only powder below, such as would occur on the
overhangs of downward facing surfaces). Determination of the ‘‘on
powder’’ and ‘‘on solid’’ areas was performed using the Realizer
software. The control of the laser speed is achieved through the
independent setting of a point distance (d) and exposure time at
each point (t) and therefore the overall laser speed is d/t. In all
cases the parts were built on a commercially pure Ti substrate
plate, using an Ar atmosphere that contained <1000 ppm of oxy-
gen. The layer thickness, laser scan spacing and laser offset were
kept constant at 50, 100 and 60 lm, respectively. The direction
of the laser was rotated 90� between layers and was always paral-
lel to the edge of the scaffold structures. After building, the parts
were removed from the substrate, the support structure was
removed and the parts cleaned by glass bead blasting and then
compressed air. The dimensions of the scaffold and weight were
then measured to an accuracy of 10 lm and 1 mg respectively in
order to calculate the density and therefore solid fraction. A com-
parison between the nominal solid fraction with that of the CAD
model and the as-built scaffold structures is shown in Table 3.

2.2. X-Ray Micro Tomography

In situ X-Ray Micro Tomography (XMT) was used in conjunction
with interrupted compression testing to study the compressive
deformation of the scaffolds. The sample was loaded into a Deben
rig (St Edmunds, UK), with a maximum load rating of 10kN and
compressed at a constant strain rate of 0.05 mm/min. The loading
direction was parallel to the build direction of the sample. Prior to,
and periodically during compression, the sample was held at a con-
stant strain, and a 360� tomographic scan performed. The XMT was
performed using a Nikon Metris 225 (Nikon Metrology, UK) at
130 kV and 300lA with a voxel size of 24.5 lm. Projections
(2000, 250 ms exposure time) were collected on a 2 k � 2 k
charge-coupled device detector. XMT images were then recon-
structed from these projections using a cone beam back-projection
algorithm. A schematic of the experimental set up is shown in
Fig. 3.

2.3. FEA analysis

Volumes of individual unit cells with different solid fractions
(7%, 10% and 15%) from the XMT scans were segmented and
meshed in a commercial FEM meshing package, ScanIP (Simple-
ware Ltd., UK). The FEM meshes were then imported into the
FEM analysis package Abaqus/CAE (Dassault Systemes Simulia
Corp., USA). Fig. 4 shows the schematic of the 3D FEA model and
the boundary conditions applied in the simulation, along with
the material bulk properties. The modulus of the bulk material
was determined using separately produced, machined rectangular
samples (48 � 11 � 5 mm3) built parallel to the horizontal axis
of the machine, using an impulse excitation technique on a
Grindosonic™ instrument (Heverlee, Belgium). These bars were
subsequently machined into tensile samples (gauge length
6 � 4 � 15 mm3), and tested on an Instron 5982 (Norwood, MA,
USA), using a 10 mm extensometer and at a cross head speed of
1 mm/min. The testing direction was normal to the build direction.
The top surface node set was assigned a constant load along
z-direction and the bottom surface node was restricted from
moving in the z-direction. Note that due to the different strengths
of the various solid factions, the force was scaled with the solid
fraction, i.e. a load ratio of 2:5:10 was used for the 7%, 10% and
15% solid fractions respectively. In addition to the single unit cells,
FEA analysis on the ideal unit cell (model) and a 3 � 3 � 3 volume
of the actual 10% solid fraction structure were performed.
3. Results

The structure of the central cell from the 10% solid fraction
scaffold is compared to the computer model from which it was
built in Fig. 5. It is clear that the geometrical reproduction of the
model is not perfect. In particular, there are localised increases in
the size (‘‘Z-growth’’) of the vertical members (see Fig. 5(c)) result-
ing in high surface roughness of the downwards facing surfaces. In
contrast, upwards facing surfaces are relatively smooth and well
defined. For the horizontal members, shown in Fig. 5(d), the
thickness is much less than the model and also contains significant
variability and roughness. Nonetheless, as shown in Fig. 5(e) and
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(f), both the horizontal and vertical arms are solid and contain only
a low level of porosity. FEA analysis of the ideal unit cell, Fig. 6,
reveals that under uniaxial compression, the horizontal arms carry
tensile loading, while the vertical arms are loaded in compression.

The mechanical behaviour of the scaffolds at the various solid
fractions is shown in Fig. 7 together with the points at which the
compression test was interrupted for scanning. The general shape
of the stress strain curve is similar to that of a conventional bulk
material.

Progressive deformation of the 10% solid fraction scaffold at
points (a)–(d) in Fig. 7 is shown in Fig. 8. This Figure shows that
gradual deformation of the vertical sections occurs prior to shear
failure at an angle of 45� to the applied load. Fig. 8(e) is a 3D
rendering of the final failed structure. Similar deformation charac-
teristics were observed in all solid fraction samples.
Fig. 8. Compression of a central slice through the 10% optimised structure at the points
rendered in 3D in (e).
The initial failure site for the three solid fractions was identified
in the reconstructed XMT data from the point just beyond the peak
load (shown in Fig. 7). These failure sites are indicated on the iso-
lated individual unit cell in which they occurred in Fig. 9 alongside
the stress distribution as predicted by the FEA. For all solid frac-
tions, the first failure occurred in the horizontal arms and the exact
failure location aligned with regions of high tensile stress due to
build variations as predicted by the FEA.

The locations where the scaffold collapses can be seen in Fig. 10.
This is for the central layer of the 10% solid fraction structure at
stress ‘c’ in Fig. 7, well beyond the peak load. It is apparent that fail-
ure progressed via multiple fracturing of the horizontal arms
(Fig. 10(a)), with the vertically aligned members remaining intact,
Fig. 10(c). The site of the fractures is also indicated on the FEA results
in Fig. 10(b). Similar to what was shown in Fig. 9, there is a very close
(a) to (d) shown in Fig. 4. The central plane of unit cells after compression at (d) is
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correlation between the high stress areas and location of the fail-
ures. The failure of the horizontal arms prior to the vertical arms
occurred on all layers of the scaffold and for all three solid fractions.
4. Discussion

The geometric freedom afforded by advanced manufacturing
technologies such as SLM facilitates the production of previously
unachievable geometries. However, the accuracy of the reproduc-
tion of the structure is limited by the fact that the process is pow-
der based and also by the local instabilities in the melt pool that
can form during the scanning of the laser across the powder bed.
At high laser energies the cylindrical melt pool can become unsta-
ble due to rapid convective motion known as thermo-capillary or
Marangoni flow [35–38]. This instability causes the melt pool to
break up into large non-continuous droplets, an effect usually
called ‘‘balling’’. If the energy density is too low however, insuffi-
cient melting creates a smaller melt pool and if the length to diam-
eter ratio of this melt pool becomes larger than p, small balls form,
commonly thought to occur as a result of Rayleigh instability
[35,39,40]. Between these two extremes, smooth regular scan
tracks form. However even these can form irregularities due to
localised changes in the thermal conditions [41]. Of particular con-
cern are overhangs or unsupported horizontal surfaces. In these
regions, the laser scans across powder that does not have any solid
material below. During SLM, heat conduction through the underly-
ing solid causes rapid cooling of the laser scanned material and
therefore higher laser energies are required to compensate [35].
Since loose powder has significantly lower thermal conductivity
than solid metal, a lower energy is required to fully melt the pow-
der. The use of the same energy will cause superheating of the melt
pool, diffusion of the heat into the underlying powder, and melting
Fig. 9. Comparison between the (a)–(c) first failure site and (d)–(f) FEA of the starting stru
in the horizontal arms and was in an area that the FEA predicts as having high tensile s
of powder from beyond the layer being scanned. Consequently, the
scanning strategy employed divided each slice in to areas which
have solid beneath (‘‘on solid’’) and areas which have powder
beneath (‘‘on powder’’). A different set of parameters were used
for each area (Table 2). Despite this lowered energy, it is apparent
that on downwards facing surfaces (see Fig. 5(b)) the laser energy
penetrates beyond the layer being scanned and is sufficient to
melt, or partially melt, the powder, causing surface roughness
and growth in the z-direction. However this penetration is not con-
sistent, which may be a result of localised variability in the powder
packing and hence thermal conductivity.

Unsupported horizontal arms can also be problematic to build
via SLM. Residual stresses and aforementioned variability in pow-
der packing can result in the formation of unstable melt tracks,
which causes the significant surface roughness (Fig. 5(c)). Fig. 5
also shows that the horizontal arms are thinner than the model,
possibly as a result of contraction of the liquid pool as it solidifies,
which would act to increase the stress levels in these sections.

Despite the inaccuracies in the build, this unit cell possesses
exceptional strength and stiffness to weight [2]. However, mecha-
nism(s) by which these structures fail has not been investigated,
which prevents further refinement of the design. Failure of random
porous structures, such as foams, tends to occurs via collapse of the
entire horizontal layer containing the weakest strut soon after
yielding [22,42,43]. As a result of this failure mechanism, a rapid
drop in the strength often occurs soon after yielding. This is due
to the concentration of the stress in the material surrounding the
failure site causing subsequent localised collapse of the structure.
Similar behaviour has been reported in Selective Laser or Electron
Beam Melted scaffold structures [9,44–47], with a sudden drop in
the stress occurring immediately after yielding and where localised
failure along an angle of 45� to the applied load is often observed
[9,46,47]. However, it is apparent from Fig. 7, that these structures
cture for the three volume fractions used. In all cases, the initial failure site occurred
tress. Images are of the top view.



Fig. 10. XMT and corresponding FEA of the central layer of unit cells for the 10% solid fraction scaffold. This scaffold has been loaded well beyond the peak load (to point C in
Fig. 6) and exhibits multiple fractures of the horizontal arms (arrowed). The top view is shown in (a) and (b) and the side view in (c) and (d). It is apparent that the failure sites
are strongly correlated with the high stress regions in the FEA, which are also indicated with arrows.
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exhibit very different failure behaviour and behave much more like
a bulk material – that is beyond yielding, the load carrying capacity
of the structure continues to increase. Therefore it appears that a
different failure mechanism is in operation.

For all solid fractions studied, failure first occurred in the hori-
zontally aligned struts, Fig. 9(a–c). These arms carry tensile loading
(Fig. 6). However, the reduced cross sectional area and significant
surface roughness causes the peak stress to be approximately
twice that predicted in the ideal unit cell, Fig. 9(d–f). Hence it is
quite clear that the initial failure not only occurs in the struts that
are loaded in tension, but is also located at the regions of high
stress concentration due to build variations.

Subsequent to the first failure, continued loading results in pro-
gressive fracture of these tension loaded, horizontal struts,
Fig. 10(a), while the vertically aligned members, which are mostly
in compression, remain intact, Fig. 10(c). Similar to the initial fail-
ure, all the failure sites of the struts occurred at the location of high
tensile stress as predicted in the FEA, Fig. 10(b). Both the site of
first failure and also the way in which the failure propagates did
not change with the solid fraction of the structure. In all cases,
the horizontal arms fail first, with continued load carrying ability
being maintained by the vertical members. Final collapse of the
structure occurs as a result of the fracturing/collapse of the vertical
arms, which occurs at 45� to the stress direction, Fig. 8(d) and (e).
Once the horizontal strut arms have fractured, the scaffold struc-
ture becomes similar to an octahedral structure, which is known
to fail in a localised shear band in both static [47] and fatigue load-
ing [48]. Hence it is apparent that these structures are failing in a
way that is very different from the ‘‘floor-by-floor’’ mechanism
often observed in porous foams. The result of this is that the initial
failure of the scaffold does not cause a large drop in the load carry-
ing capacity of the structure once the yield point is exceeded,
which increases the damage tolerance of the design.
5. Conclusions

In this work, we have coupled in situ compression testing XMT
with FEA to investigate the failure mechanisms of high strength
and stiffness to weight scaffold structures, over a range of solid frac-
tions. From this work, we have made the following conclusions:

� It is apparent that the failure of these structures first occurs in
the struts that carry the tensile load. Further, failure occurred
at the sites that FEA predicted to have high localised stress
due to poor build quality. Therefore, by improving the build
quality (to minimise the high surface roughness), it may be pos-
sible to improve the load carrying capacity of these high
strength scaffolds even further. This highlights the feedback/
optimisation loop that XMT facilitates, especially when coupled
to in situ loading capabilities. The scale and complexity of these
structures means that both optical and electron microscopy are
not effective characterisation techniques.
� By combining XMT and FEA, the failure site(s) of the scaffolds can

be predicted prior to physical testing and therefore can be used
as an important tool in the evaluation of new scaffold designs.
� The failure mode was very different to the classical floor-by-

floor mechanism of traditional foam materials and, as a result,
significant load carrying capacity was maintained even after
the onset of strut failure. Only once all the horizontal arms
had failed, was a more traditional failure mode observed, with
a sheer band forming at 45�.
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