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a  b  s  t  r  a  c  t

Despite  the  fact that additive  manufacturing  (AM)  techniques  allow  to manufacture  complex  porous  parts
with  a controlled  architecture,  differences  can  occur  between  designed  and  as-produced  morphological
properties.  Therefore  this  study  aimed  at optimizing  the  robustness  and  controllability  of  the  produc-
tion  of porous  Ti6Al4V  structures  using  selective  laser  melting  (SLM)  by  reducing  the mismatch  between
designed  and  as-produced  morphological  and  mechanical  properties  in  two  runs.  In  the  first  run,  porous
Ti6Al4V  structures  with  different  pore  sizes  were  designed,  manufactured  by SLM,  analyzed  by micro-
focus  X-ray  computed  tomography  (micro-CT)  image  analysis  and  compared  to  the  original  design.  The
itanium alloys
orous materials
echanical characterization

omography

comparison  was based  on the  following  morphological  parameters:  pore  size,  strut  thickness,  porosity,
surface  area  and  structure  volume.  Integration  of  the  mismatch  between  designed  and  measured  prop-
erties into  a second  run  enabled  a decrease  of the mismatch.  For  example,  for  the  average  pore  size the
mismatch  decreased  from  45%  to  5%.  The  demonstrated  protocol  is furthermore  applicable  to other  3D
structures, properties  and  production  techniques,  powder  metallurgy,  titanium  alloys,  porous  materials,
mechanical  characterization,  tomography.
. Introduction

Among the ubiquitous applications of porous metals (flame
rresters, filters, shock absorbers) [1–9], certain applications
mpose stringent constraints on their porous morphology. For
erospace lightweight structures and tissue engineering (TE) scaf-
olds, the internal porous geometry is tailored to obtain desired
eometrical, mechanical or fluid transport properties [10,11].
ecause the obtained properties can still be highly sensitive to

ocal or systematic variations in e.g. volume fraction or feature size

nd shape, their production requires a robust technique with high
ontrollability and repeatability in terms of those parameters.
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Production techniques like foaming and powder metallurgy are
limited in their ability to control the internal shape of porous
structures, causing the repeatability of morphology and physi-
cal properties to be low [12,13].  Additive manufacturing (AM)
techniques provide, due to the layer-wise building method and
their direct link with a computed aided design (CAD) model, the
ability to produce porous structures with controlled pore and
strut dimensions. For example, Li et al. [14] investigated indirect
production of porous implants with 3D fibre deposition, and
produced structures with controlled and repeatable pore shape
and pore size distribution. However, shrinkage after sintering
caused the morphological parameters after production to sig-
nificantly differ from the designed ones. Selective laser melting
(SLM) and electron beam melting (EBM), both direct AM tech-
niques, have been used to produce porous Ti6Al4V structures with
repeatable morphological properties [4,5,15–22].  However, also
for these production techniques significant differences between
designed and as-produced pore morphologies were noticed. It
is thus inherently difficult to produce customized porous struc-

tures matching closely the envisioned morphological and physical
requirements.

The aim of this study is to optimize the robustness and con-
trollability of the production of porous Ti6Al4V structures using
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Fig. 1. Schematic overview of the feedback loop between the design and the prod

LM by iteratively reducing the mismatch between designed and
s-produced morphological and mechanical properties. For this
urpose a feedback loop approach was performed two  times,
onsisting of a design, production and in-depth morphological
haracterization step (Fig. 1). The first run, entitled the ‘exper-
mental’ run, was needed to evaluate the initial controllability
f the SLM process. After this experimental run, the mismatch
etween designed and as-produced morphology was used as input
or the second run, named the ‘production’ run. The effectiveness
f this compensation was verified at the end of the production
un. For both runs the morphological properties were characterized
y means of microfocus X-ray computed tomography (micro-CT),
hich for 3D and porous structures is a common measuring tech-
ique [1,23–26].

. Materials and methods

.1. Design and production of porous Ti6Al4V structures

For the purpose of this study, 6 types of cylindrical samples
height 12 mm,  Ø 6 mm)  consisting of a truss (i.e. framework of
eams) were created using Magics software [Materialise NV, Haas-
ode, Belgium] based on the same unit cell (Fig. 2A) [22,27],  but
aving different pore sizes. The designed pore size was the dis-
ance between two struts as given in Fig. 2C, ranging from 500 to

000 �m (Table 1). All 6 design geometries had a designed strut
hickness (Fig. 2C) of 100 �m.  Fig. 2B and D shows a typical STL-file
f the design and a typical image of a produced sample with pore
ize 1000 �m.
 including in-depth morphological characterization of the as-produced samples.

Table 1 gives an overview of the 6 design geometries that were
produced by SLM for 4 different assessments described in this
study, namely (i) micro-CT image analysis, (ii) a repeatability study,
(iii) compression testing and (iv) a specific design constraint.

In the experimental run, micro-CT image analysis and compres-
sion testing were performed on 5 randomly selected replicates of
the 4 design geometries (Table 1).

The repeatability of the SLM process was  evaluated using one
particular design geometry (po 1000) that was manufactured on 5
different time points spread over 4 months.

In the production run, design geometries po 850 and po 500
were manufactured for validating the increased controllability.
Note that the porosity of the former is within the range of the ana-
lyzed designs geometries in the experimental run, while the latter
is outside this range.

All designs geometries were fabricated by a non-commercial,
in-house developed SLM machine [28] using Ti6Al4V powder [Ray-
mor  Industries inc., Canada]. SLM is a layer-wise material addition
technique that allows generating complex 3D parts by selectively
melting successive layers of metal powder on top of each other,
using the thermal energy supplied by a focused and computer con-
trolled laser beam. The powder particles were spherical with a size
distribution between 25 and 45 �m.

The SLM machine was equipped with a Yb:YAG fibre laser with
beam spot size 80 �m and a maximum power of 300 W on the
powder bed. Because of high reactivity of Ti6Al4V to interstitial

elements such as oxygen, nitrogen, carbon and hydrogen, the SLM
process was carried out in a closed chamber flushed with argon
gas to reduce the oxygen level below 0.1%. SLM processing of the
Ti6Al4V powder was  conducted on a titanium base plate with a
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Fig. 2. (A) Unit cell of the designed porous structure. (B) STL design of a cylindrical porous structure with designed pore size 1000 �m, (C) directions of designed pore and
strut  thickness measurements and (D) a typical porous structure with designed pore size 1000 �m manufactured by SLM.

Table 1
Overview of the 6 design geometries that were produced by SLM.

√
indicates the usage of the design in the corresponding part of this study.

Design Po 500 Po 700 Po 800 Po 850 Po 900 Po 1000

Designed pore size (�m) (Fig 2B) 500 700 800 850 900 1000
Designed beam thickness (�m) (Fig 2B) 100 100 100 100 100 100
Micro-CT image analysis (n = 5)

√ √ √ √
Repeatability study (n = 5) (#time = 5)

√
Compression testing (n = 5)

√ √ √ √
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Specific design constraint (n = 5)
√ 

aser power of 42 W and a scanning velocity of 260 mm/s. The pow-
er layer thickness was 30 �m.

.2. Morphological characterization

All 6 design geometries were scanned using a Philips HOMX
61 X-ray CT system with AEA tomahawk CT software [23]. Dur-

ng the acquisition, the manufactured sample was  rotated over
87◦ in steps of 0.5◦. After each rotation, 32 images were acquired
nd the average radiograph was saved, resulting in a total of 374
adiographic images. These were reconstructed into cross-sectional
mages with a commercial software package [NRecon, Skyscan
.V., Kontich, Belgium]. The reconstructed micro-CT dataset had
n isotropic voxel size of (12.6 �m)3. This dataset was further
nalyzed using commercially available image analysis software
CTan, Skyscan N.V., Kontich, Belgium] and was additionally visual-
zed with VGStudio Max  2.1 [Volume Graphics GMBH, Heidelberg,
ermany].

Using the micro-CT image analysis the average strut thickness
nd pore size, porosity, surface area, structure volume and inter-
onnectivity were calculated. Segmentation of the micro-CT images
as based on the methodology described in Refs. [23,26].

.3. Mechanical characterization

For compression testing of the SLM produced porous Ti6Al4V
tructures, an Instron universal test bench [Instron, Nordwood,
.S.], type 4505, equipped with a load cell of 5 kN and an exten-

ometer was used at a compression rate of 0.2 mm/min. The
tiffness, ultimate compressive strength and strain at maximum
oad were determined from the stress–strain curves. Since the

urves did not show a distinct linear part in their stress–strain
urve and its derivative did not show a plateau, the maximum slope
f the stress–strain curve was regarded as the sample stiffness, in
ccordance with ASTM standards E111 and D695.
√

2.4. Statistical analysis

In this study, p-values were calculated using an un-paired stu-
dent’s t-test and considered significant when p < 0.01.

One-way unpaired ANOVA was  used to analyze intra-batch vari-
ations using Analyse-it.

3. Results and discussion

3.1. Morphological characterization

The key 3D morphological parameters acquired from the micro-
CT analyses are porosity, interconnectivity, surface area, strut
thickness and pore size distribution [3,4]. These were determined
for 4 selected design geometries on 5 replicates (Fig. 3).

As a result from the increase in strut thickness with 112 �m
compared to the designed thickness (Figs. 3 and 4C), the porosity
of the as-produced porous structures was systematically lower for
all the design geometries compared to their design. In accordance,
the structure volume and surface area increased significantly.

The increased strut thickness, and hence the mismatch for the
different morphological properties is caused by three main reasons:

(1) The scan vectors, that describes the borders of a strut, were
shifted 40 �m inwards to compensate for the laser spot size
(80 �m).  However, monitoring the melt pool when scanning
with 42 W laser power and 260 mm/s  scan velocity showed
a melt pool size of ±180 �m (Fig. 4A). It is also known that
decreasing the laser power and increasing scan velocity can
lead to a smaller melt pool. However changing these parame-
ters would lead to an uncontrolled micro porosity in the struts

which will decrease the controllability of the process [28,29].

(2) The struts were built under a 45◦ angle. Building at an angle will
lead to an increasing strut thickness and waviness due to the
staircase effect in additive manufactured parts (Fig. 4B) [30,31].
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Fig. 3. Average pore and strut thickness, porosity surface area and structure volume calculated using micro-CT image analysis compared to the respective designed geometries
calculated from the STL design using Magics. Error bars represent minimum and maximum measured value (intra-batch variation). � represents the difference between the
average  as-produced and designed values. Statistical analysis; unpaired t-test (*p < 0.01).

Fig. 4. (A) A typical image of the melt pool using 42 W laser power and 260 mm/s scan velocity. (B) a microscopic image and (C) a SEM image of a single 45◦ angled strut
showing, the real strut size, a significant surface roughness and waviness caused by unmelted grains attached to the surface after production.
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Fig. 5. 3D micro-L 1-based visualization Micro-L I analysis to a SLM produced porous Ti6A14V sample showing a uniform strut thickness distribution throughout the entire
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mechanical parameters is required. It can also be seen that numer-
ical values of stiffness and ultimate strength using an analytical
model similar to the foam model of Gibson and Ashby [36] were sys-
ample.  Green represents the struts. Blue represents the node where 4 struts conne
he  web version of this article.)

3) Angled struts are partially built on loose powder. A difference
in heat transport between powder and solid material leads to
powder particles sticking to the surface (Fig. 4C) [32,33].

Similar observations were made when producing porous
i6Al4V structures using commercial AM machines. Indeed, Hollan-
er et al. [16] reported in 2006 a mismatch of 150 �m in the strut
hickness between the design and the as-produced porous struc-
ures and thus decreased pore dimensions. Also Parthasarathy et al.
20] noticed a decrease in pore dimensions in electron beam melted
orous structures compared to the design. Mullen et al. [32] inves-
igated the effect of laser power, strut orientation and pore size
n the resulted strut thickness. An increase in strut thickness with
ncreasing laser power and strut angle and with decreasing pore
ize was noticed. However the above literature results were mea-
ured using 2D microscopy imaging limiting their measurements to
he outer surface of the porous structure. Using 3D micro-CT instead
f 2D microscopy imaging allowed us to calculate the as-produced
orosity, surface area and structure volume, as well as the pore size
nd strut thickness distributions that are not limited to the outer
urface of the structure. The latter distribution is visualized in Fig. 5
or an entire sample with designed pore size 1000 �m.

.2. Micro-CT image analysis to determine robustness and
ontrollability of the SLM production technique

Various research groups studied intra-batch geometries and
ound these to be low. They also found good correlations between
esigned and produced porosities, from which they concluded that
hey could adjust for the difference [15–17,34].  None of them how-
ver investigated inter-batch variations as function of time that
ay  arise between structures with an identical design.
For this purpose, the repeatability of the SLM production tech-

ique was evaluated by micro-CT image analysis of po 1000 (n = 5)
Table 1) built on 5 different time periods. As shown in Fig. 6 the
argest statistical difference in average pore size was only 14 �m,

hich from a practical point of view is still acceptable.
Therefore we consider the used SLM process as robust over time.
s shown in Fig. 7 as-produced pore size, porosity, surface area and
tructure volume correlated well with the designed pore size. The
mpirical correlation functions, yielding R2 ≥ 0.95, were considered
uitable as input for a production run.
r interpretation of references to color in this figure legend, the reader is referred to

3.3. Mechanical characterization

The porosity and hence also the volume fraction (=1 – poros-
ity), are known to mainly determine the mechanical properties
of porous structures [15,16,18,34,35]. Therefore the stiffness and
ultimate compressive strength are measured on 5 replicates of
5 design variations of SLM produced porous Ti6Al4V structures
(Fig. 8). The stiffness and ultimate compressive strength increased
with decreasing porosity (decreasing pore dimensions and con-
stant strut thickness) from respectively 296.73 ± 17.22 MPa  to
1204.33 ± 51.92 MPa  and from 9.69 ± 0.15 MPa  to 33.64 ± 0.83 MPa.
The mechanical properties correlated well with the relative density
(R2 > 0.97), which is promising in terms of controlling the mechani-
cal properties. Moreover, the relatively high exponents (>2) confirm
that both stiffness and strength are very sensitive to the volume
fraction [36].

This underlines the importance of increasing the controllabil-
ity of the production method when a structure with controllable
Fig. 6. The average pore size, determined using micro-CT image analysis, for 5 batch
production series spread over multiple days, showing a small inter-batch varia-
tion.  Error bars represent minimum and maximum measured value (intra-batch
variation). A is the difference between maximum and minimum measured value.
Statistical analysis: One-way unpaired ANOVA (*p < 0.01).
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ig. 7. The (A) as-produced average pore size, (B) as-produced porosity, (C) as-prod
nalysis  in function of the designed pore sizes for 4 different design geometries (po 7
arameters. Error bars represent minimum and maximum measured values (intra-

ematically higher than the experimentally obtained. Differences
etween experimental and numerical values were caused by three
ain reasons:
Residual stresses, which are inherent to SLM [37,38],  occur in

truts due to differences in cooling rate and shrinkage after melting.
hese stresses result in a lower compressive strength as they induce
arly strut failure by plastic yielding.

As shown in Fig. 4C powder particles remain attached to the

trut surfaces. This additional volume of material contributes little
o the mechanical strength. A post processing cleaning technique
an remove these particles, resulting in smaller deviations [33].

ig. 8. (A) The E-modulus and (B) the ultimate compressive strength in function of the m
ower  mechanical stillness and strength compared to the Gibson and Ashby model [36]. Er
surface area and (D) as-produced structure volume determined by micro-CT image
U. 900 and 1000) and the corresponding correlation function for all morphological

variation).

Waviness and roughness of struts (Figs. 4B and C) will result in
local heterogeneities and stress concentrations leading to a lower
stiffness and lower compressive strength.

The above points complicate the accurate prediction of mechan-
ical properties by means of analytical models and finite element
analysis (FEA) [39,40]. However, as shown in Fig. 8, stiffness and
compressive strength correlate well with volume fraction. There-
fore the experimentally obtained correlations can be used for

predicting those parameters. Note that the structure of the unit
cell remains unchanged within the investigated range of volume
fraction.

icro-CT-based volume fraction. The SLM produced porous 116AI4V structures have
ror bars represent minimum and maximum measured value (intra-batch variation).



S. Van Bael et al. / Materials Science and Engineering A 528 (2011) 7423– 7431 7429

F d from
c s (intr
v  0.01)

3

o
t
p
a
c
p
t
m

m

F
d

ig. 9. Average pore and strut thickness, porosity, surface area and volume calculate
orrelation functions. Error bars represent minimum and maximum measured value
alues.  Statistical analysis unpaired t-test unpaired (*significantly different with p <

.4. Validating the protocol with a design constraint

To validate whether the empirical correlation functions
btained in this study can be used for producing a porous struc-
ure with tailored morphological and mechanical properties, two
orous structures with a desired average pore size of 300 �m
nd 500 �m were designed and manufactured with five repli-
ates. Figs. 9 and 10 compare the morphological and mechanical
roperties predicted by previously discussed empirical correla-
ion functions with those as acquired from micro-CT analysis and
echanical testing.
Statistically significant variations between micro-CT-based

orphological parameters of the as-produced porous structures

ig. 10. The E-modulus and ultimate compressive strength derived from the empirical co
ifference between the average as-produced and calculated values Statistical analysis un
 micro-CT images compared to the respective values calculated from the empirical
a-batch variation). � is the difference between average as-produced and calculated
.

and the predicted values based on the empirical correlation func-
tions are still present. However the differences are decreased
tremendously compared to the structures analyzed in the exper-
imental run.

The error bars in Fig. 9 represent the intra-batch variability. As
this variability appeared to increase, average pore size where aver-
age pore size decreases, the production controllability for average
pore sizes below 400 �m will be lower.

The decrease in controllability, as described by Mullen et al.
[32], is caused by diffusive heating of neighboring struts. Briefly,

when the laser scans a strut, the surrounding powder will heat up
due to thermal diffusion. This diffusive heat may in turn enlarge
the melt pool of nearby built struts, causing them to be thicker.

rrelation functions compared to the respective measured values. � Represents the
paired t-test (*p < 0.01).
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owering pore size further can eventually lead to closed pores
16,27].

Similar to the morphological parameters, variations between
xperimental obtained and predicted values were still present. The
ncreased morphological intra-batch variation of the po 500 struc-
ure was reflected in the mechanical properties

The protocol, outlined in Fig. 1, consists of six steps and is essen-
ially iterative. Our results showed that in practice two iterations
one experimental and one production) can be sufficient to dras-
ically reduce the mismatch between designed and as-produced
roperties.

The design of samples in step (1) should vary the main geometri-
al parameters range to cover properties within a sufficiently wide
egion of interest. To identify these parameters and their ranges,
redictive analytical and CAD models have proven to be helpful
39].

The production step (2) should avoid systematic production
rrors by using the appropriate technological constants, e.g. laser
ower, scan velocity and beam compensation offset since these
onstants are partially determining the resulted strut thickness.
evertheless, some limited inter-batch and intra-batch variability

emains unavoidable due to small fluctuations of process parame-
ers like powder particle size and laser power. Other AM techniques
ike electron beam melting (EBM), 3D-printing (3DP) or fused depo-
ition modeling (FDM) could replace SLM in this step, on condition
hat inter-batch and intra-batch variability of the chosen tech-
ique remains low. Micro-CT acquisition (3) and analysis (4) were
ssential in the first iteration for quantitatively determining 3D
eometrical parameters. Relevant parameters such as the porosity
or relative density) and thickness distributions could be quantified
ufficiently accurate given the current resolution. These parameters
an be compared in step (5) and correlation functions can be estab-
ished either empirically or with the aid of existing analytical and
AD models. In the latter case, the comparison may  provide addi-
ional insight in the mechanical behavior of the porous structure as
ell as the limitations of the production technique. When the latter

imitations cannot be resolved, we have shown that the correlation
unctions can be used within a certain range of validity, stipulated
n step 1, to nevertheless obtain the desired properties in a second
roduction run.

While this protocol provides many benefits for the production
f porous structures with tailored properties, there are certain lim-
tations:

1) The mismatch between design and as-produced (6) is an aver-
age value of all measured pores within one sample. Since the
mismatch between design and as-produced is partially related
to the unit cell, only porous structures with an identical unit cell
throughout the whole structure can be controlled. However as
it is possible to mark region of interests in the reconstructed
micro-CT dataset, separate correlation functions for each unit
cell could be established.

2) A new experimental cycle, to obtain the correlation functions,
is needed when one of the technical constants, strut angle or
production method is changed.

3) The spatial resolution of the micro-CT will limit the smallest
detectable variations in the as-produced porous samples. Fea-
tures smaller than the resolution, like surface roughness, will
not be measured correctly. Therefore this protocol cannot be
used if there is a need for a quantified surface roughness.
. Conclusions

This work investigated a micro-CT-based protocol for increas-
ng the controllability of porous structures produced by SLM. 3D

[

[

gineering A 528 (2011) 7423– 7431

micro-CT image analysis showed a difference between designed
and manufactured morphologic properties of the porous Ti6Al4V
structures. A good repeatability of the SLM process over time was
showed. Relevant empirical correlation functions were obtained
for pore size, porosity, surface area and structure volume in func-
tion of the designed pore size, which allowed using the empirical
correlation functions as prediction tools.

Mechanical properties correlated well with volume fraction
(R2 > 0.97) following an analytical model. The obtained functions
provided us with a tool for tailoring the mechanical properties
without using FEA. The novelty of this protocol lies in the feedback
of the experimentally obtained results to the design. Using the cor-
relation functions for morphological and mechanical properties in
a second run, we were able to produce porous structures in which
the morphological and mechanical properties did meet the design
constraints.

This protocol could be useful for applications where a good con-
trollability in terms of morphological and mechanical parameters is
needed. However future work is required to include different unit
cell structures.
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