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Summary
NiTi has been established for applications in load-bearing implants due
to its mechanical properties, which mimic the characteristics of bone
better than any other known biocompatible metal or metallic alloy.
Further, NiTi is well known for pseudoelasticity and pseudoplasticity,
i.e. the possibility for shape recovery after deformation. Both macroscopic effects are based on a thermoelastic martensitic phase transformation, i. e. rearrangement of atoms on the sub-nanometer scale. For
load-bearing implants, the appropriate mechanical stimulation of bony
tissue enhances osseointegration. NiTi scaffolds exhibiting pseudoelasticity allow the cyclic mechanical stimulation of tissue in its proximity,
as an induced deformation is recovered if the stress is removed. This
is hypothesized to lead to improved bone ingrowth, better bonding between implant and surrounding tissue and ultimately to an enhanced
implant performance. As the additive manufacturing technique of selective laser melting (SLM) allows the straightforward fabrication of
dense as well as porous NiTi constructs, this work deals with SLMprocessing of the NiTi alloy regarding scaffolds as medical implants.
The first part of the thesis is concerned with the impact of processing parameters onto the resulting material properties, because selective
laser melting is known to alter material characteristics in an anisotropic
manner. In dense parts, variation of the processing parameters shifted
the phase transformation temperatures of up to 50 K. This shift resulted from preferential nickel evaporation and allowed the fabrication
of parts with pseudoelastic and with pseudoplastic properties at body
temperature from the same lot of powder.
While the scanning speed determined the amount of lost Ni, the laser
power applied was crucial for the resulting microstructure. The grain
size increased about a factor of 3 and the grain width increased about a
factor of 10 with raised applied laser power. Also the crystallographic
texture, i.e. a preferred <111> crystal orientation in the building direction, increased. The grain size distribution changed thereby from
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unimodal to bimodal. The enlargement of grains > 40 m and the bimodal grain size ditribution indicateded secondary grain growth, i.e.
Ostwald-ripening, during SLM fabrication. In case of the unimodally
distributed grain sizes, the microstructure was in accordance to the
ASTM standard F2063-05 regarding medical applications of NiTi alloys.
The second part of the thesis deals with the characterization of SLMbuilt porous NiTi scaffolds. The scaffolds morphology showed deviations from the intended design, as excess material was accumulated
particularly underneath the struts. This led to increased material volume and decreased porosity within the scaffold. The actual porosity of
the investigated specimen corresponded to about 76 %, while an open
pore volume of about 84 % was aspired.
As the scaffolds are intended to mechanically stimulate surrounding tissue by mechanical micro-motions, the local deformations upon uniaxial scaffold compression were analyzed by synchrotron radiation based
micro computed tomography in combination with three-dimensional
non-rigid registration. Displacements and strains within the scaffold
were identified on the micrometer scale and visualized. Compressive
and tensile strains occurred simultaneously during scaffold deformation. Uniaxial compression of 6 % led to local compressive and tensile
strains of up to 15 %. In addition, an in-situ SRµCT setup was applied
to study the shape recovery process of the pseudoplastic scaffold during heating. The inhomogeneous shape recovery process starting on
the scaffolds’ bottom, proceeding up towards the top and terminating
at the periphery of the scaffold was demonstrated.
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1 Introduction
The shape memory alloy NiTi is widely used as medical implant within
the human body. Though the most prominent example for a NiTi
implant is the self-expanding stent, the alloy has been established for
the use in load-bearing implants recently [1, 2]. Reason is that in
comparison to other biocompatible metals or alloys, the mechanical
properties of NiTi are considerably closer to that of bone [3]. The
pseudoelastic properties of NiTi allow for a recovery of deformations
of up to about 8 %, while bone can recover more than 1 % strain [1].
The elastic modulus of bulk-NiTi in its martensitic state is referred
to reach down to values of about 20 GPa [4], which is close to the
elastic modulus of bone of about 18 GPa [5]. In addition, the damping
capacity of NiTi is beneficial for shock absorption in bone implants [6].
These observed - for a metal rather unusual - properties arise from a
thermoelastic martensitic phase transformation between two distinct
crystalline phases [7]. The high-temperature austenite phase has a
body-centered cubic crystalline lattice (B2) while the low-temperature
phase, the martensite, is monoclinic (B19’). Upon cooling, the austenitic
phase starts to transform into martensite at the martensite start temperature (Ms ). During further cooling the more and more austenite is
transformed into martensite, until at the martensite finish temperature
(Mf ) the crystalline lattice is completely martensitic. Upon heating,
the reverse transformation from martensite to austenite starts at the
austenite start temperature (As ) and terminates at the austenite finish temperature (Af ). The two transformation ranges are divided by a
temperature hysteresis, as the energy for nucleation and for compensation of the elastic deformation is provided by sufficient undercooling of
the material. Transformation from one phase into the other takes place
without diffusion, by a coordinated shearing movement of the atoms
within the crystalline lattice. Shearing of atoms involves high strains.
In shape memory alloys, these strains are compensated by twinning of
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the martensite phase and by self-accumulation of favored martensite
variants. As these mechanisms for counterbalancing strains ideally do
not involve irreversible lattice defects, the phase transformation is reversible, i.e. thermoelastic.
The mentioned phenomenon on the nanometer-scale or even below determines the observed macroscopic effects of pseudoelasticity and the
one- or two-way shape memory effect: Is the material in the austenitic
phase and the temperature above Af , pseudoelasticity, i.e. the shape
recovery of up to 8 % strain upon stress-relive occurs: Upon loading,
stress-induced martensite is formed within the austenitic matrix. The
formation of martensite is energetically less expensive than the creation or movement of lattice defects, such as dislocations. If the stress
is relieved, the martensitic phase is reversed into the austenitic one,
because the martensite is instable at temperatures above Af .
Is the material in the martensitic phase, pseudoplasticity also known
as the one-way shape memory effect occurs. An induced deformation
leads now to the movement of martensite twin boundaries, which again
is energetically favored over the creation and movement of lattice defects. The deformation persists, until the element is heated into the
temperature range above Af . As during the phase transformation the
initial crystalline lattice is restored, the macroscopic deformation is
recovered as well.
During the two-way shape memory effect, the NiTi element appears
in distinct macroscopic shapes depending on the temperature. The
low-temperature macroscopic shape has to be induced by thermomechanical training of the element. During this procedure, irreversible
lattice defects or precipitates are induced in the NiTi-matrix. These
defects favor the formation of specifically oriented martensite variants.
These oriented, de-twinned martensite variants result in the deformation of the material in the low temperature-regime during repeated
thermal cycling. During each heating-cycle above Af , the crystalline
lattice is transformed into austenite, which in turn restores the original macroscopic shape. The low elastic moduli, which are referred to
broad ranges of 55 to 80 GPa for the austenite phase [8] and of 20 and
50 GPa for the martensite phase [4], are caused by the induction of
stress-induced martensite and movement of twin boundaries, respectively. Both mechanisms can occur prior to the actual plateau-regions
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in the stress-strain curve, which lowers the slope during actual ’elastic’
deformation [9]. As these mechanisms cannot be considered as actual elastic ones, the theoretical elastic modulus of the austenite and
martensite phases in NiTi differs from the elastic modulus derived from
static mechanical testing [4, 10]. The temperature for the phase transformation ranges from -100 to about +100 ◦ C [11]. It can be adjusted
to a desired temperature range via the Ni/Ti-ratio in the NiTi-matrix.
As a rough estimate, the transition temperatures shift about 10 K as
result of changes in the NiTi-ration of about 0.1 at.% [12]. As the body
temperature lies within the temperature for the phase transformation,
medical devices and implants take advantage of the above-mentioned
effects [11].
Selective laser melting (SLM) is an additive manufacturing technique,
allowing a wide geometrical freedom for the fabrication of sound elements from loose powder. For SLM fabrication a computer-aided
design (CAD) model of the intended part is virtually cut into horizontal slices of typically 30 - 100 m thickness. During the manufacturing
process, a focused laser beam transmits the contour information of
each virtual slice into the bed of metallic powder, which locally melts
and solidifies. After scanning of one slice, the building platform is lowered about the slice thickness and re-coated by powder. The scanning
of each subsequent slice by the laser and re-coating of the platform is
repeated until all slices have been processed. A more detailed description of the SLM fabrication process can be found in literature, e.g.
[13-15]. Additive manufacturing techniques like SLM allow for an efficient manufacturing of patient-specific implants according to the threedimensional patient data acquired via computed or magnetic resonance
tomography [16, 17]. Furthermore, the techniques are outstanding to
create porous, complex-shaped constructs, hard or even impossible to
manufacture by conventional techniques such as machining or casting
[13, 15, 18]. Still, as selective laser melting is based on the local melting of powder, high temperatures and the associated thermal gradients
lead to stresses during fabrication [19]. As the parts are built up slicewise from the bottom to the top, an anisotropic microstructure with
elongated grains in the building direction develops due to epitaxial
grain growth from the preceding, partially re-molten slice [19-22]. The
continuous exposure to heating for the time of the production can fur-
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ther lead to segregation and the formation of precipitates within the
microstructure [19, 23]. Also, the mechanical properties of SLM-built
parts are known to differ along the individual directions with respect
to the building process [22]. For building an element with SLM, the
processing parameters have to be selected carefully. This includes a
multitude of parameters, namely the slice thickness, laser power, scanning speed and geometrical arrangement of the laser paths, which have
to be optimized according to the specific material needs. Furthermore,
the condition of the powder plays an important role regarding the
properties of resultant parts.
NiTi as shape memory alloy, i.e. with functional pseudoelastic or
pseudoplastic properties, is only stable in a narrow range near the
equiatomic composition [7, 8]. On the Ni-rich side, the phase transformation temperatures strongly depend on the Ni-content [24]. As
impurities such as Ti4 Ni2 O and TiC as well as precipitates like for example Ni4 Ti3 shift the atomic composition of the binary NiTi-matrix,
they have great impact on the resulting phase transformation behavior [24, 25]. Additionally, internal stresses resulting for example from
coherency fields around Ni-rich precipitates, impact the phase transformation and therefore the pseudoelastic or pseudoplastic response [26].
Selective laser melting, which involves local melting and solidification
can therefore considerably impact the functional properties of NiTi
[27, 28]. SLM processing of NiTi has recently gained attention with
respect to the application as actuator within micro-electromechanics
or micro-fluidics [28, 29] and especially regarding medical applications
[30, 31]. Porous NiTi scaffolds combine the remarkable properties of
pseudoelasticity, pseudoplasticity or the high damping capacity with
a three-dimensional construct suitable for cell or tissue ingrowth [3].
The SLM fabrication of porous NiTi scaffolds allows further to tailor
properties regarding to the biomechanical needs. By controlling the
scaffolds architecture, for example via the strut size, pore geometry,
pore size or pore size distribution, scaffolds can be adapted to the
anisotropic and mechanical properties of hard tissue [13, 15]. If cells
within a scaffold are mechanically stimulated, the response, like for example cell differentiation and proliferation, depends on the magnitude
of the stimulus [32-34]. For load-bearing implants, the appropriate
mechanical stimulation gives rise to enhanced osseointegration [35-37].
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NiTi scaffolds exhibiting pseudoelasticity allow the cyclic mechanical
stimulation of cells and tissue in its proximity [38], because the induced deformation is recovered upon unloading. This was hypothesized to lead to improved bone ingrowth and better bonding between
implant and surrounding tissue. Such NiTi scaffolds can be beneficial
for example for treating large bone defects.
As the remarkable properties of NiTi in combination with a complex,
tailor made scaffold architectures promises sophisticated porous bone
implants with an enhanced performance, this work deals with the characterization of dense and porous NiTi-parts processed by selective laser
melting.
The first part of this work Processing of NiTi by selective laser melting
investigates the impact of the fabrication process onto the material
properties and microstructure. As a focused laser beam melts the
powder locally, significant effects on several length-scales can alter the
material within the fabrication process. This holds especially true in
case of NiTi, where just a slight shift in the atomic composition can
lead to strong deviations in the intended material properties.
The first chapter Tailoring selective laser melting process parameters
for NiTi implants deals with the impact of a varied energy density
during SLM processing. It further investigates the effects of different annealing procedures subsequent to the fabrication onto the phase
transformation and the resulting crystalline structure. The microstructure and the crystalline phases of as-built and annealed specimens were
investigated by light optical microscopy and X-ray diffraction, respectively. The pseudoelastic behavior was demonstrated in static tensile
tests. Specimen production and post-processing as well as all measurements and data analysis within this chapter were carried out by
the applicant. As starting point for the specimen fabrication served
SLM process parameter sets, which were evaluated during a semesterproject supervised by R. Schumacher at the University of Applied Sciences Northwestern Switzerland, School of Life Sciences.
As a significant effect of the processing parameters onto the resulting
material properties was found, the second chapter Microstructure of
selective laser melted NiTi focuses on the microstructural evolution of
NiTi during the SLM processing in more detail. Extended sets of process parameters were applied, while in particular laser power and scan-
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ning speed were examined. Metallographic investigations were supplemented by electron backscatter diffraction (EBSD), which revealed the
crystallographic orientation of individual grains. EBSD was carried out
at the ETH Zürich in cooperation with P. Uggowitzer and M. Schinhammer. The detailed analysis of the light optical micrographs gave
insight into the microstructural evolution during SLM. Metallographic
analysis including specimen preparation was accomplished by the applicant.
The second part of this work Analysis of porous NiTi scaffolds by
micro-computed tomography is concerned with the three-dimensional
analysis of porous NiTi scaffolds applying synchrotron radiation-based
micro-computed tomography (SRµCT)and three-dimensional data registration. The scaffolds were prepared by SLM by the applicant for the
purpose of cell experiments involving the mechanical scaffold stimulation in a compressive bioreactor system.
In the third chapter Assessing the morphology of selective laser melted
NiTi-scaffolds for a three-dimensional quantification of the one-way
shape memory effect, the scaffold’s morphology was assed on the micrometer scale. To do so, established tools for the quantification of the
geometrical quality in comparison with the initial CAD-design were
applied. The tools were extended to asses the geometry at individual
locations within the three dimensional scaffold by the applicant, as
the SLM process leads to orientation dependent deviations of the real,
materialized part from the intended design. In order to investigate
the shape recovery process of a pseudoplastic scaffold, SRµCT data
was acquired continuously during the heating-induced shape recovery.
The SRµCT data involving an in-situ heating stage was acquired cooperation with F. Beckmann from the Helmholtz-Zentrum Geesthacht
at the HASYLAB, DESY in Hamburg, Germany. F. Beckmann also
reconstructed the individual three-dimensional data sets out of the
continuously collected radiographs. The geometrical parameters extracted from affine registration of the CT-data sets with the initial
CAD-file for scaffold fabrication were then applied to relate the integral scaffold height change during heating to seven data sets gained
from the variable-temperature SRµCT. As the data was accompanied
by artifacts such as blurring due to the continuous data acquisition,
a method for consistent segmentation of the individual data sets was
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established prior to the actual data analysis. Both was accomplished
by the applicant.
The fourth chapter Combining micro computed tomography and threedimensional registration to evaluate local strains in shape memory scaffolds evaluates the local effects during scaffold compression and the
shape recovery process. The datasets from the variable temperature
SRµCT were analyzed applying non-rigid three-dimensional registration. The tools for non-rigid three-dimensional data registration have
been established at the Biomaterials Science Center. Still, different
data sets for registration require specific pre- and post processing procedures, which have to be newly generated or adapted according to
the peculiarities of the analyzed data and the research questions to
be solved. These procedures were established by the applicant in collaboration with G. Schulz and H. Deyhle. From the registration, the
local displacement and strain fields were derived individually for (i) the
scaffold deformation and (ii) during the shape recovery process upon
compression and heating, respectively. The strain field was derived by
a software tool developed by G. Schulz. As the scaffold is built up from
repeated unit cells, which all behave slightly different due to the geometrical deviations, average strain and displacement fields for a single
scaffold unit cell were derived by the applicant. The resulting strain
fields were compared to finite element modeling (FEM) applying the
initial CAD-designed scaffold design. FEM analysis was conducted by
J. Küffer and C. Münch at the University of Applied Sciences Northwestern Switzerland, School of Engineering in Windisch, Switzerland.
The damping capacity of SLM-NiTi as well as the development of a
thermo-mechanical training procedure to induce the two-way shape
memory effect were and are issue of investigation at the University of
Applied Sciences Northwestern Switzerland in the context of a bachelorand a master-thesis, respectively. The damping capacity of SLM-NiTi
is comparable to that of conventional NiTi and a manuscript entitled
"Damping of NiTi implants produced by selective laser melting" for
publication in the Journal of Materials Engineering and Performance
is in preparation.
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2 Results
2.1 Processing of NiTi by selective laser melting
2.1.1 Tailoring selective laser melting process parameters for
NiTi implants
The chapter deals with the fabrication of NiTi parts by selective laser
melting. The effects of different processing and heat treatment conditions were investigated by differential scanning calorimetry, X-ray
diffraction and light optical microscopy. It was shown that phase transformation temperatures can be altered directly in the selective laser
melting process. In addition, the pseudoelastic behavior of SLM-NiTi
was demonstrated.
Published in Journal of Materials Engineering and Performance
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Tailoring Selective Laser Melting Process Parameters
for NiTi Implants
Therese Bormann, Ralf Schumacher, Bert Müller, Matthias Mertmann, and Michael de Wild
(Submitted March 17, 2012; in revised form July 5, 2012)
Complex-shaped NiTi constructions become more and more essential for biomedical applications especially
for dental or cranio-maxillofacial implants. The additive manufacturing method of selective laser melting
allows realizing complex-shaped elements with predeﬁned porosity and three-dimensional micro-architecture directly out of the design data. We demonstrate that the intentional modiﬁcation of the applied energy
during the SLM-process allows tailoring the transformation temperatures of NiTi entities within the entire
construction. Differential scanning calorimetry, x-ray diffraction, and metallographic analysis were employed for the thermal and structural characterizations. In particular, the phase transformation temperatures, the related crystallographic phases, and the formed microstructures of SLM constructions were
determined for a series of SLM-processing parameters. The SLM-NiTi exhibits pseudoelastic behavior. In
this manner, the properties of NiTi implants can be tailored to build smart implants with pre-deﬁned microarchitecture and advanced performance.

Keywords

biomaterials, graded properties, mechanical testing,
metallography, NiTi, pseudoelasticity, selective laser
melting

1. Introduction
Laser-based additive manufacturing processes such as
selective laser melting (SLM) allow for the straightforward
fabrication of metallic parts with complex three-dimensional
architectures directly out of powder (Ref 1). For SLM
fabrication, a CAD model of the intended part is virtually cut
into horizontal slices of typically 30-100 lm thickness. During
the manufacturing process, a focused laser beam transmits the
contour information of each virtual slice into the bed of metallic
powder, which locally melts and solidiﬁes. After scanning of
one slice, the building platform is lowered about the slice
thickness and re-coated by powder. The scanning of each
subsequent slice by the laser and re-coating of the platform is
This article is an invited paper selected from presentations at the
International Conference on Shape Memory and Superelastic
Technologies 2011, held November 6-9, 2011, in Hong Kong,
China, and has been expanded from the original presentation.
Therese Bormann, Institute for Medical and Analytical Technologies,
University of Applied Sciences Northwestern Switzerland,
Gründenstrasse 40, 4132 Muttenz, Switzerland; and Biomaterials
Science Center, University of Basel, c/o University Hospital Basel,
4031 Basel, Switzerland; Ralf Schumacher and Michael de Wild,
Institute for Medical and Analytical Technologies, University of
Applied Sciences Northwestern Switzerland, Gründenstrasse 40, 4132
Muttenz, Switzerland; Bert Müller, Biomaterials Science Center,
University of Basel, c/o University Hospital Basel, 4031 Basel,
Switzerland; and Matthias Mertmann, Memry GmbH, Am
Kesselhaus 5, 79576 Weil am Rhein, Germany. Contact e-mail:
michael.dewild@fhnw.ch.
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repeated until all slices have been processed. The part is
attached to the building platform via support-structures and can
be removed from the machine directly after part completion. A
more detailed description of the SLM fabrication process can
be found in literature (Ref 2). As the preparation is simple and
fast compared to conventional production methods like turning
and milling, the SLM process allows fabricating patientspeciﬁc implants including dental and cranio-maxillofacial
solutions for patients with special anatomical characteristics
(Ref 3). In addition to dense constructions, ﬁligree scaffold
geometries with struts as small as 200 lm in diameter can be
manufactured, impossible to do so with conventional mechanical machining. Hence, the generative process of SLM permits
the realization of open porous structures to meet speciﬁc
demands. To optimize, for example, osseointegration of bone
implants, pore sizes and shapes, size distributions, and
gradients have to be tailored (Ref 4). With fabrication methods,
like CVD coating of vitreous carbon scaffolds (Ref 5), selfpropagating high-temperature synthesis (Ref 6), or placeholder
methods (Ref 7-9), the fabrication of such entities with
micrometer precision is impossible. By SLM, the mechanical
properties of porous bone scaffolds can be adjusted to the
biomechanical needs by controlling lattice geometry, strut size,
and porosity. Bone scaffolds should be further optimized by a
local adaptation of scaffold architecture to the anisotropic and
mechanical properties of the hard tissue (Ref 10). Implants with
reduced stiffness, for example, facilitate physiological load
transfer and reduce the risk of stress shielding (Ref 11).
For example, besides well-established steel, aluminum, and
titanium, NiTi was recently successfully processed using SLM
and laser-engineered net shaping (Ref 12-19). As a biocompatible, FDA-approved material (Ref 20), which exhibits
superelasticity, shape memory effects, and high damping
capacities, NiTi is a promising candidate for medical implants
with extraordinary performance. Furthermore, the remarkable
difference between the YoungÕs moduli of the austenite and the
martensite enables the realization of relatively soft implants

2.1 Processing of NiTi by selective laser melting
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with properties close to bone (Ref 21). As shown previously
(Ref 15, 22), we successfully built complex NiTi-structures
with shape memory properties. In the present article, we report
on SLM fabrication of dense NiTi products with intentionally
modiﬁed thermo-mechanical properties by altering the applied
laser energy density. In this manner, biomimetic NiTi implants
with anisotropic, gradually changing thermo-mechanical properties can be built.

2. Experimental Procedure
2.1 Specimen Preparation
Cylindrical specimens with diameters of 5 and 7 mm and
height of 15 mm were produced in a vertical direction from
pre-alloyed NiTi-powder (MEMRY GmbH, Weil am Rhein,
Germany) by the SLM-Realizer 100 (SLM-Solutions, Lübeck,
Germany). The powder with a D50 value of 60 lm was
produced by gas atomization from starting material with a
nominal Ni-content of 56.1 wt.%. Particle size analysis was
done by laser diffraction (HELOS/BR, Sympatec GmbH,
Clausthal-Zellerfeld, Germany). The cylinders were fabricated
by four sets of processing parameters. Laser power and
scanning velocity were varied from 60 to 80 W and from 171
to 133 mm/s, respectively. This choice resulted in energy
densities of 60, 70, 84, and 100 J/mm3. As given by Eq 1, the
energy density Ev depends on the laser power P, the scanning
velocity v, the spacing between laser vectors h, and the layer
thickness d. Equation 1 estimates the overall energy input into
the powder-bed during SLM processing (Ref 23).
Ev ¼

P
hdv

Fig. 1 Phase transformation temperatures of SLM-specimens fabricated with different energy densities

ðEq 1Þ

The powder layer thickness in the experiments was set to
d = 50 lm. The laser vector spacing for the hatch was
h = 120 lm. Subsequent to SLM fabrication, the specimens
were removed from the building platform and cut transversally into three parts using a low-speed diamond saw
(IsoMet, Buehler). One part of each was kept for investigating as-built specimens (‘‘SLM’’). The second part was solution annealed at a temperature of 800 C for a period of
30 min and subsequently water-quenched. The last specimen
part was annealed at a temperature of 500 C for a period of
20 min followed by slow cooling. In addition to the cylinders, tensile test specimens according to shape D speciﬁed in
the DIN 50125 (Ref 24) were manufactured with the processing parameter set corresponding to 70 J/mm3. SLM processing and heat treatments took place under protective Ar
atmosphere.
Data on transformation temperatures as presented in Fig. 1
and 2 include measurements on cylinders 5 and 7 mm in
diameter. The measurements of cylinders with 5 mm in
diameter annealed at 500 C were skipped, because the cooling
rates in this case during furnace cooling were not reproducible
enough.

2.2 Specimen Characterization
The phase transformation temperatures for martensite start
(Ms), martensite peak (Mp), martensite ﬁnish (Mf), austenite
start (As), austenite peak (Ap), and austenite ﬁnish (Af) were
determined using differential scanning calorimetry (DSC, DSC

Fig. 2 Austenite peak temperatures for as-built and heat-treated
SLM-specimens fabricated with different energy densities. Heat treatments were done at 800 C and 500 C

30, Mettler-Toledo) in the temperature range between +100 and
125 C with heating and cooling rates of 10 K/min. X-ray
diffraction (XRD) was carried out on the specimens 7 mm in
diameter with grinded and electro-polished surfaces (details see
below) using the D2-Phaser system (Bruker, Karlsruhe,
Germany) equipped with a Co x-ray tube (Ka-radiation,
k = 1.78897 Å). The temperature during XRD measurements
was about 32 C. Before the XRD investigations, specimens
were heated above Af to ensure a well-deﬁned primarily
austenitic sample state.
The oxygen contents of the as-built and annealed specimens
were measured by the inert gas fusion method (Galileo G8,
Bruker, Karlsruhe, Germany). Before analyzing the oxygencontent, we removed the oxide surface layer by means of
mechanical grinding and electro-polishing. Position-controlled
tensile testing was performed in cyclic manner at room
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Fig. 3 XRD patterns of SLM-specimens in as-built and annealed conditions. (a) Specimens prepared with an energy density of 70 J/mm3 and
(b) specimens built using an energy density of 100 J/mm3

temperature with a constant testing speed of 0.25 mm/min by
means of a universal testing machine (Z100, Zwick/Roell, Ulm,
Germany). Again, we heated the specimen before cyclic tensile
testing above Af to ensure a primarily austenitic sample state.
The preparation procedure for the microstructural investigations
by optical microscopy included grinding (MetaServ, Buehler),
polishing with colloidal SiO2-solution (Mastermet, Buehler),
and electro-polishing using a voltage of 20 V and a temperature
of 22 C for a period of 30 s with ﬁnal etching during 60 s. The
electrolyte for electro-polishing consisted of 3 M H2SO4 in 1:1
ethanol-methanol (Ref 25) and the chemical etchant of distilled
water, HCl, Na2S2O5, K2S2O5, and NH4HF, according to
Escher and Hühner (Ref 26).

3. Results and Discussion
3.1 Characterization of Phase Transformation Temperatures
The SLM processing parameters determine the phase
transformation temperatures as displayed in Fig. 1. The stepwise variation of the energy density between 60 and 100 J/mm3
led to an increase of the transformation temperatures of up to
75 K. As, for example, increased from 50 to 25 C. Figure 2
presents the austenite peak temperatures of the as-built and
annealed specimens. In specimens solution annealed at 800 C,
we still found increased transformation temperatures with rising
energy densities. Nevertheless, the austenite peak temperatures
of the specimens produced with 70, 84, and 100 J/mm3 shifted
about 12-18 K toward lower values. After annealing at 500 C,
the austenite peak temperatures leveled off at about 30 C.
Only a slight variation of about 5 K was detected among the
specimens. The error bars for the energy density in Fig. 1 and 2
are caused by variations in layer thickness and laser power
during processing.

3.2 XRD Study
Figure 3 shows the XRD patterns for specimens prepared
with energy densities of 70 J/mm3 (a) and of 100 J/mm3 (b).
The as-built specimens exhibit mainly peaks of the austenite
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phase B2. The small peak at 2h = 48.5 reﬂects the presence of
Ti4Ni2Ox and/or Ti2Ni. No differences in terms of precipitates
and impurities were found in the as-built specimens. The asbuilt specimen prepared with 100 J/mm3 represents additional
peaks at 36.4, 52.5, 71.4, and 77.3 marked by stars in
Fig. 3(b), which arise from the martensite phase B19¢. The
martensite phase originates from the phase transformation
B2 ﬁ B19¢, which starts at the temperature Ms = 35 C. Note
that XRD investigations were carried out at 32 C. The
reﬂections at 44.7 and 65.3 could not deﬁnitely be identiﬁed;
possibly they refer to elemental titanium. Besides, from SLM
specimens, both peaks are present in powder and starting
material before atomization (data not shown), i.e., they do not
refer to precipitates or impurities caused by SLM fabrication.
XRD investigations of specimens annealed at 800 C show
the formation of Ti-rich phases. The reﬂections at 32.0, 42.2,
and 64.1, marked by open diamonds in Fig. 3, refer to TiO2,
while the reﬂections at 45.6, 48.5, and 53.1 marked by
arrows, refer to Ti2Ni and oxygen-rich inclusions like Ti4Ni2Ox.
As we detected oxygen contents of (0.102 ± 0.019) wt.% in asbuilt, of (0.101 ± 0.005) wt.% in 500 C annealed and of
(0.118 ± 0.003) wt.% in 800 C annealed specimens (Ref 22),
the oxygen content increased by about 0.02 wt.% after solution
annealing. One can, therefore, reasonably assume that the
reﬂections at 45.6, 48.5, and 53.1 rather originate from
Ti4Ni2Ox than from Ti2Ni.
The phase transformation temperatures in Ni-rich NiTi, as is
well known, depend on the Ni/Ti ratio (Ref 27, 28). Ni-loss
leads to an increase, whereas Ti-loss leads to a decrease of the
transformation temperatures. As no evidence for Ni-consuming
phases could be found in the as-built and the 800 C-treated
specimens, we hypothesize that Ni evaporated during the
processing causing the increased transformation temperatures
with applied energy density. This hypothesis is in accordance
with ﬁndings of Meier et al. (Ref 12). Two explanations can be
used to understand the decrease in phase transformation
temperatures after 800 C annealing. First, the formation of
Ti-rich impurities during solution annealing (cp. Fig. 3) leads to
Ti-reduction in the NiTi-matrix, which reduces the transformation temperatures. Secondly, Ni4Ti3-precipitates in quantities
below the detection limit of XRD were formed during SLM
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Fig. 4 Optical micrographs of SLM-NiTi. (a) Image along building direction (indicated by arrow). (b) Image perpendicular to the building
direction. The laser paths are indicated by dotted lines

processing—in addition to the evaporation of Ni. Their
dissolution during solution annealing results in an increased
Ni-content in the NiTi-matrix, which would also lead to
decreasing transformation temperatures. Both mechanisms may
coexist. Because the Ti4Ni2Ox-reﬂections developed in the
XRD-patterns, their amount must be considerably high. Consequently, the ﬁrst explanation should be dominant.
Further work is required to fully uncover the mechanisms of
impurity formation during SLM fabrication and annealing processes and their inﬂuence on the phase transformation temperatures. Usage of a vacuum-furnace might be beneﬁcial in avoiding
the formation of Ti-rich impurities during solution annealing.
The increase of the transformation temperatures of the 60
and 70 J/mm3 specimens, which were annealed at 500 C, is
caused by the formation of Ni-rich Ni4Ti3-precipitates detected
by means of XRD analysis (see Fig. 3(a), reﬂections marked by
double-lined arrows). In specimens prepared at 84 and
100 J/mm3 and annealed at 500 C, the transformation temperatures did not increase. Consequently, XRD investigations
did not show Ni4Ti3-precipitates. This is in accordance with the
higher transformation temperatures (in the as-built state) and
the reduced Ni-content in the NiTi-matrix, respectively, as more
Ni should have evaporated at elevated energy densities and the
formation of Ni4Ti3-precipitates is known to occur only in NiTi
exceeding a nominal Ni-content of 50.5 at.% and 55.57 wt.%,
respectively (Ref 29).

3.3 Microstructure
Metallographic analysis on specimens produced at 70 J/mm3
revealed columnar grains with lengths up to several hundred
micrometers (see Fig. 4(a)), which proceed along several powder
layers. The grains are oriented in building direction because of
epitaxial growth in the direction of heat transfer (Ref 30). In
cross sections perpendicular to the building direction, we found
elongated, platelet-shaped grains that extend to 150 lm (see
Fig. 4 (b)). Their arrangement refers to the alternating laser route
with a vector spacing of 120 lm, as indicated in Fig. 4 (b). A
broad size distribution of the grains is observed. Similar
anisotropic microstructure caused by SLM fabrication have been
reported, e.g., for TiAl6V4 (Ref 30) and TiAl6Nb7 (Ref 31).

Fig. 5 Loading-unloading cycles of an SLM tensile test specimen
produced with an energy density of 70 J/mm3. Each increment on
the x-axis represents 1% relative strain

approximately 25 C, also the martensitic phase was expected.
The load-relief curves show clearly the characteristic pseudoelastic behavior. Note that the specimen was in the as-built
condition, i.e., no additional heat treatment was applied. From
Fig. 5, it is apparent that the ﬁrst cycle exhibited a residual
deformation of about 0.7% strain after maximal straining to
3%. As the sample was kept at a minimum stress of 50 MPa,
we derived the plastic deformation by extrapolating the relief
curve to r = 0 MPa. Martensite de-twinning most probably
caused the residual strain of 0.7% after the ﬁrst cycle. After
straining the specimen for a second time to 3%, we calculated
only 0.2% deformation after specimen relief, which shows that
nearly the entire martensite were de-twinned already during the
ﬁrst cycle. In the third cycle, the specimen was strained up to
3.4%, whereupon we detected a complete shape recovery.
Further, to evaluate the pseudoelastic properties at higher
strain levels, improvement of the mechanical properties of
specimens in SLM tensile testing is necessary, as our specimens
fail usually at around 4% strain.

3.4 Mechanical Characterization
Figure 5 displays three cyclic tensile tests of a selected
specimen produced at 70 J/mm3. At room temperature, the
specimen was basically in austenitic state, but since Ms was

3.5 Varying Processing Parameters Within One Construct
As the processing parameters inﬂuence the phase transformation temperatures, we conducted preliminary experiments on
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Table 1 Difference in transformation temperatures
of specimens produced with two distinct sets of process
parameters (cp. scheme); DT represents the difference
between upper and lower entities
DAs, K

DAp, K

DAf, K

DMs, K

DMp, K

DMf, K

29 ± 6

35 ± 3

20 ± 6

12 ± 6

17 ± 3

48 ± 6

pre-deﬁned anisotropic properties. SLM-produced implants
could, for example, consist of pseudoelastic, shock-absorbing
regions, on the one hand; pseudoplastic regions, on the other
hand, would offer a reduced YoungÕs modulus and the
possibility to facilitate the one-way shape memory effect.
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J/mm3
13 ± 3

13 ± 1

14 ± 3

14 ± 3

15 ± 1

8±3

References
J/mm3

NiTi specimens consisting of two regions built with distinct
SLM parameters. As listed in Table 1, lower and upper parts of
cylindrical specimens were produced with 100 and 60 or 60 and
100 J/mm3, respectively. The processing by varying SLM
parameters led to NiTi-parts with regions of different phase
transformation temperatures. Differences in the observed phase
transformation temperatures are summarized in Table 1. This
difference, however, is smaller than expected from the experiments presented above, in which differences of up to 75 K
were detected. The entities prepared with 60 J/mm3 show
considerable differences in their transformation temperatures,
possibly caused by modiﬁed cooling rates within the specimens
during the building process. For a better control, further
dependencies of transformation temperatures on the process
parameters have to be examined.

4. Conclusions
Using different sets of process parameters, the phase
transformation temperatures of SLM built NiTi entities can be
directly tailored. The reason behind is most likely the Ni loss by
evaporation, which increases with applied energy density.
Solution annealing leads to a decrease of the phase transformation temperatures in the specimens produced with energy
densities of 70, 84, and 100 J/mm3, associated with the
formation of Ti-rich phases including Ti4Ni2Ox and TiO2.
Nevertheless, the increase in transformation temperatures with
applied energy densities is preserved. After annealing at
500 C, the specimens did not show remarkable differences
in their transformation temperatures anymore. Cyclic loading
proved that SLM-built specimens exhibit pseudoelastic behavior directly after manufacturing, i.e., without additional heat
treatments. A shape recovery of up to 3% strain was
demonstrated.
The application of varied SLM process parameters, therefore, allows for the fabrication of pseudoelastic and pseudoplastic NiTi-structures from the same starting material. In
addition, constructions consisting of several regions with
distinct phase transformation temperatures can be built. This
approach permits manufacturing implants with locally
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2.1.2 Microstructure of selective laser melted nickel-titanium
The following article describes the impact of the selective laser melting
processing parameters on microstructural properties such as grain size,
grain arrangement, texture and phase transformation temperatures of
SLM NiTi. The preferential loss of Ni depends on the scanning speed,
while grain sizes, grain size distribution and the degree of crystallographic texture can be altered by variation of the laser power. The
bimodal grain size distribution in coarse-grained specimens indicates
Ostwald-ripening of the crystallites during SLM processing.
Published in Materials Characterization
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scanning speed from about 100 to 300 mm/s. In increasing the laser power, the grain width and
length increased from (33 ± 7) to (90 ± 15) μm and from (60 ± 20) to (600 ± 200) μm, respectively.
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crystallites explains the distinct bimodal size distributions. Decreasing the scanning speed did
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not alter the microstructure but led to increased phase transformation temperatures of up to
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40 K. This was experimentally determined using differential scanning calorimetry and explained
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as a result of preferential nickel evaporation during the fabrication process. During selective laser
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melting of the NiTi shape memory alloy, the control of scanning speed allows restricted changes
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of the transformation temperatures, whereas controlling the laser power and scanning path
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enables us to tailor the microstructure, i.e. the crystallite shapes and arrangement, the extent of
the preferred crystallographic orientation and the grain size distribution.
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1. Introduction
Selective laser melting (SLM) is an additive manufacturing
technique that allows the near-net-shape production of constructional elements with a wide geometrical freedom. During
SLM, a focused laser beam melts the powder locally and
layer-wise. Thereby, a CAD-defined design is transferred into
super-imposed powder layers [1,2]. With medical applications in
mind, SLM permits manufacturing of patient-specific implants
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taking advantage of three-dimensional medical data and of
micro-porous scaffolds for tissue engineering [3,4]. Therefore,
the SLM technique shows great potential to build medical
implants, for example using the shape memory alloy NiTi [5–7].
This alloy has been established for load-bearing implants, owing
to the pseudoelasticity, the elastic modulus, the damping capacity, the biocompatibility and the corrosion resistance [8–11]. For
these medical applications, well-defined guidelines concerning
the microstructure of implant material exist, as the structural
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properties determine the static and dynamic mechanical behavior. Because the grain size in metals is crucial for toughness,
strength and resistance to crack initiation, described with the
Hall–Petch relation [12], the ASTM standard F2063-05 defines a
minimum grain size (G) of 4 for NiTi in medical applications [13].
This means that the average diameter of equiaxed grains
should not exceed 90 μm [14]. Furthermore, rather small grains
and a narrow grain size distribution are beneficial for adequate
fatigue strength [15–17]. In order to obtain such microstructural
properties, as-cast NiTi is usually post-processed by hot- and
cold-working and heat treatments [18].
SLM leads to anisotropic microstructures with elongated
grains. The reason behind is the layer-wise melting and
solidification, which comes along with epitaxial grain growth in
the building direction [6,19–21]. Melt pool shape, heat transfer
processes and thus grain growth mechanisms show similarities
to classical welding [22]. As in the SLM fabrication process a
multitude of molten tracks is combined to form a threedimensional part, heat transfer and grain growth are often
complex and the repeated energy input during SLM causes
effects that can play a dominant role for the evolving microstructure [23]. Despite the anisotropic microstructures, SLM-built
near-net-shape parts are typically not intended for postprocessing including hot- or cold-working as the shape is predefined and the avoidance of post-processing ensures efficient
fabrication. The understanding on how to control crystallization
and grain growth during SLM is therefore essential to realize the
full potential of this sophisticated fabrication method.
The microstructure of the built constructional element
depends on the SLM process parameters including powder
layer thickness, laser power, scanning velocity, distance
between the individual laser vectors, size and location of the
focus of the laser beam as well as scanning path [21,24]. In
order to simplify the approach, certain parameters are linked.
The energy density combines laser power, scanning speed,
separation distance between the scanning tracks and layer
thickness [2]. We hypothesize that such a combination is
meaningful, since the energy deposition yields the determining
factor for the grain formation. To corroborate our hypothesis, the
grain sizes have to be determined as a function of laser power and
scanning speed. For such experiments one has to take into
account the higher vapor pressure of nickel compared to
titanium, both present in the alloy. The related nickel loss is
determined from the transformation temperatures measured by
means of differential scanning calorimetry according to Frenzel
et al. [25].
The present study should sustain and improve the
understanding of the microstructures formed as the result of
the SLM process. The gained knowledge will allow choosing
optimized parameters for preparing technically mature, selective
laser-melted, medical implants.

between 35 and 180 μm. According to the specification of the
manufacturer (Memry GmbH, Weil am Rhein, Germany) the
composition of the starting NiTi material prior to atomization
was determined to 55.96 wt.% Ni, 0.0151 wt.% O, 0.033 wt.% C,
0.0017 wt.% H and balance Ti.
Table 1 lists the two groups of cylinders each 7 mm in
diameter and 14 mm high, which were fabricated to investigate the microstructure of the selected laser-melted NiTi as a
function of the selected process parameters. Group A refers to
the controlled increase of the laser power with constant
exposure time while groups B and C correspond to dedicated
alterations of the exposure time with constant laser power.
The longitudinal axes of the cylinders were perpendicular
to the building direction, as outlined in Fig. 1. Each slice is
scanned by specifically arranged laser vectors, of which the
confining, outermost path is termed boundary while all vectors
lying inside of the boundary are termed hatch. The energy
density E describes the energy input per volume during SLM
[5,19]:
E ¼ P=vhd

where P denotes the laser power, v the scanning velocity, h the
distance between the individual hatch vectors and d the slice
thickness of the individual layers. The scanning velocity v is
determined by
v ¼ pd =t e

ð2Þ

with the point distance pd and the exposure time te.
In this study, the hatch spacing h always corresponded to
120 μm, the slice thickness d to 50 μm and the point distance pd to
30 μm. For group A the energy density increased because of the
laser power elevation. In the same manner, the exposure time
extension caused the energy density increase for group B, cp.
Table 1. The window of the process parameters investigated has
been defined as well-suited for the production of sound NiTi parts
[27]. For the NiTi cylinders of groups A, B and C the laser beam for
the hatch of each slice was guided along parallel and linear paths
as represented in the scheme on the left of Fig. 1. The scanning
direction within the working plane alternated from slice-to-slice
Table 1 – List of selective laser-melted NiTi cylinders
7 mm in diameter and 14 mm in height with the related
processing parameters.
Specimen

Laser
power (W)

Exposure
time (10−6 s)/scanning
speed (mm/s)

Energy
density
(J/mm3)

A1 a
A2
A3 a
A4
A5
C1 b
C2 b
B1 a
B2
B3 a
B4
B5

56
68
80
92
100
80
80
80
80
80
80
80

225/133
225/133
225/133
225/133
225/133
101/297
134/224
158/190
191/157
225/133
259/116
281/107

70
85
100
115
125
45
60
70
85
100
115
125

2. Material and methods
2.1. NiTi cylinder preparation
Selective laser melting by means of the SLM Realizer 100
(SLM-Solutions, Lübeck, Germany) served for the fabrication
of NiTi cylinders [6,26]. The NiTi powder particles had sizes

ð1Þ

a
b

Specimens, where two batches are available.
Specimens only prepared during the second batch.
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Fig. 1 – Scheme of the layer-wise selective laser melting fabrication process. The laser melts the inner section, the so-called
hatch, according to linear (left) and circular (right) scanning paths, respectively. In each slice, the hatch is scanned prior to the
boundary featuring a laser vector spacing h = 120 μm. Arrows indicate the building direction (BD) normal to the building
platform.

by 90°. The circular boundary path determined the outer shape of
the NiTi cylinder. It was scanned subsequent to the hatch in each
slice. In order to demonstrate reproducibility, for selected specimens the fabrication process was repeated after an interruption
for preparation of 19 batches for other purposes, see Table 1. It
should be mentioned that for the two batches the NiTi-powder
originated from the same powder lot.
A fourth group of cylindrical specimens, group D, with a
diameter of 1 mm and a height of 15 mm was fabricated.
Specimens D1 and D2 were fabricated using linearly arranged
hatch vectors (cp. Fig. 1, left) with the processing parameters
of specimens A4 and B4 given above. Specimen D3 was
scanned with circularly arranged hatch vectors that were
scanned from the inside to the outside and had a spacing of
120 μm (see right part of Fig. 1). The processing parameter set
of specimen B4 was used. For both scanning strategies applied,
the scanning of the boundary was performed subsequent to
scanning of the hatch in each slice.
The specimens produced within this study were built with a
fixed lens position for a laser beam focused onto the powder bed.

2.2. Characterization of selective laser-melted NiTi in as-built
state
Differential scanning calorimetry (DSC) enabled us to determine the phase transformation temperatures martensite start
(Ms), martensite finish (Mf), austenite start (As) and austenite
finish (Af) of the starting material prior to atomization and the
SLM-fabricated cylinders. For this purpose, the DSC30 system
of Mettler-Toledo GmbH (Greifensee, Switzerland) was used
in the temperature range between − 125 and + 100 °C with
heating and cooling rates of 10 K/min. The cylinders did not
receive any additional treatment after the SLM fabrication
process and are therefore termed as-built. In order to determine
the phase transformation temperatures of the starting material

prior to atomization, the bar stock was solution annealed at a
temperature of 800 °C for a period of 30 min followed by water
quenching previous to DSC. This procedure reduces the artifacts
owing to precipitates.
The relative densities of the specimens of groups A and B
were determined according to Archimedes principle using a
tensiometer (K11, Krüss, Nürnberg, Germany). The oxygencontent was determined by inert gas fusion method (Galileo
G8, Bruker, Kalkar, Germany) on electro-polished specimens,
details on electro-polishing are given below.
For the microstructural characterization of the layer-wise
prepared NiTi cylinders, longitudinal sections (plane in
building direction) and cross sections perpendicular to the
longitudinal cylinder axis (slice plane) were prepared. For this
purpose, the cylinders of groups A and B were sectioned
4.5 mm from the top. In the next step, the 4.5 mm long part
was cut in building direction. One of the two cut parts served
for the investigation of the microstructure in the slice plane,
the other for the investigation of the microstructure parallel to
the building direction. The two surfaces were prepared for the
metallographic examination by means of mechanical grinding, polishing and etching. The grinding step was based upon
abrasive SiC paper (Buehler, Düsseldorf, Germany) to a grit
size of P1200. Subsequently, mechanical polishing employed the
colloidal silica suspension MasterMet2® (Buehler, Düsseldorf,
Germany). The following electro-polishing with the electrolyte
consisting of 3 M H2SO4 in 1:1 ethanol–methanol [28] was carried
out at a temperature of 22 °C and a voltage of 20 V for a period of
30 s. For the optical micrographs, the final color-etching step of
the surfaces with a duration of 60 s was performed according to
the procedure described by Escher and Hühner [29]. This etching
solution consisted of 120 ml pure water, 15 ml HCl (Merck), 15 g
Na2S2O5 (Fluka), 10 g K2S2O5 (Merck) and 2 g NH4HF (SigmaAldrich). The microscope BX61 using linearly polarized light
(Olympus Schweiz AG, Volketswil, Switzerland) was applied to
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optically acquire the micrographs of the polished and etched
surfaces with the aim of indentifying the grains.
Electron backscatter diffraction (EBSD) measurements
were conducted in a Hitachi SU-70 scanning electron microscope (SEM) equipped with a Nordlys camera (Oxford Instruments) [30] to relate the grains to their crystallographic
orientation. The SEM operated at an acceleration voltage of
20 kV and a probe current of about 2 nA. EBSD grain maps of
(2.5 × 1.9) mm2 were obtained at polished sections of the NiTi
cylinders A1, A4 and B1 in the slice plane. The indexing rates
corresponded to 65% for specimen A1, 72% for specimen
A4 and 57% for specimen B1. The partially inhomogeneous
microstructure aggravated the EBSD analysis and hence
yielded a decrease in the indexing rate.
On the basis of the light optical micrographs obtained with
a magnification of 50 at the specimens of groups A and B, the
sizes of the individual grains and their average were measured by the linear intercept procedure [14] from at least 24
lines of 1 mm length for the grain width and from at least 16
lines between 1 and 4 mm length for the grain length. Grain
width refers to the linear dimension in the slice plane,
whereas grain length corresponds to the linear dimension in
building direction. Since the linear laser-scanning path
predetermines the alignment of the grains, the intercept
lines were chosen parallel to the scanning path through the
center of the grains. The grain size distribution unfolded from
140 ± 2 individual grain widths measured along the intercept
lines in the slice plane. Two-dimensional discrete fast Fourier
transforms of the optical micrographs were carried out using
Matlab (2010b, The MathWorks, Natick, USA).

2.3. Characterization of solution annealed selective laser-melted
NiTi
The remaining parts of the cylindrical specimens summarized
in Table 1 were solution annealed at 800 °C for 30 min under
Ar atmosphere and subsequently water quenched. DSC
analysis (Perkin Elmer, DSC 8500) was carried out in the
temperature range between -100 and + 60 °C with heating and
cooling rates of 10 K/min in order to determine Ms, Mf, As and
Af of the annealed specimens.
Oxygen and hydrogen contents of the annealed specimens
were measured with the inert gas fusion method (Galileo G8,
Bruker, Karlsruhe, Germany). The oxide layer was mechanically removed prior to the measurements.

3. Results
3.1. Structural characterization
Fig. 2 shows light optical micrographs perpendicular to the
longitudinal axes of the NiTi cylinders (slice plane, left) and
parallel to the longitudinal axes, i.e. in the building direction
(right). The arrangement and orientation of the grains in the
slice plane reflect the linear scanning paths of the laser. As
summarized in Table 1, the specimens A1 to A4 were built by
increasing laser power and energy density, respectively. This
increase led to a change from S-shaped grains to rectangular
grains in the slice plane (cp. Fig. 2).

In the building direction, we found elongated grains
characteristic for SLM fabrication. Below a laser power of
80 W, their cross-sectional shape was rather irregular, whereas at higher laser powers the columnar microstructure was
well established. An increasing amount of pores interrupted
the regular columnar grains with increasing energy density.
Accordingly, the material densities of the NiTi cylinders of
specimens in groups A and B decreased. For specimens A1 to
A5, the relative densities corresponded to 99.0, 97.6, 95.9, 91.6
and 89.2%, respectively. The relative densities of the specimens B1 to B5 decreased with the exposure time, here the
densities referred to 95.6, 94.6, 94.0, 92.3 and 93.2%, respectively. The experimentally derived maximal error for the
relative densities corresponded to ± 0.6%.
Fig. 3 summarizes the linear dimensions of the grains, i.e.
grain lengths and grain widths as a function of laser power
and exposure time. These quantities, represented on a
logarithmic scale, increased with the laser power, but not
with the exposure time. Resulting from the rise in laser power
from 56 to 92 W, the mean grain width increased by a factor of
three, from (33 ± 7) to (94 ± 17) μm. The mean grain length
even rose by a factor of ten, from (61 ± 19) to (655 ± 220) μm. It
should be noted that the micrographs of specimen A5
contained so many pores that a meaningful quantification
of the grain size was impossible. The specimens B1 to B5
exhibited mean grain widths independent on the selected
exposure times, cp. right graph of Fig. 3. In the group B, the
average grain width corresponded to (82 ± 11) μm and the
average grain length to (630 ± 270) μm. The grain size G
defined by the ASTM E112 [13] accounts to 6 for specimen A1,
4.5 for specimen A2 and to values between 1.5 and 2.5 for the
other NiTi cylinders of groups A and B.
The characterization of the microstructure embraces not
only the average grain sizes but also their size distribution,
here determined in the slice plane, i.e. for the grain widths.
For specimen A1 with an average grain width below 40 μm, a
declining distribution was found (see Fig. 4, left graph). For
specimens with an average grain width of more than 60 μm,
i.e. A3, A4, and B1 to B5, the distribution was bimodal (see
Fig. 4, right graph). For specimens with a mean grain width
between 40 and 60 μm, such as for specimen A2, one may
term the behavior transitional, as a peak above the average
value of (44 ± 11) μm developed, see graph in the center of
Fig. 4. Error bars in the size distribution were determined by
varying the class width between 20 and 29 μm.
In order to check, whether the specimens' diameter
influences the microstructure of the selective laser melted
NiTi, cylinders 1 mm in diameter (specimens D1, D2 and D3)
were built as well. As shown in the left optical micrograph of
Fig. 5, one finds the checkerboard grain structure for linear
laser paths (specimen D2) well comparable to the specimen B4
built with the same set of SLM process parameters but 7 mm
in diameter. Using the same SLM process parameters but
circular scanning paths within the hatch we have found
concentrically arranged grains (specimen D3), as represented
in the right optical micrograph of Fig. 5. For the two selected
scanning paths, the grains exhibited a shape and size
confined by the distance between the individual hatch
vectors. Besides these grains of hatch distance width (about
120 μm) in the inner part of the slice plane, a prominent zone
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Fig. 2 – The optical micrographs show the anisotropic grain structure of selective laser-melted NiTi cylinders according to the
linear laser scanning paths. The laser power was 56, 68, 80 and 92 W for specimens A1 to A4. This increase gives rise to
enlarged grain widths and lengths. Simultaneously, the grains elongated along the building direction, became more regular
and pores of a significant amount formed.

of relatively small grains (17 ± 5) μm in width appeared at the
cylindrical surface of the NiTi cylinders, which corresponds to
the scanning path of the boundary.
Another selective laser-melted NiTi cylinder with a diameter of 1 mm (specimen D1, Fig. 6), prepared using the SLM
process parameters of specimen A4, was employed to gain
insight into the grain orientation by means of EBSD. Fig. 6

contains the optical micrograph as well as the obtained EBSD
grain maps according to the inverse pole figures [31] and the
Euler angles [32]. The grain maps allow for a clearer discrimination of individual grains. Some grains hardly distinguishable within the optical micrograph come to light. For example,
the Euler angle representation allows for the identification of the
laser scanning paths even for the interrelated area on the left

14
194

2 Results
M A TE RI A L S CH A RACT ER IZ A TI O N 94 (2 0 1 4 ) 1 8 9–2 0 2

Fig. 3 – Grain sizes derived from the optical micrographs: By increasing the laser power, the grains become larger, whereas the
exposure time does not alter the grain size.

(dark blue color in the optical micrograph and red color in the
inverse pole figure representation). Further, intra-granular, local
variations of the crystal lattice orientation are revealed by the
hues within single grains. Nevertheless, the EBSD data confirmed
the results obtained by conventional metallography as both
techniques visualize the grains and their arrangement in both the
large-grained hatch and the fine-grained boundary region.
Because of the geometry in the experimental setup, the EBSD
grain maps were distorted. Therefore, they were corrected by
affine registration [33] with respect to the optical micrograph of
the same specimen.
Fig. 7 shows EBSD grain maps of three selected specimens
of groups A and B and the related pole figures. For specimens
B1 and A4 with the larger grains, the blue color, which
corresponds to a <111> alignment in the building direction,
is dominant. For the finer grained specimen A1, we did not
detect a preferred <111> orientation of crystallites in the
building direction. For the three selected specimens, the
texture increased with the laser power, since the maximal

multiples of random pole density values raised from 2.47 in
specimen A1 via 4.42 in specimen B1 to 6.38 in specimen A4.
Frequently, relatively small, slim grains aligned in between
the rectangular ones were found. They occur along the
centerlines of the scanning tracks. Their color in the grain
maps is generally red, indicating their preferential <100>
orientation in building direction.

3.2. Thermal characterization
The SLM-fabricated specimens in as-built and annealed states
exhibited transformation temperatures, which were compared to
the starting material prior to atomization, see Tables 2 and 3.
Errors for the phase transformation temperatures refer to the
maximal standard deviation of the phase transformation temperatures of the NiTi cylinders of the two batches produced at the
same parameter set. As the phase transformation temperatures
depend on the ratio of Ni to Ti, this phenomenon can be mainly
attributed to the preferential evaporation of Ni from the NiTi alloy

Fig. 4 – Grain-width distributions determined within the slice plane: The average grain widths for specimens A1, A2 and
A3 + B3 correspond to (33 ± 7), (44 ± 11) and (68 ± 15) μm, respectively. This increase in average grain width is associated with
a change from the uni- to the bimodal distribution.
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Fig. 5 – The optical micrographs of the slice planes of specimens D2 (left) and D3 (right) exhibit an arrangement of grains
approximately 120 μm wide according to the linear and circular scanning paths. The boundaries of the specimens consist of
smaller grains with sizes between 12 and 22 μm.

during the laser manufacturing process [5,6]. Heat exchange
values during the phase transformation are likewise listed in
Tables 2 and 3.
For the as-built specimens, the Ms values of specimens A1 to
A5 corresponded to (14 ± 3) °C, while these specimens in
solution annealed state showed Ms values of (-2 ± 6) °C. For
specimens C1/C2 and B1 to B5, i.e. the specimens where the
exposure time was controlled from about 100 to 300 μs, the Ms
values in the as-built specimens rose from about 0 to more than
20 °C and in the annealed specimens from about −25 to 6 °C.
Hence, the Ni loss does not show a systematic dependency on
the applied laser power but on the applied exposure time.
As the relationship between phase transformation temperatures and the Ni-content is well known [25], one can
calculate the Ni loss during SLM. The Ni-loss was calculated
based on the data of the solution-annealed specimens.
Because the transformation peaks of the SLM-specimens
are broad, we determined the maximal amount of the
evaporated Ni by using only Ms, which corresponds to the
upper limit of the broadened phase transformation range, as
starting value for the calculations. From Ms, the relative
Ni-content (NiMs) in the NiTi-matrix, i.e. the NiTi undergoing
the phase transformation, was obtained according to the data
given by Frenzel et al. [25]. The relative Ti-content TiMs is the
result from TiMs = 100% − NiMs. The obtained NiMs and TiMs
values need to be corrected for Ti-rich inclusions (Ti4Ni2O and
TiC) and the hydrogen content [25], as these impurities
contribute to the atomic composition of the resulting selective
laser-melted NiTi but not to the phase transformation.
The oxygen and hydrogen contents were measured at the
annealed specimens. The oxygen content referred to (0.13 ±
0.02) wt.% independent on the applied processing parameters
and the hydrogen content was found to be negligibly small.
For the carbon content, no increase during SLM processing
was detected in exemplary measurements. This is the reason
why the carbon content of the starting material prior to
atomization was used for the estimations.
The actual, corrected composition of the selective lasermelted NiTi was determined in the following way. First,
transforming the stoichiometry of the Ti-rich inclusions,

Ti4Ni2O and TiC, into weight stoichiometry yielded Ti11.97
Ni7.34O and Ti3.98C, respectively. Second, the additional Niand Ti-fractions (Niplus, Tiplus), which were caused by these
impurities, were calculated in weight percent by
Niplus ¼ xO  7:34
Tiplus ¼ xO  11:97 þ xC  3:98
where xO and xC are oxygen and carbon contents in weight
percent, respectively.
Third, the relative fraction XNiTi of the NiTi-matrix was
determined by

XNiTi ¼ 100−xO −xC −xH −Niplus −Tiplus =100
with xH as the hydrogen content in weight percent. Finally, we
computed the actual Ni- and Ti-contents by
NiSLM ¼ NiMs  XNiTi þ Niplus
TiSLM ¼ TiMs  XNiTi þ Tiplus :
From the calculated composition of the selective lasermelted NiTi and the composition of the starting material,
we calculated the Ni-loss caused by SLM relative to the
Ni-content of the starting material prior to atomization (ΔNi).
Here, we used the normalized amounts of Ni and Ti in selective
laser-melted NiTi and in the starting material (NiSLM-norm,
TiSLM-norm, Nistart-norm, Tistart-norm) without the C-, O-, and
H-contents. The amount of Ni in the SLM-material supposing
no Ni had evaporated (NiSLM-start) was calculated by normalizing
the ratio of NiSLM-norm/TiSLM-norm to the initial Ti-content by
NiSLM‐start ¼ ðNistart‐norm  TiSLM‐norm Þ=Tistart‐norm :
We assumed that the SLM process does not affect the
Ti-content. In the final step, we determined the relative
Ni-loss (ΔNi) referencing the Ni-fraction of the starting
material according to
ΔNi ¼ ðNiSLM‐start −NiSLM‐norm Þ=NiSLM‐start :
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The obtained quantities of the Ni-content based on Ms
(NiMs) and the maximal Ni-loss (ΔNi) during the SLM fabrication are listed in Table 3.

4. Discussion
Evaporation of Ni was demonstrated for all specimens of the
groups A, B and C. For the specimens of groups C and B, which
showed a rise in Ni-loss with the increasing exposure time,
the ratio of evaporated Ni and exposure time (ΔNi/te)
decreased with the exposure time. This observation indicates
a time-dependent Ni-evaporation, which means that the
Ni-loss decreases during laser irradiation. Several scenarios
can explain the time-dependence of Ni-evaporation. For example, the formation of oxides on top of the melt pool [34] could
impede the Ni-evaporation. Also, depletion of Ni in the surface
region of the melt pool might only be incompletely compensated
by diffusion processes or Marangoni convection [34] due to the
rapid solidification of the melt. Ascending laser power is often
associated with increasing track width and melt pool temperatures [35–37]. For both phenomena one expects increasing Nievaporation. However, this was not found in this study. Because
the vaporization rate is an exponential function of the temperature in the melt [38], we expect that just the hottest area of the
melt pool contributes to the evaporation of Ni. As the width of the
molten track refers to more than 120 μm, while the diameter of
the focused laser beam accounts to 50 to 60 μm [27], we conclude
that the evaporation of Ni mainly takes place in the area directly
exposed to the laser beam. Track widening due to the higher laser
power input would therefore not cause an increase in Nievaporation. Consequently, the increasing laser power rather
leads to an expansion of the path width than it raises the melt
pool temperature.
The preferential Ni depletion from the melt pool surface as
well as from the directly irradiated central part of the melt
pool would further lead to local differences in the Ni/Ti ratio.
The broad transformation peaks of about (41 ± 10) K and (42 ±
10) K for the austenite and martensite transformations in the
annealed specimens, respectively, can therefore be explained
by local concentration differences in the NiTi matrix. Still,
aside from a varying Ni/Ti ratio, also other defects in the
specimens, such as the presence of inclusions, dislocations or
internal stresses might hamper the phase transformation and
therefore attribute to the broad transformation ranges.
The calculated maximal Ni-loss of about 2 to 3 at.% of the
Ni-content of the starting material is referring to the local
maximum of evaporated Ni atoms, because Ms was utilized to
determine the Ni-loss, which corresponds to the upper limit
of the broadened phase transformation range. This Ni-loss
shifts Ms and Af in the solution annealed specimens about
30 K towards higher values (cf. Table 3). At first glance, this
does not seem reasonable since one would expect clearly

Fig. 6 – On top, the optical micrograph of specimen D1 is
represented. Below, the electron backscatter diffraction grain
maps of this specimen are visualized. The color in the central
image relates to the inverse pole figure, explanation given in
Fig. 7. The colors in the image on the bottom correspond to
the Euler angles. The grain maps were rectified by means of
affine registration with the optical micrograph. (For
interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 7 – Grain maps from electron backscatter diffraction (inverse pole figure color coding in the out-of-plane direction) and
derived pole figures of the specimens A1 (left column), B1 (middle column) and A4 (right column). Grain maps and pole figures
show an increase of crystals oriented with <111> parallel to the building direction with laser power increasing from 56 to 92 W.
The center of the pole figure is oriented in building direction. The color scale refers to multiples of the uniform pole density.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

higher transformation temperatures resulting from a Ni-loss
of about 1.0 to 1.5 at.% referring to the complete alloy. Yet, the
Ni-loss is compensated by the formation of Ti-rich oxides and
carbides. Our calculations regarding the Ni-loss are based
on the approach of Frenzel et al. [25] to determine the
Ni-concentration in the actual NiTi-matrix with respect to
titanium and nickel consuming inclusions in the complete
alloy. The assumptions are that the solubility of oxygen and
carbon in solid NiTi is nearly zero and that oxygen and carbon
pick up leads to the formation of Ti4Ni2O and TiC, respectively
(cf. [25] and references therein). Residual oxygen and carbon
atoms in solution, however, might have an influence on the
transformation temperatures as well, which was not considered in this study. Even though the tendency for the shift in

the transformation temperatures with increasing exposure
times remained after solution annealing, the transformation
temperatures in the solution-annealed specimens are generally
lower than the transformation temperatures in the as-built
specimens. This decrease can be explained by an increase in the
oxygen-content during the annealing procedure, as reported
previously [6]. Additional oxygen leads to the formation of
Ti4Ni2O [25], which reduces the Ti-content in the NiTi matrix
and lowers the transformation temperatures [6]. Other aspects
potentially influencing the phase transformation, for example a
change in the number of dislocations, varying grain sizes or
residual internal stresses, cannot be fully excluded and may
therefore also play a role in the observed variation of the phase
transformation temperatures.
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Table 2 – The as-built specimens exhibit phase
transformation temperatures with errors of ± 4 K for
Ms, ± 5 K for As and ±10 K for Mf and As. Further, the heat
exchange during forward and reverse phase transformation
is given.

Starting material
A1
A2
A3
A4
A5
C1
C2
B1
B2
B3
B4
B5

Ms
[°C]

Mf
[°C]

As
[°C]

Af
[°C]

−31
16
10
18
13
13
0
−3
1
9
16
23
21

−48
−53
−48
−37
−40
−58
−84
−81
−61
−44
−39
−29
−41

−23
−28
−11
−6
−6
−20
−37
−34
−16
−11
−10
7
1

−10
38
29
40
32
32
2
5
15
27
37
47
40

ΔHA
[J/g]
14.6
17.0
17.0
18.5
12.7
14.3
11.4
10.9
15.4
16.2
16.4
17.0
15.2

±
±
±
±
±
±
±
±
±
±
±
±
±

ΔHM
[J/g]

1.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0

14.5
15.8
15.4
17.3
15.4
13.7
8.9
9.3
12.7
14.3
13.7
16.8
13.8

±
±
±
±
±
±
±
±
±
±
±
±
±

1.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0

The spherical pores, which go along with increasing
porosity due to raised laser power can be prominently seen
from Fig. 2. The metallographic preparation for light optical
microscopy, however, overestimates the pore sizes, because
electro-polishing induces a preferential rounding of edges,
which leads to an increase of the pore area visualized in the
optical micrographs. The spherical shape and the smooth
surface of the pores correspond to the morphology of gas
pores. Gases dissolved in the melt pool are segregating
because of the decreasing solubility of gases in the melt
during solidification. The raised laser power or longer
exposure times generate an increasing melt pool volume.
This behavior, in turn, causes a higher amount of pores,
because the diffusion of emerging gas bubbles towards the
melt pool surface is progressively hindered during solidification. We have to clarify, however, that (i) the actual pore size
is not measured on non-electro-polished samples, (ii) the
origin of the gas inside the melt pool is not determined, and
(iii) the possibility of the formation of keyhole melt pools,
which may result in large pores, is not considered. Hence, this

study only allows for conclusions on the pore density and not
on the pore shapes, pore sizes, and pore size distributions.
Intensifying laser power and growing exposure time
introduced distinct changes to the NiTi-alloy while both
parameters raise the integral parameter energy density E
(Eq. (1)). The investigation of the individual SLM processing
parameters rather than the investigation of the integral
parameter E onto resulting material properties is therefore
rational.
The light optical micrographs reveal elongated grains in
the building direction, which are characteristic for SLM
because the grains grow in the direction opposite to the heat
transfer [19]. The length of the observed columnar grains
exceeds the slice thickness of 50 μm, which indicates epitaxial
grain growth from the partially re-melted substrate during
scanning of each slice [21,39]. In the slice plane perpendicular
to the building direction, the checkerboard grain arrangement
also indicates the epitaxial growth, because the grains adopt
the linear arrangement from the preceding layers.
In order to quantify the regularly arranged grains, we
analyzed light optical micrographs in the reciprocal space.
Light optical images of the specimens A3, A4 and B1–B5,
which exhibit the larger columnar grains, were Fourier
transformed and averaged to generalize the findings from
the individual specimens. Fig. 8 exhibits the averaged
two-dimensional fast Fourier transforms (FFT) of eight images
each from the slice planes and from the planes in the building
direction. The Fourier transform of the slice plane reveals the
checkerboard pattern: frequency maxima along both orthogonal directions, qx and qy, refer to repetition lengths of 240, 120
and 80 μm. The values of 240 and 120 μm reflect the distance
between the scanning paths, which defines the grain width.
The repetition length of 80 μm reproduces the average grain
width of specimens A3, A4, and B1 to B5 determined via linear
interception, which amounts to (81 ± 30) μm. The image
analysis in the reciprocal space, therefore, results in additional information on the periodic grain arrangement according to
the laser path, while the average grain size determination via
linear interception yields only the mean grain size.
The averaged Fourier transform of the light optical micrographs parallel to the building direction (cp. Fig. 8, right)

Table 3 – In the solution annealed specimens, the measured phase transformation temperatures with an error of ± 3 K for Ms
and Af and ± 10 K for Mf and As, and the Ni-contents related to Ms allow for the estimation of the maximal Ni-losses during
the SLM process. Further, the heat exchange during forward and reverse phase transformation is given.

Starting material
A1
A2
A3
A4
A5
C1
C2
B1
B2
B3
B4
B5

Ms
[°C]

Mf [°C]

As
[°C]

Af
[°C]

−31
−6
−7
8
−1
−2
−25
−22
−16
−3
4
6
−8

−48
−54
−31
−32
−46
−61
−62
−63
−59
−39
−30
−20
−49

−23
−28
−51
−6
−20
−15
−38
−41
−39
−10
−13
0
−24

−10
18
16
30
22
22
−2
1
9
22
27
30
15

NiMs
[at.%]
51.05
50.83
50.84
50.69
50.78
50.79
50.99
50.97
50.92
50.79
50.73
50.70
50.85

±
±
±
±
±
±
±
±
±
±
±
±

0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03

ΔNimax
[at.%]
2.42
2.37
2.95
2.61
2.56
1.81
1.88
2.09
2.56
2.80
2.90
2.12

±
±
±
±
±
±
±
±
±
±
±
±

0.39
0.39
0.39
0.39
0.39
0.37
0.37
0.37
0.39
0.39
0.39
0.39

ΔHA
[J/g]
14.6
16.5
8.1
18.6
16.3
16.3
14.7
14.1
14.2
18.3
17.8
17.8
15.0

±
±
±
±
±
±
±
±
±
±
±
±
±

1.0
2.0
6.0
6.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0

ΔHM
[J/g]
14.5
13.6
5.7
15.7
12.9
10.6
9.4
9.2
8.3
16.1
14.0
13.3
9.9

±
±
±
±
±
±
±
±
±
±
±
±
±

1.0
2.0
6.0
6.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
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Fig. 8 – Averaged two-dimensional fast Fourier transforms (2D FFTs) of light optical micrographs reflect the checkerboard grain
arrangement caused by 120 μm-spaced laser paths and the anisotropic grains of specimens A3, A4 and B1 to B5. The 2D FFTs
of eight gray scale images were averaged for both planes, i.e. the slice plane (SP, left) and the plane in building direction (BD,
right). Maxima in the frequency domain and associated periods in the real space (in μm) are indicated by arrows. Please refer to
Fig. 2 for the light optical micrographs in real space.

clearly reflects the anisotropy of the grains. As the optical
micrographs of elongated grains were subjected to FFT, no
frequency maxima were detected along the building direction,
i.e. along qy. Transverse to the building direction, i.e. along qx,
frequency maxima corresponding to repetition lengths of 360,
140 and 90 μm occur. The repetition lengths differ from the
ones detected in the slice planes, as the longitudinal sections
were aligned parallel to the building direction but were not
aligned on the orthogonal grid defined by the laser path in
the slice plane. This leads to a superposition of apparently
different grain widths and results in less pronounced maxima
in the frequency domain.
From the rectangular cross sections of the columnar
grains, we deduced the scanning pathway and direction of
the focused laser beam, as schematically indicated in Fig. 9.
Because the scanned tracks re-melt parts of the preceding
tracks, the grains grow epitaxially, adopting the orientations
of the grains from the preceding track. Grain growth occurs
subsequently along the directed heat gradient towards the
centerline of the melt pool. In the centerline, the grains, which
have grown radially from the border of the curved melt-pool,
finally confine each other. The scanned pathway thus refers to
the line of grain boundaries stringed together. This observation
shows that the solidification during SLM takes place track-wise,
i.e. the preceding track is already solid by the time the subsequent
track is scanned. Still, Thijs et al. interpreted a similar scanning
pattern of SLM-produced Ti6Al4V slightly different. They concluded that the individual tracks of grains represent the scan
vectors and that “The herringbone pattern is caused by
the alternation of scanning direction. If the laser beam is moved
from left to right, the grains are slanted as ///, from right to
left as \\\”[19]. From the reflected S-shape on both sides of
the centerline of the scanned track, one can visually deduce
the scanning direction of the laser beam (cp. Fig. 9). This is
because the moving laser beam leads to a thermal gradient
highest in the scanning direction [21,35], which is followed
by the crystallizing grains. These mechanisms of grain
alignment according to a moving heat source are similar to

classical welding [22]. Furthermore, the small grains formed
in between the square shaped columnar grains are known
from welding metallurgy as axial grains, as further discussed
below [22].
The specimens consist of much smaller grains at their
outside, i.e. in the scanning path of the boundary (cp. Figs. 5, 6).
This has been also observed by Thijs et al. in SLM-fabricated Ta
and by Antonysamy et al. in electron beam melted Ti6Al4V
[19,39]. We suspect that grains initially crystallized in the firstly
scanned track of a slice are of the same size than the grains
observed at the specimens outside. The reason is that the cooling
and heat transfer conditions at the very outside of the specimen
should be similar to the heat flow condition of the path scanned
first in each slice. In both cases the crystallizing track is laterally
confined by loose powder, which leads to a reduced heat flow by
conduction. In our case, underneath the tracks, solid material is
present. We believe that two processes cause the enlargement of
the small grains during the SLM process. First, the grains enlarge
due to epitaxial grain formation in combination with competitive
growth [39,40]. This means that grains, which have a favored
crystal orientation with respect to the heat gradient, grow
preferentially at the expense of less favorably oriented grains. In
cubic metals, the direction of preferential grain growth is
generally referred to be <100> [22,41]. Grains with <100> aligned
in the direction of the local heat gradient should therefore grow
preferentially and enlarge. Second, Ostwald-ripening of crystallites can occur, which means that larger grains grow at the
expense of smaller ones to reduce the amount of energyexpensive defects at the grain boundaries. This phenomenon is
also studied for NiTi [42] and further binary alloys theoretically
[43] and experimentally [44]. It gives rise to characteristic grain
size distributions. Such a secondary grain growth (coarsening) is
reasonable, as the crystallites adjacent to and underneath of the
molten zones are repeatedly heated during the manufacturing
process [35]. During nucleation and growth, i.e. a relatively fast
process, an unstable solid state of relatively small grains forms.
The energetically unstable grains start merging via diffusion and
reaction accumulating in relatively large grains consistent with
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Fig. 10 – The integral grain size distribution of specimens A3,
A4, B1 to B5 indicates that the grain population with widths
above 40 μm evolved by Ostwald-ripening. The grain shape
of the second peak can be represented by the predicted
asymmetric shape of the crystallite size distribution of
Ostwald-ripening according to Kile et al. [48]. For the
representation on reduced axes, frequency and width were
normalized to the population of larger grains. The mean
grain width of this fraction referred to (105 ± 30) μm.

Fig. 9 – Top: Scheme to explain the formation of S-shaped
grains, which is due to the alternating movement of the
focused laser beam. Center: Light optical micrograph from
the cross section along the slice plane of specimen A2.
Bottom: Cross section along the slice plane of specimen B1,
representative for the specimens of group B.

the predictions of classical theory for one-component materials
[43,45,46]. The observed bimodal grain size distribution, can,
therefore, be explained by a superposition of conventional
formation of relatively small grains during solidification and of
Ostwald ripening (coarsening) resulting in relatively large grains.

If only the specimens with average grain widths larger than
60 μm (A3, A4, and B1 to B5) are analyzed, one finds the
distribution characteristic for secondary grain growth (cp.
Fig. 10) [47,48]. The distinctive feature of the bimodal size
distribution is the negative skew towards smaller crystallites of
the larger grain size population. This shape can be represented by
the theoretical, steady-state curve for Ostwald-ripening as
predicted by Kile et al. [48]. This behavior indicates that the
grains in selective laser-melted NiTi, exceeding a width of 40 μm,
were formed by secondary grain growth of small and energetically unstable grains after repeated heating. The threshold value
of 40 μm corresponds to the minimum in between the two
grain-size populations. Fig. 10 shows the bimodal grain size
distribution on reduced axes, normalized with respect to the
grain fraction ≥40 μm because the second peak comprises the
enlarged, Ostwald-ripened grains. It should be noted that in the
graph of the grain size distribution of Fig. 10, the grains exceeding
two times width/mean width (12 out of 978 analyzed grains) were
skipped.
Thijs et al. hypothesized that the amount of partial
re-melting of neighboring tracks is responsible for the extent
of the crystallographic texture [40]. This hypothesis is in line with
our results, as we found an accumulation of <111>-oriented
crystals in the building direction with increasing laser power.
Selective laser-melted Ta also shows the preferred <111>
orientation of crystals in the building direction [21]. Thijs et al.
explained the orientation of <111> in building direction with the
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locally varying heat flow. As the melt pool has a radial form, the
dominant heat gradient occurs radially from the centerline to the
melt pool border. They calculated the average angle of the local
heat gradient and concluded that the alignment of grains
with <100> along the averaged heat flow direction could turn
the crystallites such that <111> appeared in the building
direction [21]. Still, for other additively manufactured cubic
metals including AlSi10Mg and β-TiAl6V4, <100> was found
as preferred orientation in the building direction [39,40]. One
has to note, however, that the formed texture depends on
the local heat flow and the solidification mode, which can
differ for materials mentioned above.
Another interesting observation from the EBSD grain maps
in Fig. 7 is that the axial grains seem to show a preferential
orientation in <100>. This means that they have a distinct
orientation from the surrounding crystallites, which are
preferably oriented along <111>. Antonysamy et al. also
observed <100> oriented axial grains in electron beam melted
Ti6Al4V growing from the bottom of the melt pool vertically in
the building direction. The axial grains orient vertically along
the preferred <100> growth direction, because this corresponds to the direction of the local heat flow between melt
pool bottom and centerline [39]. As the path between melt
pool bottom and centerline corresponds to the highest
temperature gradient within the melt pool, the most stable
solidification front can be found there. The axial grains might
therefore comprise less intra-granular defects making them
energetically favorable, which would prevent them from the
dissolution and integration by the coarsening grains during
the Ostwald-ripening process. The bimodal grain size distribution observed in specimens A3, A4 and B1 to B5 originates
therefore from the proliferation of the grains larger than
40 μm due to Ostwald-ripening occurring during the SLM
process and from the presence of the remaining rather small
axial grains.

5. Conclusions
The control of laser power and scanning speed during SLM
processing of NiTi impacts the microstructure in a distinct
manner. The evaporation of Ni from the melt and the related
phase transformation temperatures can be altered adjusting
the scanning speed. The laser power affects grain size and
porosity, as both increased considerably with a raise in laser
power from 56 to 100 W. The results indicate that the lowest
laser power within the investigated frame of processing
parameters yields the best result regarding small grain sizes,
a narrow grain size distribution and a low porosity of the
specimens. Increasing the laser power results in a bimodal
grain size distribution with a significant enlargement of
grains, most likely due to Ostwald-ripening of crystallites
during the SLM process. Despite the anisotropy, grain sizes of
specimens A1 and A2 conform to the ASTM standard F2063-05
regarding NiTi alloys for medical devices. For medical applications, however, the oxygen contents should be lowered.
Based on our experimental findings, systematic future investigations should be performed to develop a fine-grained, homogeneous microstructure with the mechanical properties required
for medical implants.
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2.2 Analysis of porous NiTi scaffolds by
micro-computed tomography
2.2.1 Assessing the morphology of selective laser melted
NiTi-scaffolds for a three-dimensional quantification of the
one-way shape memory effect
The following section deals with the morphology of NiTi scaffolds produced by selective laser melting. Quality factors were determined by
micro computed tomography in combination with sophisticated registration software to assess the geometrical deviations of the SLM fabricated scaffolds from the initial scaffold design. The factors derived
were applied to quantify the shape memory effect of the scaffold.
Published in Proceedings of SPIE
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Assessing the morphology of selective laser melted NiTi-scaffolds for a
three-dimensional quantification of the one-way shape memory effect
Therese Bormann*a,b, Michael de Wildb, Felix Beckmannc and Bert Müllera
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b
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ABSTRACT

NiTi is promising for the use as bone scaffold, because the pseudoelasticity or the one- and two-way shape memory
effect in the physiological window can mechanically stimulate the adherent cells. Such stimuli can enhance osseointegration and might reduce stress shielding associated with load bearing implants. The present study is based on the
additive manufacturing technique of selective laser melting (SLM) to fabricate three-dimensional NiTi scaffolds. We
demonstrate that the morphology of the scaffolds can be quantified using synchrotron radiation-based micro computed
tomography (SRµCT) and sophisticated registration software. Comparing the CAD file with the SLM scaffolds, quality
factors are derived. With respect to the CAD file, the overlap corresponds to (92.5 ± 0.6) %. (7.4 ± 0.42) % of material
was missing and (48.9 ± 2.3) % of excess material found. This means that the actual scaffold is less porous than
expected, a fact that has to be considered for the scaffold design. In order to quantify the shape memory effect during the
shape recovery process, we acquired radiographs rotating an initially deformed scaffold in angular steps of 0.2 degree
during controlled heating. The continuously acquired radiographs were combined to tomography data, showing that the
quality factors evolved with temperature as the scaffold height, measured by conventional thermo-mechanical analysis.
Furthermore, the data comprise the presence of compressive and tensile local strains in the three-dimensional scaffolds to
be compared with the physiological situation.
Keywords: NiTi, scaffold, shape memory effect, selective laser melting (SLM), synchrotron radiation, micro-computed
tomography, three-dimensional registration

1. INTRODUCTION
NiTi is a promising candidate for biocompatible load-bearing bone implants as it combines low stiffness with high
strength [1, 2]. Near body temperature, it exhibits characteristic properties including pseudoelasticity, the one-way shape
memory effect and high damping capacities caused by a reversible crystalline transformation between the austenite and
martensite crystalline phase, which are another advantage for osseo-integration of load-bearing implants [2]. The
mechanical stimulation of the bony tissues enhances re-modeling and therefore the osseo-inductive behavior [3, 4].
Selective laser melting is a versatile method to prepare porous scaffolds with a variety of regularly arranged unit cells.
These open porous structures are generated using computer aided design (CAD). The designs are materialized applying
appropriate precursor powders and suitable laser parameters. The selection of powder and laser parameters enables the
operator to tailor the structural and thermal properties of the porous constructs [5, 6].
In a porous system including scaffolds or textiles both tensile and compressive strain simultaneously occur even only
compression or tensile load is applied (see Fig. 1). Human cells such as osteoblasts might therefore behave in different
fashion depending on their location within the scaffold and might migrate toward the preferred location within the unit
cell of the scaffold.
Local strains occurring in a porous NiTi scaffold during shape changes induced by heating should be quantified and
visualized taking advantage of synchrotron-based micro computed tomography (SRµCT) and sophisticated software
tools for rigid and non-rigid registration [7].
*therese.bormann@unibas.ch; phone +41 61 26 59 127, //www.bmc.unibas.ch
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These spatially resolved strains could in a next step be directly compared with strains acting on cells in a physiological
environment such as the human body. In bones for example, values for strains induced by normal activity lie between
0.005 % and 0.5 % [8, 9]. The application of such micro-strains during in-growth of implants has shown to increase
parameters like bone-to-implant contact [10, 11].

compression

tension
compression
E
E

v

8 mm

Fig. 1. Three-dimensional rendering of µCT data of a transversally cut NiTi scaffold. The cross section of the unit cells is
approximated as diamond shape as indicated. The scheme illustrates the expected local tensile and compressive strains
in a unit cell under compression.

We hypothesize that the local strains, which are generated by defined compression of porous NiTi scaffolds prepared by
selective laser melting correspond to actual strains occurring in a physiological situation. Cells within the scaffolds
should therefore show specific reactions depending on their location and NiTi scaffolds might prove to be clinically
relevant for future medical applications.
As a first approach, we are presenting a SRµCT setup to continuously investigate pseudoplastic NiTi scaffolds during
their shape recovery process. The method is validated by extracting quantities describing the scaffolds morphology
during the heating period and comparing the evolution of these quantities with temperature to conventional thermomechanical analysis (TMA) measurements. Furthermore, the scaffolds morphology and deviations from the initial CAD
design can be assessed locally and globally by the presented method.

2. MATERIALS AND METHODS
2.1 Scaffold preparation
Selective laser melting (SLM Realizer 100, Realizer, Borchen, Germany) served for the fabrication of scaffolds with
sub-millimeter precision from pre-alloyed NiTi powder with a nominal Ni-content of 55.96 wt.-% (Memry GmbH, Weil
am Rhein, Germany). The outer dimensions of the scaffolds referred to 8 mm in diameter and 4 mm in height,
respectively. The scaffold geometry is defined in a CAD model based on a rhombo-dodecahedral unit cell of (2 mm)³
with 300 µm thin struts. Subsequent to fabrication, the specimens were subjected to annealing under Ar atmosphere at a
temperature of 500 °C for a duration of 25 minutes, which was followed by furnace cooling. The resulting phase
transformation temperatures were determined by differential scanning calorimetry (DSC 30, Mettler-Toledo) at a heating
rate of 10 K per minute. The austenite start temperature (As) corresponded to 25 °C, the austenite peak temperature (Ap)
to 35 °C and the austenite finish temperature (Af) to 41 °C.
For the investigation of the shape recovery process by synchrotron radiation-based micro computed tomography
(SRµCT), a scaffold with an original height of 4.01 mm was pseudoplastically deformed by compression along its z-axis
by 260 µm prior to the SRµCT experiment. To ensure a fully martensitic crystalline structure during deformation, the
specimen was cooled down in liquid nitrogen before deformation.
Thermo-mechanical analysis (TMA) of a scaffold, pseudoplastically deformed by compression along its z-axis about
265 µm, was done by the TMA 40 (Mettler-Toledo) at a heating rate of 0.083 K per minute in a temperature range from
18 °C to 35 °C.
2.2 Synchrotron radiation-based micro computed tomography setup
SRµCT investigations were carried out on scaffolds prior to deformation, during the shape recovery process induced by
controlled heating and subsequent to deformation. The beamline W2 (DESY, Hamburg, Germany) operated by the
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Helmholtz-Zentrum Geesthacht served for the tomography data acquisition in the conventional absorption contrast mode
[12]. The photon energy was set to 70 keV and projections on a field of 3056*3056 pixels with an effective pixel size of
3.2 µm were recorded in angular steps of 0.2 degrees. Because of the parallel X-rays, the radiographs of the scaffold in
original and deformed states were acquired from a 180° rotation. The spatial resolution determined from the modulation
transfer function of a highly X-ray absorbing edge [13] corresponded to 7.2 µm.
To investigate the specimen during the one-way shape memory effect, radiographs of the initially deformed scaffold
were recorded constantly while the scaffold was subjected to heating. During the heating period 4853 radiographs were
obtained, which corresponds to a sample rotation of 970.6 degrees. Heating of the specimen was carried out in a water
bath with a rate of 0.067 K per minute, whereas the starting temperature corresponded to 15 °C and the experiment was
terminated at a temperature of 37 °C. These thermo-electrically measured temperature values were downwards corrected
by about 7.5 K based on a temperature calibration using the TMA measurement of a deformed scaffold from the same
processing batch.
2.3 Tomographic reconstruction
Before reconstruction, the recorded radiographs were two-fold binned to improve the photon statistics [14]. The
reconstruction was performed by means of the filtered back-projection algorithm [15]. Eleven three-dimensional datasets
were reconstructed over the heating period using the 4853 projections in total. The starting angle for each subsequent
reconstruction was increased by about 79°. Each of the reconstructed datasets covered a temperature interval of 3 to 5 K.
To reduce data size, the datasets were binned after reconstruction for a second time by a factor of two leading to an
effective pixel size of 12.93 µm in the datasets used for the 3D registration [16].
2.4 Data treatment
To assess the morphological quality factor of the SLM-fabricated scaffold with regard to the CAD model and to quantify
the differences caused by deformation and shape recovery, the tomography datasets were rigidly registered with the
CAD design. Rigid registration means, that six independent parameters, three for translation and three for rotation, have
to be found.
As the used registration algorithm [17] works on voxel-based three-dimensional data, the CAD data was converted prior
to registration, since SLM, as most additive manufacturing methods, is based on a surface triangulated file format (.stl).
The CAD file in .stl-format was thus converted into a voxel-based .raw data format using Matlab (2010b, The
MathWorks, Natick, USA) code. The voxel size of the dataset was set to (13 µm)3 according to the reconstructed
tomography data. The voxel size was further refined to 12.82*12.82*12.99 µm³ to reduce differences between the .stl
and .raw-file. All further data processing was done using the Matlab code. For data visualisation, however, we applied
VG Studio Max 2.1 (Volume Graphics, Heidelberg, Germany).
2.5 Volume-based segmentation
The reconstructed datasets showed artefacts like blurring and periodic variations in the local absorption values, which
were caused by the deformation of the scaffold during the shape recovery. The presence of these artefacts increased the
visible strut thickness in the reconstructed data and the background in the histograms of the local X-ray absorption
coefficients. The identification of a reasonable threshold for the scaffold segmentation was therefore not straightforward.
As the mass of the NiTi scaffolds is known and as we can consider the density and volume to be constant during the
measurements, we can reasonably follow a volume-based approach.
As the literature values for the density of NiTi vary between 6.40 and 6.51 g/cm3, we measured the density of the starting
material (prior to atomization) by Archimedes principle with a tensiometer (K11, Krüss, Hamburg, Germany), which
returned a value of (6.52 ± 0.02) g/cm3. Based on the specimen weight of 0.3 g, the scaffold volume corresponds to
(46.0 ± 0.7) mm3. Segmentation between material and background was than accomplished by choosing the threshold
such that the volume of the segmented data matched the specimens calculated volume.

3. RESULTS AND DISCUSSION
3.1 Quality assessment via 3D registration
To assess the overall quality of the SLM fabricated scaffold, the SRµCT dataset of the non-deformed scaffold was
rigidly registered with the 3D dataset of the design (CAD model). Figure 2 displays the .stl-file of the CAD model (A),
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the SLM-built NiTi scaffold (B) prior to deformation and an overlay of the .stl-file and the scaffold after registration (C,
D). From first glance, the lattice shape was matched well by the SLM scaffold. Nevertheless, the main difference of the
SLM specimen in comparison to the initial file is protruding material along the struts, as visible from the images in
Figure 2 (C) and (D).
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Figure 2. 3D rendering of the CAD .stl-file (A), the SRµCT scan of the non-deformed scaffold (B), overlay of the CAD file
and the scaffold after registration (C), and a virtual cut through the latter (D). Diameter of the scaffold refers to 8 mm,
height to 4 mm.

To quantify the morphological quality of the SLM built scaffold, we subtracted the registered SRµCT dataset from the
CAD file and analyzed the resulting three-dimensional matrix regarding protruding, deficient and overlapping material in
reference to the matrix of the initial CAD file [18]. For the whole scaffold, we found that (92.55 ± 0.55) % of the initial
matrix overlaps with the SLM scaffold, (48.87 ± 2.30) % is protruding the initial matrix and (7.45 ± 0.42) % of the
targeted volume is missing. This means that the actual scaffold is less porous than designed. The intended relative open
pore volume corresponded to 84 %, whereas we find in the actual scaffold an open pore volume of about 76 %. With
other words, one has to consider this phenomenon in the scaffold design.
To gain closer insight into the material distribution within the scaffold, we analyzed the difference in the registered
datasets by the local determination of excess, missing or overlapping material for each slice of voxels along the x-, y- and
z-axis, respectively. The results are displayed in Figure 3 for the z- and x-axis, whereas excess, missing or overlapping
material is represented as percentage of the corresponding targeted volume determined from the CAD file. As evident
from Figure 3, the overlap of both matrices as well as the deficiency of material is more or less constant along the
different axis of the scaffold. Exceptions are the outer boarders of the scaffold where material deficiency usually
increases (not represented in Figure 3A) because the tiniest struts at the outside (see Figure 3B, cross sections z2, z3)
break away easily during handling of the specimen. The analysis of the protruding material along the scaffolds individual
axis on the other hand reveals strong variations, which represent the symmetric lattice shape with a repeating unit of half
a unit cell. The scaffold features are repeated twice as much as the original repeating unit of 2 mm, because the rhombic
cells are staggered by half unit cell width, as indicated in Figure 3, cross section x2. Each half unit, i. e. 1 mm, the
amount of protruding material increases abruptly, independent of the scaffold axis. Nevertheless, the variation of the
protruding material along the z-direction is higher, covering a range of 25 % to 140 %, than the variation along the x- and
y-axis, which covers a range of 35 % to 120 %.
Reason for the variations in protruding material especially along the z-axis is the anisotropic SLM fabrication process.
During the additive manufacturing process of SLM, subsequent layers of powder are selectively molten and solidified.
Each melting process involves re-heating and re-melting of the already solidified material layers below and heat flux
from the topmost layer to the bottom of the scaffold. This, for each layer repeated, process causes additional powder to
adhere at the lower surface of struts and knots. Especially the lower surfaces of areas having small inclination angles
with respect to the powder layer (x-y-plane) are susceptible for increased surface roughness [19] due to partly fused
powder particles of different size. Also, stalactite formation at down facing faces decreases the surface quality [20].
Nevertheless, we find the highest percentage of protruding material exact in the middle of the knots where the struts
merge (cp. Figure 2B, cross section z1, x1, x2). These peaks in protruding material correlate with the slices of the CAD
file, which exhibit the lowest absolute volume (cp. Figure 2B, cross section z1). This minimum in absolute volume
repeats after 1 mm because the unit cells are staggered by half unit cell width. The peaks of up to 140 % for protruding
material are therefore caused by the data representation, which is relative to the targeted volume of the CAD file.
Nevertheless, the main geometrical mismatch between CAD file und SLM-fabricated part is excess material at the downfacing surfaces caused by adhering powder particles and stalactite formation.
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Figure 3. A: Volume of overlapping, protruding and deficient material in percentage of the target volume along the z- and
the x-axis of the scaffold, respectively. B: Virtual cross sections as indicated in the graphs above along the z- and x-axis
of the registered matrix, representing the overlapping (blue), protruding (light blue) and absent (pink) material.
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Quality assessment for additive manufactured parts is usually done via investigations of closed porosity and surface
roughness [21], both difficult to apply onto filigree and complex-shaped parts with inner structures inaccessible from the
outside without specimen destruction. Therefore, the presented method of 3D data registration and analysis is a suitable
tool for the quantification of the morphological quality of additive-manufactured scaffolds. Also, the method could be
important for the optimization of process parameters, which play a major role for resulting properties in SLMmanufactured parts [5, 22].
3.2 Quantification of the one-way shape memory effect
To quantify the shape recovery of a pseudoplastically deformed SLM-built NiTi scaffold, seven out of the eleven
datasets obtained from the continuous SRµCT measurement were registered with the CAD file as described above. The
overall quantities for overlapping, protruding and deficient material depend on the temperature, as can be seen from the
data summarized in Table 1. The quantities are represented relative to the CAD file, whereas the deviations were
estimated to be ±0.6 % for the overlap, ±4.7 % for the protrusion and ±5.7 % for the deficiency.
Table 1. Overall quantities for overlap, protrusion and deficiency relative to the CAD file at different time and temperature points,
respectively, before and during the shape recovery process.

Dataset

Mean temperature

Overlap [%]

Protrusion [%]

Deficiency [%]

0

Prior to deformation

Ambient

92.55 ± 0.55

48.87 ± 2.30

7.45 ± 0.42

1

Deformed scaffold

18.0 °C

77.04 ± 0.46

69.89 ± 3.28

22.96 ± 1.31

26.9 °C

79.51 ± 0.48

66.62 ± 3.13

20.49 ± 1.17

28.7 °C

82.51 ± 0.49

62.47 ± 2.94

17.49 ± 1.00

30.4 °C

87.70 ± 0.53

57.55 ± 2.70

12.30 ± 0.70

5

32.1 °C

91.08 ± 0.55

53.68 ± 2.52

8.92 ± 0.51

6

32.9 °C

92.30 ± 0.55

51.06 ± 2.40

7.70 ± 0.44

34.0 °C

92.36 ± 0.55

51.68 ± 2.42

7.64 ± 0.43

2
3
4

7

Shape
recovery
during heating

Shape recovered

After completion of the shape recovery, the initial values of dataset #0 are almost entirely recovered. As evident from the
data in Table 1, the shape recovery process is accomplished already in dataset #6, referring to a mean temperature of
32.9 °C. Even though each dataset was obtained over a temperature interval covering 3.0 to 4.5 K the evolution of the
quantities for overlap, protrusion and deficiency with increasing temperature matches the progression of the scaffold
height during temperature increase determined by a conventional TMA measurement, as exemplarily displayed for the
quantity of overlapping material with temperature in Figure 4A. The thermoelectrically acquired temperature during the
SRµCT measurement was corrected downwards by 7.5 K in accordance with the TMA investigations, which worked on
a calibrated temperature sensor.
The temperature interval for the phase transformation from martensite to austenite measured with DSC at 10 K per
minute differs from the temperature interval for the shape recovery observed via SRµCT, which has been conducted at a
heating rate of 0.067 K per minute. The DSC revealed an Af value of 41 °C, whereas we observed the fully recovered
shape at 32.9 °C in the SRµCT experiment, meaning that the phase transformation is terminated at lower temperatures in
the SRµCT investigation. The difference is caused by the distinct heating rates applied in the two experiments.
Decreasing the heating rate results in decreased temperatures for the austenitic phase transformation whereas As is less
heating rate sensitive than Af [23, 24].
Figure 4B displays the progression of the overlapping material along the scaffolds z-axis for the datasets prior and
subsequent to deformation as well as after the completed shape memory effect. The data clearly show the almost exact
matching of the scaffolds shape prior to deformation and after conducted shape memory effect.
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Figure 4A. Overall overlap of the initial file with the seven datasets reconstructed from the SRµCT data obtained during
heating of the deformed scaffold and TMA curve of the deformed scaffold. The deviations for the temperature in the
SRµCT measurements cover the temperature interval during data acquisition and the assumed measuring inaccuracy.
B: Overlap along the z-axis for the non-deformed and deformed scaffold as well as the scaffold after completed shape
recovery.

4. CONCLUSIONS
The morphology of parts fabricated by selective laser melting can be assessed and quantified by registration of SRµCT
and CAD data. The evaluation of 3D data is in particular expedient for complex-shaped parts, whose porous structure
cannot be analyzed without sectioning. Continuously acquired SRµCT data or radiograph recording has proven to be a
suitable technique to analyze the temperature-dependent deformation of NiTi scaffolds. Even though the reconstructed
datasets initially showed artifacts caused by slight movement of the specimen, we found that progression of the extracted
quantities with time and temperature, respectively, agrees well with the progression of the macroscopic parameter
scaffold height vs. temperature determined by conventional TMA measurements. The data will serve for the
determination of local deformations within scaffolds and the evaluation of cell-response in presence of mechanical
stimuli. Based on this approach, scaffold design and loading regime should be refined and optimized with respect to the
actual physiological situation.
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2.2.2 Combining micro computed tomography and
three-dimensional registration to evaluate local strains in
shape memory scaffolds
To study the local deformation behavior of porous NiTi scaffolds, variable temperature micro computed tomography in combination with
three-dimensional data registration was applied. The local strain and
displacement fields in a pseudoplastic scaffold subjected to deformation
and heating were determined. Uniaxial scaffold compression resulted
in local strains up to a factor of 2.5 higher than the integral deformation. In addition, the local development of the shape recovery process
could be visualized.
Published in Acta Biomaterialia
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a b s t r a c t
Appropriate mechanical stimulation of bony tissue enhances osseointegration of load-bearing implants.
Uniaxial compression of porous implants locally results in tensile and compressive strains. Their experimental determination is the objective of this study. Selective laser melting is applied to produce openporous NiTi scaffolds of cubic units. To measure displacement and strain ﬁelds within the compressed
scaffold, the authors took advantage of synchrotron radiation-based micro computed tomography during
temperature increase and non-rigid three-dimensional data registration. Uniaxial scaffold compression of
6% led to local compressive and tensile strains of up to 15%. The experiments validate modeling by means
of the ﬁnite element method. Increasing the temperature during the tomography experiment from 15 to
37 °C at a rate of 4 K h 1, one can locally identify the phase transition from martensite to austenite. It
starts at 24 °C on the scaffolds bottom, proceeds up towards the top and terminates at 34 °C on the
periphery of the scaffold. The results allow not only design optimization of the scaffold architecture,
but also estimation of maximal displacements before cracks are initiated and of optimized mechanical
stimuli around porous metallic load-bearing implants within the physiological temperature range.
Ó 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction
Suitable mechanical stimuli govern tissue formation [1]. The
presence of a dynamic mechanical stimulus alters, among other
things, mesenchymal stem cell proliferation and differentiation
and, hence, regulates bone formation [2–5]. Therefore, the appropriate cyclic mechanical loading of solid and porous implants gives
rise to enhanced osseointegration [6–8]. The uniaxial compressive
deformation of scaffolds, for example, leads to osteogenic effects in
osteoblasts [9] and increases cell differentiation and extracellular
matrix synthesis [10]. To achieve an increase in bone formation
within scaffolds upon mechanical stimulation, strains between
0.5 and 1.5% are usually proposed [2,11–13].
Scaffolds for load-bearing applications usually consist of metals
such as stainless steel, titanium and its alloys, tantalum or NiTi, because of the required mechanical strength [14]. NiTi belongs to
well-established biomaterials with distinct mechanical properties,
including comparatively low elastic modulus, high damping capacity, pseudoelasticity and the possibility for shape recovery after
⇑ Corresponding author. Tel.: +41 61 2659660; fax: +41 61 2659699.
E-mail address: bert.mueller@unibas.ch (B. Müller).

deformation. It was hypothesized that pseudoelasticity should allow for cyclic mechanical stimulation of tissue in the proximity
of a NiTi scaffold or implant, as an induced deformation can be
recovered upon unloading [15]. Also, the shape memory effect
might allow for mechanical cell stimulation, as a scaffold-shape
change can be thermally induced [16]. Moreover, porous NiTi
shows high osteoconductivity and supports osseointegration,
which is achieved faster and with better bonding than for porous
Ti [17,18]. The reasons behind this phenomenon might be the
pseudoelasticity and the low elastic modulus of NiTi, as they mimic
the mechanical properties of healthy bone better than other metallic alloys [17].
Several techniques for manufacturing porous NiTi scaffolds are
on the market: space holder methods [19,20] including metal
injection molding [21,22] or self-propagating high-temperature
synthesis [23–25]. These techniques, however, only entail
rounded/sponge-like pore geometries. Additive manufacturing
techniques such as selective laser melting (SLM) are more ﬂexible,
as a focused laser beam fuses the metal powder according to the
pre-deﬁned design in micrometer-thin layers. In this way, one
can produce complex-shaped NiTi scaffolds with micrometer-sized
pores based on three-dimensional (3-D) units [16,26]. It was
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recently demonstrated that SLM-built porous NiTi scaffolds are
suitable carriers for mesenchymal stem cells [27]. Furthermore,
arranging the units in a periodic manner offers an easy way to tailor properties via unit cell adjustments such as varying strut thickness, unit dimensions or design. One can tune, for example, the
mechanical properties and cell seeding efﬁcacy of scaffolds
[28,29]. The porous architecture of such scaffolds divides compressive load applied to the entire component into local compressive
and tensile strains covering a broad range of amplitudes. The evaluation of the local strains is therefore essential for understanding
cell–implant interactions and improving the scaffold architecture
for tissue engineering in vitro and tissue integration in vivo.
The objective of the study is to measure the 3-D displacements
and strain ﬁelds occurring upon scaffold compression in porous
NiTi scaffolds via synchrotron radiation-based micro computed
tomography (SRlCT) and non-rigid 3-D registration. A pseudoplastic scaffold at room temperature was selected for the investigations, in order to determine the displacement ﬁelds during shape
recovery. To this end, an in situ SRlCT setup was used, enabling
controlled heating for a continuous and well-deﬁned shape recovery process of the deformed NiTi scaffold.

2. Materials and methods
2.1. Specimen preparation
Selective laser melting (SLM) (SLM Realizer 100, SLM-Solutions,
Lübeck, Germany) served for the fabrication of cylindrical NiTi
scaffolds of height 4 mm and diameter 8 mm (cf., Fig. 1). The cubic
unit cell of the scaffolds with a volume of (2 mm)3 was based on a
rhombic dodecahedron. As the cylindrical scaffolds were built from
cubic units, the cells at the fringe of the cylinder were truncated.
Two layers of six complete and nine truncated unit cells were
stacked upon each other, i.e. the bottom layer reached from 0 to
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2 mm of the scaffold height, the top layer from 2 to 4 mm. An integrated layer of seven complete and ten truncated unit cells, staggered about a half unit cell compared with the bottom and top
layer cells, was formed in the center of the scaffold. This center
layer ranged from 1 to 3 mm of the scaffold height. The struts of
the architectural elements were 300 lm thick. The pre-alloyed NiTi
powder (MEMRY GmbH, Weil am Rhein, Germany) with a nominal
Ni-content of 55.96 wt.% consisted of spherical particles 35–75 lm
in diameter. After SLM processing, the specimens exhibited phase
transformation temperatures of (10 ± 9) °C for martensite start
Ms, ( 87 ± 6) °C for martensite ﬁnish Mf, ( 44 ± 7) °C for austenite
start As and (3 ± 3) °C for austenite ﬁnish Af. The broad temperature
difference between martensite start and ﬁnish might be an indication that there is also an R-phase transformation included. Ni evaporation during SLM processing was calculated taking the wellknown relationship between the austenite ﬁnish temperature
and the Ni content as well as the impurity content of the scaffolds
into account [30,31]. The preferential evaporation of Ni with respect to Ti amounted to a concentration shift of 1 wt.% with respect to the starting material prior to atomization.
In order to obtain specimens with pseudoplastic behavior
around body temperature, scaffolds were post-treated by annealing to a temperature of 500 °C for a duration of 60 min under an
Ar atmosphere, followed by cooling to room temperature within
140 min. Even though exact adjustment of transformation temperatures requires further optimization of thermal treatment conditions, applied parameters were found to shift the phase
transformation temperatures to the desired range. The resulting
phase transformation temperatures of the scaffold investigated referred to 45 °C for R-phase start Rs, 14 °C for R-phase ﬁnish Rf,
18 °C for Ms and 39 °C for Mf upon cooling and to 25 °C for As
and 41 °C for Af upon heating. The phase transformation temperatures were determined by means of differential scanning calorimetry (DSC; DSC 30, Mettler-Toledo) using a heating rate of
10 K min 1.
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Fig. 1. Three-dimensional views of the scaffold (8 mm in diameter, 4 mm in height): column A, CAD-ﬁle used for scaffold fabrication; column B, 3-D rendering of tomography
data of the SLM-built NiTi scaffold. The cross section indicated in the top view is applied for the representation of the global and local displacement ﬁelds (cf., Fig. 3).
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To analyze the scaffold in deformed state and during shape
recovery, the cylindrically shaped scaffold was pseudoplastically
compressed between two coplanar plates by (0.40 ± 0.01) mm,
leading to a pseudoplastic height reduction of (0.24 ± 0.01) mm,
which corresponds to 6% of the scaffold height. In other words,
upon unloading, the scaffold elastically or pseudoelastically already recovered (0.16 ± 0.02) mm of the induced deformation. In
order to ensure a martensitic crystalline structure during deformation, the scaffold was immersed in liquid nitrogen prior to deformation. No difference in the ﬁnal scaffold height at room
temperature (20 °C) upon compression and unloading was observed for scaffold deformation directly in liquid nitrogen as well
as for scaffold deformation at room temperature past immersion
in liquid nitrogen.
For the SRlCT measurements, the specimen was glued to a
round steel sample holder 4 mm in diameter subsequent to specimen deformation. The holder was centrally placed on the scaffolds
top layer, as it supported the scaffold from above. For mounting,
two-component epoxy resin was used (UHU plus schnellfest;
UHU GmbH, Bühl/Baden, Germany). The resin was allowed to cure
for 20 min prior to the start of the experiment.
2.2. Finite element method
The ﬁnite element method (FEM) was applied to simulate axial
compression of the cylindrical scaffold using the ADINA 8.9 ﬁnite
element analysis program (ADINA R&D, Watertown, USA). The ﬁnite element model itself was constructed by re-meshing the triangular facets and further manual meshing based on the .stl-ﬁle for
SLM fabrication using the FEMAP 10 ﬁnite element pre-processor
(Siemens PLM Software, Köln, Germany). The mesh was formed
by 447,028 ten-node tetrahedral elements with a mean edge size
of 74 lm. The superelastic and shape memory effects of NiTi were
included with a shape memory alloy material model described by
Roh and Bae [32], implemented in ADINA. The shape memory alloy
material model required the speciﬁcation of the elastic modulus,
the slope of transformation and the thermal expansion coefﬁcients
for the martensite and austenite phases. The elastic moduli and
slopes of transformation were reasonably assumed on the basis
of static compression testing of SLM-fabricated NiTi cylinders.
The derived values that were applied to the material model corresponded to 16 and 40 GPa for the elastic moduli and to 4.7 and
6.0  106 Pa K 1 for the slopes of transformation for martensite
and austenite, respectively. The maximal transformation residual
strain was set to 0.05. The phase transformation temperatures
were chosen in agreement with the DSC measurements as
As = 25 °C, Af = 41 °C, Ms = 18 °C and Mf = 39 °C. Further parameters applied were taken from the literature, namely a Poisson’s ratio of 0.34 for both crystalline states and coefﬁcients of thermal
expansion of 11  10–6 K 1 and 6.6  10–6 K 1 for austenite and
martensite, respectively [32,33]. The temperature for the simulation corresponded to 20 °C, considering the scaffold in its martensitic phase. All nodes at the scaffold’s bottom were ﬁxed in the axial
direction, including two nodes with lateral ﬁxations to guarantee
statically deﬁned boundary conditions. To simulate the scaffold
deformation, all nodes on the topside were axially displaced by
0.24 mm, in agreement with the experimental data.

temperature-controlled water bath for in situ measurements. A
photon energy of 70 keV was used for recording radiographs with
an effective pixel size of 3.2 lm on a 3056  3056 pixel detector in
angular steps of 0.2°. The spatial resolution of the projections was
determined from the 10% value of the modulation transfer function
of a highly X-ray absorbing edge [35] and corresponded to 7.2 lm.
To investigate the NiTi scaffold during the shape recovery process,
the initially deformed specimen was heated from 15 to 37 °C at a
rate of 4 K h 1. During heating of the specimen, 4853 radiographs
were continuously recorded. A more detailed description of the
SRlCT experiment was published earlier [16]. The thermoelectrically measured temperature values were corrected by 7.5 K
according to a temperature-calibrated thermo-mechanical analysis
measurement (TMA 40, Mettler-Toledo) [16].
2.4. Three-dimensional data sets
Six 3-D data sets were reconstructed by the standard ﬁltered
back-projection algorithm [36] selecting a sequence of 900 from
the 4853 radiographs acquired during the heating period. The temperature intervals related to the six selected tomograms are indicated in Fig. 2. The intervals differ slightly, because the exposure
time during radiograph acquisition was adjusted to achieve comparable photon statistics. The integral scaffold-height change was
measured by conventional thermo-mechanical analysis using a
scaffold pseudoplastically deformed by 0.265 mm, i.e. 6.5% global
strain.
Tomogram #0 refers to the scaffold in its pseudoplastically deformed state. Tomogram #5 shows the scaffold after complete
shape recovery, which equals to the initial, non-deformed scaffold
shape, as previously shown [16]. Data sets 1–4 exhibit the scaffold
in the course of the shape recovery process. As the shape recovery
involves scaffold deformation during data acquisition, artifacts
including blurring occur and are visible in the reconstructed data.
The segmentation of the scaffolds was therefore carried out considering the conservation of NiTi volume of (46.0 ± 0.7) mm3 within
the scaffold during the SRlCT experiment, as described in more detail elsewhere [16]. The radiographs were twofold binned prior to
reconstruction to improve the contrast [37]. The reconstructed
data were twofold binned again to decrease the data size for easier
handling. The pixel length in the analyzed 3-D data therefore corresponds to 12.93 lm.
2.5. Three-dimensional data registration
In order to quantify the local displacements within the scaffold
caused either by compression or by the shape memory effect, the
4.1

0

Scaﬀold height [mm]

1026

2 Results

4.0

#5
#4

3.9

4
#3
3.8

6

#2

2.3. SRlCT

#0

3.7

SRlCT served for the investigation of a pseudoplastically deformed scaffold before, during and subsequent to controlled heating. The experiments were carried out at the W2 beamline
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Fig. 2. Evolution of the scaffold height and relative deformation, respectively, with
increasing temperature. The temperature ranges for reconstruction of the six data
sets are indicated.
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data sets were registered, taking advantage of a non-rigid registration approach [38,39], also termed digital volume correlation [40].
To register two data sets, one has to select the reference and the
ﬂoating data set. The ﬂoating tomogram is transformed and resampled to match the reference as close as possible, and the displacement of each individual voxel is recorded [38]. As the ﬂoating
data set is (virtually) transformed and the reference data set deﬁnes the shape to be matched, the ﬂoating data was chosen such
that the virtual deformation matched the direction of scaffold
deformation or shape recovery, respectively. This means that, for
analyzing scaffold compression, the ﬁnal data set of the completely
recovered scaffold (#5) was set as ﬂoating, and the initial, deformed data set (#0) as reference. In contrast, to analyze the shape
recovery process, the recovered state served as reference, and the
deformed state as ﬂoating.
A prerequisite for extracting the local deformations is the rigid
registration of the data to determine the precise location (three
translational parameters) and orientation (three rotational parameters) in the 3-D space. As an intermediate level of analysis, the afﬁne registration was applied, which additionally includes three
global scaling parameters in three orthogonal directions. The local
deformations are ﬁnally obtained from a non-rigid registration
algorithm, which is based on the adaptive hierarchical subdivision
of the 3-D data sets, where the non-rigid matching problem is
decomposed into numerous local afﬁne registrations of sub-data
sets of decreasing size [41,42].
2.6. Determination of displacement and strain ﬁelds
The global and local voxel displacement ﬁelds in the scaffold
subjected to deformation or heating were calculated from an afﬁne
and a non-rigid registration step. The global displacement ﬁeld
contains the displacements caused by scaling of the data (afﬁne
registration) as well as the local displacements from the non-rigid
registration. The local displacement ﬁeld contains the displacements aside from scaling.
In order to discriminate between tensile and compressive deformation within the scaffold subjected to compression, the local
strain ﬁelds were determined from the local voxel displacement
ﬁelds. The relative values for elongation or compression of each cubic voxel along its three orthogonal directions x, y and z were calculated using an approach suggested by Schulz et al. [41]. The
scaffold was oriented such that z coincided with the cylinder axis,
and x and y coincided with the rhombic faces of the dodecahedron
(cf., Fig. 1). A detailed description of the geometry of the rhombic
dodecahedron can be found in the literature [43].
3. Results
3.1. FEM simulation of scaffold compression
In order to get an idea of the locations and the magnitudes of
local strains caused by scaffold compression, the present authors
simulated a deformation of 0.24 mm, i.e. 6% global strain, on the
computer-generated ﬁle of the scaffold design with the FEM. The
strains were visualized according to the simulation along the three
orthogonal axes of the scaffold. Fig. 3 displays the strains along the
x, y and z directions. For reasons of symmetry, strains along the x
and y directions were consolidated. Tensile strains are represented
in yellow and red, compressive strains are represented in blue. It is
evident that tension and compression were present simultaneously. The maximal strain values occurred in the rhombs oriented parallel to the z axis. Thus, cross sections through these
rhombs were chosen for visualizing the strains and displacements
within the 3-D scaffold. The tensile strains reached maximum val-
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ues in the x and y directions of up to 6.5% and were located at the
obtuse angles inside the rhombs. In the z direction, tensile strain
maxima of up to 4.5% occurred in the areas connecting abreast
the rhombs. The magnitudes of the compressive strain maxima
were generally smaller than those of the tensile maxima. Compressive strains of up to 4% were found along z at the acute angles inside the rhombs. Along x and y, compressive strain maxima
reaching up to 4% were found at the obtuse angles at the outside
of the rhombs and compressive strains of up to 2.5% occurred in
the knots connecting the rhombs.
The simulation showed a symmetric deformation of the upper
and the lower scaffold half, which is not surprising, because the
scaffold is symmetric along its z axis. Regarding the individual unit
cells, a symmetrical deformation was found along all three orthogonal scaffold axes, as long as the units were complete. The deformation behavior in the outer, truncated unit cells differed from
the deformation behavior of the inner units surrounded by adjacent cells due to the discontinuity of the structure. In the truncated
cells, the tensile strain maxima occurring in the obtuse angles of
the rhombs cannot be observed. Furthermore, the compressive
strain at the outside of the rhombs was less homogeneously distributed than in the complete units.
3.2. Global displacement ﬁelds
In order to validate the results of the FEM simulations, the global and local displacement ﬁelds were derived, as well as the local
strain ﬁeld of the materialized scaffold upon compression of
0.24 mm by SRlCT measurements and 3-D data registration.
Fig. 4A shows a cross section of the global displacement ﬁeld of
the SLM-produced NiTi scaffold, comparing the starting, compressed state with that after the temperature-induced phase transformation. It was calculated from the 3-D registration of data set
#0 (deformed scaffold) and data set #5 (completely recovered scaffold). The magnitude of the voxel displacement is color coded. The
direction of the displacement in the image plane is indicated using
arrowheads. The minimal voxel displacements were located on
top, where the scaffold was connected to the sample holder. The
maximal voxel displacements occurred at the bottom. They corresponded to 0.26 mm, which approximates well the integral scaffold deformation of 0.24 mm.
The global displacement ﬁeld contains the scaling-related displacements from the afﬁne registration and the local displacements from the subsequently performed non-rigid registration.
The scaling factors of the afﬁne registration along x, y and z corresponded to 1.025, 1.022 and 0.941, respectively. This means that
the scaffold was actually compressed 5.9% along z, and expanded
along x and y by 2.5 and 2.2%, respectively.
As the displacements from the scaling were about a factor of
ﬁve higher than the local ones, the global displacement ﬁeld reﬂects mainly the scaffolds height reduction and the linked increase
in its perimeter caused by compression.
3.3. Local displacement ﬁelds
In order to resolve the distortions taking place aside from the
scaling-related displacements, the local displacement ﬁeld was calculated from the registration of data set #0 (deformed scaffold)
and data set #5 (completely recovered scaffold). Fig. 4B displays
a cross section of the local displacement ﬁeld of the scaffold in
which, again, the magnitude of the local voxel displacement is color coded, and the direction of the local voxel displacement in the
image plane is indicated by arrowheads. The average local voxel
displacement amounted to 20 lm. The maximum local displacements corresponding to 80 lm occurred in the struts of the truncated unit cells at the periphery of the scaffold. These outer unit
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Fig. 3. Results of the FEM simulation of axial compression along the scaffold’s z axis of 0.24 mm. The strains along z and along x–y are displayed separately. Strain values
below zero correspond to compressive, strain values above zero to tensile strain. Along x–y, tensile strain maxima occur at the obtuse angles of the rhombic openings,
compressive strains occur in the region between the individual rhombs. Along z, compressive strain maxima occur at the acute angles of the rhombic openings and tensile
strain maxima occur in the region between the individual rhombs.
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Fig. 4. Displacement ﬁelds of the SLM-produced scaffold subjected to deformation. The direction of the integral deformation is indicated by the arrow in the bottom right
corner. The amplitude of the related voxel displacement is color coded. Arrowheads mark the corresponding direction of the displacement in the image plane. The length of
the arrows is relative to the magnitude of the voxel displacement. The global displacement ﬁeld (A) displays the overall voxel displacement owing to scaffold compression, i.e.
it contains the voxel displacements from afﬁne and non-rigid registration. It reveals the height reduction of the scaffold and the related perimeter increase. Voxel
displacements were largest at the bottom, as the scaffold was connected on top of the sample holder. The local displacement ﬁeld (B) pictures the distortions within the
scaffold, ignoring any scaling-related displacements. The highest deformations occurred in the outer, truncated unit cells of the scaffolds. Within the individual unit cells, the
highest local displacements were found in the upper part of the rhombic areas.
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cells were deformed deviant from the inner unit cells, because the
struts were open-ended and possessed higher degrees of freedom.
The directions of the local voxel displacements indicate already
distinct regions with compressive or tensile deformation, as the
arrowheads point towards (compression) or away (tension) from
each other, respectively.
Although it was intended to build NiTi scaffolds with identical
units, deviations existed as a result of the production process. This
can be seen in Fig. 5A, which depicts a single unit cell from the
SLM-built scaffold, showing an irregular and rough surface with
partly fused powder particles, especially underneath the struts.
As a consequence, the local displacements differed slightly from
cell to cell. To determine the mean local displacements within
one unit cell, the mean local displacement ﬁeld from six unit cells
was calculated, as elucidated in Fig. 5B. These complete cells were
in the center of the scaffold and surrounded by adjacent cells on
each of their six faces. The mean value was determined by summing the voxel values of corresponding locations and normalizing
the sum with respect to the number of voxels containing material.
Owing to the irregular surface, the struts in the averaged unit cell
are thickened.
Fig. 5C depicts two cross sections of the mean local displacements of the unit cell, which cut the rhombs and the central pillar
of the unit cell parallel to z, as indicated in Fig. 5A. Maximum mean
local displacements of up to 35 lm were found inside the rhombic dodecahedron, as demonstrated in Fig. 5C on the right. The
mean local displacements within the unit cell were mirror symmetric with respect to the z axis. In the x–y plane, asymmetries
were present (cf., Fig. 5C). This means that, in the SLM-built scaffold, the upper and lower halves of the unit cell were deformed differently, despite the symmetry plane. However, the average local
strains and their standard deviations in the upper and the lower
half of the unit cell corresponded to (14.4 ± 6.8) lm and
(12.9 ± 6.4) lm, respectively, showing that the average local displacements amounted to approximately the same value for the
two halves.
3.4. Local strain ﬁeld
In order to identify actual strain values and to discriminate further between tensile and compressive deformation within the scaffold, the local strain ﬁeld was derived from the local displacement
ﬁeld. Because the local strains exhibited differences between the
individual unit cells, the mean strain ﬁeld was determined for
one unit cell in the same manner as for the mean local displacement ﬁeld. Fig. 5D illustrates two virtual cross sections of the mean
plane strains along the three orthogonal directions of the averaged
cell. Compressive strain (blue color) equals values below zero. Tensile strain (yellow to red) corresponds to values above zero. Macroscopically, the scaffold was compressed by 6% in the z direction. In
the strain ﬁeld derived from 3-D data registration, values of up to
15% were found for compression and tension. The compressive
strain maxima occurred along the z direction and were localized
around the opening in the rhomb parallel to z (Fig. 5D, bottom)
as well as at the obtuse angles on the outside of the rhombs. The
tensile strain maxima occurred along the x and y directions and resided mainly above the opening in the rhomb, as depicted in
Fig. 5D. Tensile strains along z of up to 3.5% were found in the regions connecting the rhombs. The same regions exhibited compressive strains along x and y, which ranged up to 3%. The bows
above and underneath the center of the unit cell (Fig. 5D, cross sections b–b and d–d) show strain values in the range between 1 and
5% compressive and tensile strain. The striped appearance of the
strain ﬁeld is an artifact from the subdivision of the 3-D data during the non-rigid registration. For the compression range examined, the tensile and compressive strains of up to 15% are
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relatively large compared with the strain values usually suggested
as mechanical stimulus for intramembranous bone formation,
which lie in the range 0.5–1% [2,11–13]. Following the endochondral ossiﬁcation route, however, mechanical stimuli in the strain
range of 15% are favorable [44].
Tensile deformation was clearly dominant in the x and y directions, as 84% of the voxels exhibited tensile strain along x and 87%
of the voxels exhibited tensile strain along y. Along z, compressive
deformation was dominant, with 92% of the voxels exhibiting compressive strain.
The general formation of regions with high strains along x and y
were considered to be symmetric for the upper and lower halves of
the unit cell. Nevertheless, the area for the occurrence of tensile
strain maxima was clearly expanded in the upper half of the unit
cell relative to the lower half. In addition, these strain maxima
did not necessarily correspond to the areas of high local displacements as, above the openings, only smaller local displacements
in the range 20–50 lm occurred. The strains along z were symmetric regarding all three orthogonal axes.
3.5. Local displacement ﬁelds during shape recovery
To temporally and spatially resolve the shape recovery, the local
displacement ﬁelds were determined for ﬁve intervals during heating of the pseudoplastically deformed scaffold. Each interval covered a part of the temperature ramp, at which, for each case, two
subsequent data sets were non-rigidly registered. Table 1 contains
the registered data sets, the corresponding temperature regimes
and the average local displacements r for the whole scaffold as
well as for the bottom, the center and the top layers of unit cells
(compare Section 2.1). Fig. 6 shows projections of the local displacement ﬁelds for each of the ﬁve data sets in the x–z plane,
which means that the local displacements presented were integrated along the y axis and normalized with respect to the number
of voxels containing material. The scaffold was supported from
above, as it was mounted on top of a cylindrical sample holder
with a diameter of 4 mm. The top layer of the scaffold one may
therefore also term the ‘ﬁxed layer’, while the bottom layer of
the scaffold may be termed the ‘free to move layer’. As depicted
in Fig. 6, the shape recovery process took place heterogeneously
within the scaffold: In step 1, local displacements were hardly observed, with the exception of outmost struts that show slight displacements. In step 2, the local displacements became more
pronounced, whereas a gradient could be observed with highest
displacement values at the bottom and smallest displacement values at the inner, top part of the scaffold. Step 3 again shows a gradient in the displacements, whereas the highest displacements
were still observed in the bottom region of the scaffold as well as
in the outer, truncated unit cells. Comparing step 2 and step 3, increased displacement values were apparent in step 3. In step 4 and
step 5, the scaffold showed a relatively homogeneous distribution
of local displacements, whereas step 4 showed maxima in the truncated unit cells at the outer scaffold region. As the local displacements are caused by micro-motions of the scaffold struts, which
in turn arise from the martensite to austenite phase transformation, the local displacements during the shape recovery process
indicate a temporal and local variation in the phase transformation
in the scaffold during the heating period.
4. Discussion
The present study conﬁrms that the local deformation of porous
scaffolds can be measured by SRlCT combined with 3-D data analysis using non-rigid registration (in the following termed ‘3-D registration’). SRlCT in combination with 3-D registration is well
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Fig. 5. (A) A 3-D rendering of one selected unit cell with dimensions (2  2  2) mm3 of the materialized scaffold generated from tomography data. (B) A 3-D representation
of the NiTi scaffold generated from the .stl-ﬁle. The six unit cells employed for averaging are highlighted in blue and red. (C) The mean local displacements owing to scaffold
deformation in the averaged unit cell along two selected cross sections (see panel (B)), are symmetric with respect to the z axis, but asymmetric with respect to the x–y plane.
(D) The mean local plane strains in the three orthogonal directions of the averaged unit cell are above zero (tensile strain) and below zero (compressive strain), depending on
the location within the scaffold. The mean local strains around the holes in the rhombic faces reach values of up to 15%, i.e. they are about a factor of 2.5 higher than the
integral scaffold deformation. The cross sections for visualization are indicated in panel (B).
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Table 1
Average local displacements r with standard deviations at ﬁve steps during the shape recovery for the bottom, center and top layer of unit cells as well as for the whole scaffold;
one-way analysis of variance was performed for bottom, center and top layers; for each step, the mean values including their variances were statistically signiﬁcant (p < 0.001).
Step

Registered data sets

Temperature range (°C)

r Bottom layer (lm)

r Center layer (lm)

r Top layer (lm)

r Scaffold (lm)

I
II
III
IV
V

#0
#1
#2
#3
#4

16.0–29.0
24.5–31.0
26.5–32.5
28.0–33.5
30.5–36.5

3.9 ± 2.3
13.2 ± 6.5
20.6 ± 8.5
14.5 ± 7.1
13.9 ± 7.9

3.2 ± 1.5
8.4 ± 4.4
16.0 ± 7.4
13.3 ± 6.8
11.0 ± 5.3

3.3 ± 1.9
6.1 ± 3.2
12.1 ± 6.3
14.2 ± 8.0
11.2 ± 5.0

3.6 ± 2.1
9.6 ± 6.2
16.2 ± 8.6
14.3 ± 7.5
12.5 ± 6.7

&
&
&
&
&

#1
#2
#3
#4
#5

established [38,41]. To the best of the authors’ knowledge, this is
currently the only approach to measuring displacements and
strains for scaffolds of opaque materials such as NiTi locally in 3D space. One study applied the approach to a polymer-based
scaffold comprising irregularly arranged, rounded pores [45]. The
present study relates to a metallic scaffold constructed from
repeating unit cells, and quantitatively uncovers the strains and
displacements within the 300-lm-thick scaffold struts. As the
strain distribution is similar within the units, knowledge of local
strain magnitudes and distribution should allow for the design
optimization of the unit cell to optimize the mechanical stimuli
for speciﬁc cell responses [2]. Such a design optimization is more
difﬁcult for scaffolds with random pore architectures. The present
authors have not found any lCT studies that describe experiments
on the shape recovery of NiTi-structures during continuous
heating.
The deformation principles of the scaffold determined by FEM
are validated by this experimental approach. The locations within
the scaffold for maximal tensile and compressive strains are comparable. They occur in the edges of the rhombs oriented parallel
to the deformation direction, i.e. the rhombs parallel to the z axis
of the scaffold, and in the connections between two adjacent
rhombs. In addition, the sizes of strain values are in the same order of magnitude. There are three main differences between simulation and experiment. First, the FEM simulations predicted
identical deformation of the individual building units and symmetric deformation in comparable scaffold fractions. In contrast,
the 3-D registration of the SRlCT data sets showed differences
in displacement and strain ﬁelds between the basically identical
and repeated building units. Geometrical deviations of the materialized scaffold from the computer-generated design are probably the main reason. Here, the use of the SRlCT data instead of
the design ﬁle for FEM is beneﬁcial, but was not part of this
study. The deviations between design and actual scaffold shape
are due to the SLM fabrication, as shown previously [16]. During
manufacture, excess material is accumulated, especially on downfacing surfaces. This leads, on the one hand, to asymmetry regarding the upper and lower halves of individual units and the whole
scaffold, respectively, while, on the other hand, deviations between the repeating units are caused. As variations were found
in the local displacements and strains among the individual units,
the mean local displacements and mean local strains were determined by averaging six centrally located individual cells. The
mean local strains occurring in the averaged unit can be considered as symmetric regarding the locations, where tensile and
compressive strains simultaneously occur. Nevertheless, the area
for strain maxima along x and y above the opening in the rhomb
in the upper half of the unit cell is considerably larger than the
area below the opening in the rhomb. Second, a quantitative disparity was found concerning the maximal strain values obtained
from the experimental data and FEM, as the maximal strain values determined by the 3-D registration were about a factor of
two larger than the maximal strain values from the simulation.
This was associated with the expanded area for tensile strains
above the opening in the rhombs, as they can be attributed to

cracks present in the scaffold (cf., Fig. 7) presumably caused by
multiple pseudoplastic deformations during the experimental
procedure. In cyclic compression testing of such pseudoplastic
SLM-built scaffolds, cracking of the struts could be observed as
small kinks in the stress–strain curves between 8 and 11% global
strain. As the scaffold was compressed 10% to induce a pseudoplastic deformation of 6%, cracks were probably induced. In tensile tests, the elongation at fracture refers to (4.1 ± 0.5)%. This
was a lower limit, as the massive rods contained pores that promote crack initiation [46]. Upon scaffold compression and
unloading, the cracks open in a tapered fashion (cf., Fig. 7B). After
shape recovery and restoration of the scaffold’s original shape, the
cracks are closed. The voxel displacements from transforming the
data set of the non-deformed scaffold into a compressed one
regardless of the cracks give rise to increased strain. The cracks
occur mainly in the upper part of the rhombs, which is linked
again to the artifacts of SLM processing, as down-facing surfaces
are much rougher than up-facing surfaces. As the inside of the
upper half of the rhomb is facing down with respect to the SLM
fabrication direction, crack initiation is preferred there owing to
the notch effect of the irregular surface. Third, the regions for
maximal strains are sharper in the FEM simulation than in the
experimental data, where the areas of maximal strain appear
more delocalized. This can also be attributed to the geometric
deviations between the materialized scaffold and the scaffold
model, as SLM leads to rounding of angles caused by discretizing
the edges and therefore to a delocalized strain distribution within
the real scaffold. In addition, shear deformation of the real scaffold might have played a role during deformation. In the simulation, two nodes at the base were laterally ﬁxed to ensure
compression as the sole deformation mode. In the experiment,
the materialized scaffold was compressed between two coplanar
plates, which may result in shearing of the scaffold during deformation. Another important reason for the generic discrepancies
between model and experiment is the inhomogeneous material
itself, since SLM causes an anisotropic microstructure, with grains
elongated in the z direction and defects such as pores [16,26,47].
As the FEM model is based upon an isotropic, homogeneous
material, material inhomogeneity and anisotropy are ignored.
However, as the locations of maximal strain are geometry determined, the basic principles for the deformation are material
independent.
By analysis of the strain distribution along three orthogonal
axes of the averaged unit cell, mostly compressive strains were
found along the z direction, and mostly tensile strains along the x
and y directions. In regions of maxima, the strain rose to 15% for
compression as well as for tension. As the integral scaffold deformation corresponded to 6%, the local strain is up to a factor of
2.5 higher than the global one. Compressive deformation of trabecular bone also leads to regions with larger local strains than the exerted one. However, the trabecular architecture shows shear bands
due to compression with buckling and collapsing of small rods as a
failure mechanism [48]. Investigations on porous calcium phosphate and glass scaffolds [49,50] subjected to compression revealed local strains of about a factor of two higher than the
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Fig. 7. Parts of virtual cross sections of the scaffold prior (top) and subsequent
(bottom) to deformation show the cracks caused by the local strains of up to 15%.
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Fig. 6. Projections of the local displacement ﬁelds in a pseudoplastically deformed
scaffold at ﬁve steps during the shape recovery process, i.e. during temperature
increase. For each step, the median of the temperature interval covered is denoted.
The shape recovery takes place heterogeneously. It starts at the bottom of the
scaffold (I, II), followed by the outer regions (III, IV), before a relatively homogeneous shape recovery is reached (IV, V). The scaffold is mounted on the sample
holder (diameter 4 mm) at its top.

integral scaffold deformation, although the geometry with irregularly interconnected pores of these scaffolds differs from the present lattice-based scaffold geometry.
Often, the deformation behavior of complex-shaped objects
such as scaffolds is studied by FEM simulations, in which the model for the simulation is based on CT data [2,11,49–51]. The present
authors chose another approach for two reasons. First, proper ﬁne
meshing of such a complex-shaped object with an irregular and
rough surface is not trivial and time-consuming. Second, and even
more important, a simulation cannot consider material anisotropies or artifacts including residual pores, both associated with
the SLM fabrication of NiTi scaffolds [16,26].
Besides the analysis of the scaffold deformation upon compression, the shape recovery of the deformed scaffold during heating
with variable-temperature SRlCT was analyzed. As the shape
recovery process took place continuously, artifacts such as blurring
due to the scaffold’s shape recovery during the lCT measurements
were present in the 3-D data sets. The maximal amount of blurring
was determined by measuring the maximal pixel shift within 180°
specimen rotation around the maximum of the shape recovery
rate. The maximum pixel shift corresponded to (22 ± 3) pixels
and was determined from two radiographs at the same viewing angles. This value consists of the pixel shift in the vertical and horizontal directions of the projections. Sinograms, however, would
provide for the shift of pixels just along the horizontal direction,
while the larger portion of the pixel shift occurring in the vertical
direction would be neglected. Nevertheless, 3-D registration of
the tomograms has proved to work well, if carried out with segmented data taking into account the conservation of the mass of
the scaffold [16]. Regarding the shape memory effect of the scaffold, a complete shape recovery of the specimen in the x–y as well
as the z direction was found by measuring the height and diameter
with a slide gauge with an accuracy of 0.01 mm.
The temporal and local evaluation of the shape memory effect
revealed a heterogeneous evolution of the shape recovery, starting
from the bottom of the scaffold. This observed sequence of the
shape recovery might have been caused by the experimental setup,
as the metallic sample holder on top of the scaffold could have led
to a temperature gradient in its proximity. Still, since the present
study was worked near room temperature and with a reasonably
small heating rate, temperature gradients should be less dominant.
A similar effect, however, was recently reported by Watkins et al.

2.2 Analysis of porous NiTi scaffolds by micro-computed tomography
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[52], who investigated the shape recovery process of a two-dimensional honeycomb NiTi structure. In image II of Fig. 6, a feature related to relatively small local displacements occurs in the central
zone of the scaffold directly underneath the specimen holder.
One could expect that the rigid ﬁxation of the scaffold on the
holder caused the reduced values for displacement, as the ﬁxation
hindered deformations of the struts.
For repeated mechanical stimulation of cells, pseudoelasticity
and the two-way shape memory effect could be employed. In this
study, however, a pseudoplastic effect was selected. The present
ﬁndings regarding the localization and distribution of displacements and strains upon compression of the pseudoplastic scaffold
can predict the pseudoelastic ones, since the local strain distribution depends mainly on the scaffold’s geometry.
The one-way shape memory effect could be employed in scaffolds to enhance the primary ﬁxation, improving a press-ﬁt, as
heating of the compressed device above Af leads to its expansion
upon implantation.
The registration regarding the scaffold compression was
repeated, applying the SRlCT data set of the initial, non-deformed
and the compressed scaffold (data set #0). The occurrence and
distribution of local displacements and strains within the scaffold
is analogous to the local displacements, which have been found
applying the data sets of the scaffold after completed shape
recovered (data set #5) and after compression (data set #0).
Therefore, applying the data sets obtained at the beginning and
at the end of the shape recovery process is reasonable to also
investigate the scaffold compression process. To compare the
(temporal) process of scaffold compression and shape
recovery, one would have to collect several data sets at different
stages during the compression process, involving an in situ compression device in the experimental setup, as used by Madi et al.
[45].
Actual compressive strains occurring in bone in a physiological
situation during physical activity are referred to be between
0.004 and 0.320% [53–55]. For intramembranous bone formation
within scaffolds, however, compressive or tensile strains ranging
from 0.5 to 1.5% are usually proposed [2,11–13]. Mechanical stimuli in the strain range of 15% are favorable if the endochondral
ossiﬁcation route is pursued [44]. As strains of up to 15% were detected around the opening in the rhombs, while the bows above
and underneath the center of the unit cell (Fig. 5D, cross sections
b–b and d–d) showed strain values between 1 and 5%, the combination of small (<5%) and moderate strain ranges (<15%) might
lead to a combined ossiﬁcation process with intramembranous
bone tissue in the vicinity of the bows and endochondral tissue
along the struts.
As SRlCT combined with 3-D registration gives insight into the
local strain distribution and allows for an approximation of the
relation between integral and actual local strains, the approach
presented enables investigation of local displacements and strains
upon deformation in scaffolds and other porous biomaterials with
even more complex architectures. For example, the local deformation behavior of CaP-based scaffolds and polyurethane-based scaffolds, both applied for mechanical cell stimulation [6,56,57], could
be investigated with an in situ mechanical deformation device
incorporated in the experimental setup [45]. If a polymer-based
and cell-seeded scaffold was investigated with such a setup, it
should also become possible to directly measure the local strains
acting on the cell assemblage during mechanical stimulation of
the scaffold. The cells would, however, have to be stained prior
to the lCT investigation (e.g. with osmium tetroxide) in order to
increase their absorption coefﬁcient [58]. One could further imagine local and temporal study of cell-mediated scaffold shrinkage,
which is undesirable, but often associated with collagen-based
scaffolds [59].

1033

5. Conclusions
The present study presents an approach to measuring local displacements and strains within complex-shaped scaffold architectures upon deformation by SRlCT, in combination with non-rigid
3-D registration. Compressive deformation of a pseudoplastic NiTi
scaffold and the one-way shape memory effect were analyzed. The
latter was resolved locally and temporally during scaffold heating
at a rate of 4 K h 1. The integral scaffold compression of 6% led
to local strains of up to 15%, while tensile and compressive strains
occurred simultaneously. The shape recovery process started from
the bottom of the scaffold and proceeded towards the scaffold top.
Principles for the deformation derived from FEM simulations were
veriﬁed. Deviations between both techniques can be attributed
mainly to deviations in geometry and inhomogeneous material
properties, both the result of SLM processing. In contrast to FEM,
the SRlCT-based approach also incorporates geometric irregularities and material inhomogeneity. The data will help in understanding how mechanical stimuli act on cells within porous 3-D
scaffolds and therefore support scaffold design and loading-range
optimization of implants with enhanced osteoinductivity.
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Appendix Figures. with essential colour discrimination
Certain ﬁgures in this article, particularly Figs. 2–5, are difﬁcult
to interpret in black and white. The full colour images can be found
in the on-line version, at doi: 10.1016/j.actbio.2013.11.007.
References
[1] Prendergast PJ, Huiskes R, Soballe K. Biophysical stimuli on cells during tissue
differentiation at implant interfaces. J Biomech 1997;30(6):539–48.
[2] Stops AJF, Heraty KB, Browne M, O’Brien FJ, McHugh PE. A prediction of cell
differentiation and proliferation within a collagen–glycosaminoglycan scaffold
subjected to mechanical strain and perfusive ﬂuid ﬂow. J Biomech
2010;43(4):618–26.
[3] Byrne EM, Farrell E, McMahon LA, Haugh MG, O’Brien FJ, Campbell VA, et al.
Gene expression by marrow stromal cells in a porous collagen–
glycosaminoglycan scaffold is affected by pore size and mechanical
stimulation. J Mater Sci Mater Med 2008;19:3455–63.
[4] McMahon LA, Reid AJ, Campbell VA, Prendergast PJ. Regulatory effects of
mechanical strain on the chondrogenic differentiation of MSCs in a collagen–
GAG scaffold: experimental and computational analysis. Ann Biomed Eng
2008;36(2):185–94.
[5] Lambers FM, Schulte FA, Kuhn G, Webster DJ, Müller R. Mouse tail vertebrae
adapt to cyclic mechanical loading by increasing bone formation rate and
decreasing bone resorption rate as shown by time-lapsed in vivo imaging of
dynamic bone morphometry. Bone 2011;49:1340–50.
[6] Roshan-Ghias A, Lambers FM, Gholam-Rezaee M, Mueller R, Pioletti DP. In vivo
loading increases mechanical properties of scaffold by affecting bone
formation and bone resorption rates. Bone 2011;49(6):1357–64.
[7] Long JP, Hollister SJ, Goldstein SA. A paradigm for the development and
evaluation of novel implant topologies for bone ﬁxation: in vivo evaluation. J
Biomech 2012;45(15):2651–7.
[8] Wazen RM, Currey JA, Guo H, Brunski JB, Helms JA, Nanci A. Micromotioninduced strain ﬁelds inﬂuence early stages of repair at bone–implant
interfaces. Acta Biomater 2013;9:6663–74.
[9] Rath B, Nam J, Knobloch TJ, Lannutti JJ, Agarwal S. Compressive forces induce
osteogenic gene expression in calvarial osteoblasts. J Biomech
2008;41(5):1095–103.
[10] Meyer U, Buchter A, Nazer N, Wiesmann HP. Design and performance of a
bioreactor system for mechanically promoted three-dimensional tissue
engineering. Brit J Oral Max Surg 2006;44(2):134–40.

44
1034

2 Results
T. Bormann et al. / Acta Biomaterialia 10 (2014) 1024–1034

[11] Sandino C, Lacroix D. A dynamical study of the mechanical stimuli and tissue
differentiation within a CaP scaffold based on micro-CT ﬁnite element models.
Biomech Model Mechanobiol 2011;10:565–76.
[12] Milan J-L, Planell JA, Lacroix D. Simulation of bone tissue formation within a
porous scaffold under dynamic compression. Biomech Model Mechanobiol
2010;9:583–96.
[13] Bölgen N, Yang Y, Korkusuz P, Güzel E, El Haj AJ, Piskin E. Three-dimensional
ingrowth of bone cells within biodegradable cryogel scaffolds in bioreactors at
different regimes. Tissue Eng A 2008;14(10):1743–50.
[14] Alvarez K, Nakajima H. Metallic scaffolds for bone regeneration. Materials
2009;2(3):790–832.
[15] Bansiddhi A, Sargeant TD, Stupp SI, Dunand DC. Porous NiTi for bone implants:
a review. Acta Biomater 2008;4(4):773–82.
[16] Bormann T, de Wild M, Beckmann F, Müller B. Assessing the morphology of
selective laser melted NiTi-scaffolds for a three-dimensional quantiﬁcation of
the one-way shape memory effect. Proc SPIE 2013;8689:868914.
[17] Liu X, Wu S, Yeung KWK, Chan YL, Hu T, Xu Z, et al. Relationship between
osseointegration and superelastic biomechanics in porous NiTi scaffolds.
Biomaterials 2011;32(2):330–8.
[18] Gotman I, Ben-David D, Unger RE, Böse T, Gutmanas EY, Kirkpatrick CJ.
Mesenchymal stem cell proliferation and differentiation on load-bearing
trabecular Nitinol scaffolds. Acta Biomater 2013;9(9):8440–8.
[19] Bansiddhi A, Dunand DC. Shape-memory NiTi foams produced by replication
of NaCl space-holders. Acta Biomater 2008;4(6):1996–2007.
[20] Bram M, Köhl M, Buchkremer HP, Stöver D. Mechanical properties of highly
porous NiTi alloys. J Mater Eng Perform 2011;20(4–5):522–8.
[21] Köhl M, Bram M, Moser A, Buchkremer HP, Beck T, Stöver D. Characterization
of porous, net-shaped NiTi alloy regarding its damping and energy-absorbing
capacity. Mater Sci Eng, A 2011;528(6):2454–62.
[22] Bram M, Bitzer M, Buchkremer H, Stöver D. Reproducibility study of NiTi parts
made by metal injection molding. J Mater Eng Perform 2012;21(12):2701–12.
[23] Li BY, Rong LJ, Li YY, Gjunter VE. Synthesis of porous NiTi shape-memory alloys
by self-propagating high-temperature synthesis: reaction mechanism and
anisotropy in pore structure. Acta Mater 2000;48(15):3895–904.
[24] Kaya M, Orhan N, Tosun G. The effect of the combustion channels on the
compressive strength of porous NiTi shape memory alloy fabricated by SHS as
implant material. Curr Opin Solid State Mater 2010;14(1):21–5.
[25] Wisutmethangoon S, Denmud N, Sikong L. Characteristics and compressive
properties of porous NiTi alloy synthesized by SHS technique. Mater Sci Eng, A
2009;515:93–7.
[26] Bormann T, Schumacher R, Müller B, Mertmann M, de Wild M. Tailoring
selective laser melting process parameters for NiTi implants. J Mater Eng
Perform 2012;21(12):2519–24.
[27] Habijan T, Haberland C, Meier H, Frenzel J, Wittsiepe J, Wuwer C, et al. The
biocompatibility of dense and porous nickel–titanium produced by selective
laser melting. Mater Sci Eng, C 2013;33(1):419–26.
[28] van Bael S, Chai YC, Truscello S, Moesen M, Kerckhofs G, van Oosterwyck H,
et al. The effect of pore geometry on the in vitro biological behavior of human
periosteum-derived cells seeded on selective laser-melted Ti6Al4V bone
scaffolds. Acta Biomater 2012;8:2824–34.
[29] Sobral JM, Caridade SG, Sousa RA, Mano JF, Reis RL. Three-dimensional plotted
scaffolds with controlled pore size gradients: effect of scaffold geometry on
mechanical performance and cell seeding efﬁciency. Acta Biomater
2011;7:1009–18.
[30] Frenzel J, George EP, Dlouhy A, Somsen C, Wagner MF-X, Eggeler G. Inﬂuence
of Ni on martensitic phase transformations in NiTi shape memory alloys. Acta
Mater 2010;58:3444–58.
[31] Bormann T. Structure and thermomechanics of selective laser melted nickel–
titanium. Basel, Switzerland: Biomaterials Science Center, University of Basel;
2013.
[32] Roh J-H, Bae J-S. Thermomechanical behaviors of Ni–Ti shape memory alloy
ribbons and their numerical modeling. Mech Mater 2010;42(8):757–73.
[33] van Humbeeck J, Stalmans R, Besselink PA. Shape memory alloys. In: Helsen JA,
Breme HJ, editors. Metals as Biomaterials. John Wiley & Sons; 1998. p. 80.
[34] Beckmann F, Herzen J, Haibel A, Müller B, Schreyer A. High density resolution
in synchrotron-radiation-based attenuation-contrast microtomography. Proc
SPIE 2008;7078:70781D.
[35] Müller B, Thurner P, Beckmann F, Weitkamp T, Rau C, Bernhardt R, et al. Threedimensional evaluation of biocompatible materials by microtomography using
synchrotron radiation. Proc SPIE 2002;4503:178–88.

[36] Kak AC, Slaney M. Principles of computerized tomographic imaging. New
York: IEEE Press; 1988.
[37] Thurner PJ, Beckmann F, Müller B. An optimization procedure for spatial and
density resolution in hard X-ray micro computed tomography. Nucl Instrum
Methods B 2004;225:599–603.
[38] Müller B, Deyhle H, Lang S, Schulz G, Bormann T, Fierz F, et al. Threedimensional registration of tomography data for quantiﬁcation in biomaterials
science. Int J Mater Res 2012;103(2):242–9.
[39] Bormann T, Friess S, de Wild M, Schumacher R, Schulz G, Müller B.
Determination of strain ﬁelds in porous shape memory alloys using micro
computed tomography. Proc SPIE 2010;7804:78041M.
[40] Liu L, Morgan EF. Accuracy and precision of digital volume correlation in
quantifying displacements and strains in trabecular bone. J Biomech
2007;40(15):3516–20.
[41] Schulz G, Crooijmans HJA, Germann M, Schefﬂer K, Müller-Gerbl M, Müller B.
Three-dimensional strain ﬁelds in human brain resulting from formalin
ﬁxation. J Neurosci Meth 2011;202:17–27.
[42] Andronache A, von Siebenthal M, Szekely G, Cattin P. Non-rigid registration of
multi-modal images using both mutual information and cross-correlation.
Med Image Anal 2008;12:3–15.
[43] Babaee S, Jahromi BH, Ajdari A, Nayeb-Hashemi H, Vaziri A. Mechanical
properties of open-cell rhombic dodecahedron cellular structures. Acta Mater
2012;60:2873–85.
[44] Claes LE, Heigele CA. Magnitudes of local stress and strain along bony surfaces
predict the course and type of fracture healing. J Biomech 1999;32(3):255–66.
[45] Madi K, Tozzi G, Zhang QH, Tong J, Cossey A, Au A, et al. Computation of fullﬁeld displacements in a scaffold implant using digital volume correlation and
ﬁnite element analysis. Med Eng Phys 2013;35(9):1298–312.
[46] Howald C. Institute for medical and analytical technologies. Muttenz:
University of Applied Sciences; Unpublished data.
[47] Thijs L, Verhaeghe F, Craeghs T, Humbeeck JV, Kruth J-P. A study of the
microstructural evolution during selective laser melting of Ti–6Al–4V. Acta
Mater 2009;58(9):3303–12.
[48] Nazarian A, Müller R. Time-lapsed microstructural imaging of bone failure
behavior. J Biomech 2004;37:55–65.
[49] Lacroix D, Chateau A, Ginebra M-P, Planell JA. Micro-ﬁnite element models of
bone tissue-engineering scaffolds. Biomaterials 2006;27(30):5326–34.
[50] Sandino C, Planell JA, Lacroix D. A ﬁnite element study of mechanical stimuli in
scaffolds for bone tissue engineering. J Biomech 2008;41:1005–14.
[51] Milan J-L, Planell JA, Lacroix D. Computational modelling of the mechanical
environment of osteogenesis within a polylactic acid–calcium phosphate glass
scaffold. Biomaterials 2009;40:4219–26.
[52] Watkins RT, Shaw JA, Grummon DS. Shape memory thermal lag and
superelastic rate sensitivity of SMA cellular structures. Proc SPIE
2013;8689:86890R.
[53] Burr DB, Milgrom C, Fyhrie D, Forwood M, Nyska M, Finestone A, et al. In vivo
measurement of human tibial strains during vigorous activity. Bone
1997;18(5):405–10.
[54] Milgrom C, Simkin A, Eldad A, Nyska M, Finestone A. Using bone’s adaptation
ability to lower the incidence of stress fractures. Am J Sport Med
2000;28(2):245–51.
[55] Yang PF, Brüggemann G-P, Rittweger J. What do we currently know from
in vivo bone strain measurements in humans? J Musculoskel Neuron
2011;11(1):8–20.
[56] Sharifpoor S, Simmons CA, Labow RS, Santerre JP. A study of vascular smooth
muscle cell function under cyclic mechanical loading in a polyurethane
scaffold with optimized porosity. Acta Biomater 2010;6(11):4218–28.
[57] Liu C, Abedian R, Meister R, Haasper C, Hurschler C, Krettek C, et al. Inﬂuence of
perfusion and compression on the proliferation and differentiation of bone
mesenchymal stromal cells seeded on polyurethane scaffolds. Biomaterials
2012;33(4):1052–64.
[58] Thurner P, Müller B, Beckmann F, Weitkamp T, Rau C, Müller R, et al.
Tomography studies of human foreskin ﬁbroblasts on polymer yarns. Nucl
Instrum Methods B 2003;200:397–405.
[59] Engelhardt E-M, Micol LA, Houis S, Wurm FM, Hilborn J, Hubbell JA, et al. A
collagen–poly(lactic acid-co-e-caprolactone) hybrid scaffold for bladder tissue
regeneration. Biomaterials 2011;32(16):3969–76.

45

3 Conclusions
Selective laser melting allows fabricating NiTi parts with functional
pseudoelastic and pseudoplastic properties.
The phase transformation temperatures can be shifted during the processing towards higher temperature values. The shift is induced by a
preferential evaporation of Ni during the processing and it allows for
the fabrication of NiTi entities with either pseudoelastic or pseudoplastic properties for example at room or body temperature from the
same lot of powder.
The process parameters laser power and scanning speed impact the
resulting material properties in a distinct manner. The scanning speed
determines the amount of evaporated Ni, i.e. with an extension of the
laser irradiation the amount of evaporated Ni increases. The laser
power on the other hand impacts the microstructure of NiTi. With
the laser power, the grain size increases about a factor of three for
grain width and about a factor of ten for grain length. In addition,
a preferred <111> orientation of crystallites parallel to the building
direction evolves and further increase with the laser power.
The grain size increases until the grains reach a maximum width, which
is defined by the distance of the laser scanning paths.
The increase in grain size occurs due to Ostwald-ripening of the crystallites during the SLM process. The Ostwald-ripening process can
be assessed from the shape of the size distribution, as it exhibits a
characteristic negative skew towards smaller crystallite sizes.
If the processing parameters are selected properly, NiTi parts in accordance to the ASTM2063-05 can fabricated by selective laser melting.
In order to fully meet the requirements, the oxygen contents have to
be reduced in the future.
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3 Conclusions

Porous shape memory scaffolds built by selective laser melting meet
the demands of a compression bio-reactor system. The (future) investigations in-vivo and in-vitro will reveal the potential of NiTi-scaffolds
for mechanical tissue stimulation.
The uniaxial compression of scaffolds results in simultaneously occurring local compressive and tensile strains. The local strains exceed
the actual induced overall scaffold deformation about a factor of 2.5.
The local strains and displacements can be quantified and visualized
by three-dimensional non-rigid registration of micro-computed tomography data comprising data sets of the scaffold in deformed and initial
state.
Synchrotron-radiation based micro-computed tomography in combination with a setup for temperature variation allows the continuous
data acquisition during the heating-induced shape recovery process of
a pseudoplastic scaffold. From the continuous recorded radiographs,
individual data sets referring to several stages of the shape recovery
can be reconstructed despite the slight movement of the scaffold during
data recording. Three-dimensional non-rigid data registration reveals
a locally heterogeneous shape recovery. It proceeds from the scaffolds
bottom towards the top and terminates at the scaffolds periphery.
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