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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 macro-
scopic effects are based on a thermoelastic martensitic phase transfor-
mation, 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 pseudoelas-
ticity 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 be-
tween implant and surrounding tissue and ultimately to an enhanced
implant performance. As the additive manufacturing technique of se-
lective laser melting (SLM) allows the straightforward fabrication of
dense as well as porous NiTi constructs, this work deals with SLM-
processing of the NiTi alloy regarding scaffolds as medical implants.
The first part of the thesis is concerned with the impact of process-
ing 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 re-
sulted 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 di-
rection, increased. The grain size distribution changed thereby from
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unimodal to bimodal. The enlargement of grains > 40 m and the bi-
modal 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 al-
loys.
The second part of the thesis deals with the characterization of SLM-
built porous NiTi scaffolds. The scaffolds morphology showed devi-
ations from the intended design, as excess material was accumulated
particularly underneath the struts. This led to increased material vol-
ume 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 tis-
sue by mechanical micro-motions, the local deformations upon uniax-
ial 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 deforma-
tion. 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 dur-
ing 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 tem-
perature (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 fin-
ish temperature (Af). The two transformation ranges are divided by a
temperature hysteresis, as the energy for nucleation and for compensa-
tion 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 re-
versible, i.e. thermoelastic.
The mentioned phenomenon on the nanometer-scale or even below de-
termines 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 cre-
ation 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 de-
fects. 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 thermo-
mechanical 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 deforma-
tion 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 origi-
nal 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, respec-
tively. 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 ac-
tual 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 trans-
formation 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 el-
ements from loose powder. For SLM fabrication a computer-aided
design (CAD) model of the intended part is virtually cut into horizon-
tal 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 low-
ered 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 descrip-
tion of the SLM fabrication process can be found in literature, e.g.
[13-15]. Additive manufacturing techniques like SLM allow for an effi-
cient manufacturing of patient-specific implants according to the three-
dimensional 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 melt-
ing of powder, high temperatures and the associated thermal gradients
lead to stresses during fabrication [19]. As the parts are built up slice-
wise 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, scan-
ning 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 trans-
formation temperatures strongly depend on the Ni-content [24]. As
impurities such as Ti4Ni2O and TiC as well as precipitates like for ex-
ample Ni4Ti3 shift the atomic composition of the binary NiTi-matrix,
they have great impact on the resulting phase transformation behav-
ior [24, 25]. Additionally, internal stresses resulting for example from
coherency fields around Ni-rich precipitates, impact the phase transfor-
mation 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 ex-
ample 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 in-
duced deformation is recovered upon unloading. This was hypothe-
sized 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 char-
acterization 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 differ-
ent annealing procedures subsequent to the fabrication onto the phase
transformation and the resulting crystalline structure. The microstruc-
ture and the crystalline phases of as-built and annealed specimens were
investigated by light optical microscopy and X-ray diffraction, respec-
tively. The pseudoelastic behavior was demonstrated in static tensile
tests. Specimen production and post-processing as well as all mea-
surements 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 semester-
project supervised by R. Schumacher at the University of Applied Sci-
ences 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 pro-
cess parameters were applied, while in particular laser power and scan-
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ning speed were examined. Metallographic investigations were supple-
mented 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. Schin-
hammer. 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 ap-
plicant.
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 reg-
istration. The scaffolds were prepared by SLM by the applicant for the
purpose of cell experiments involving the mechanical scaffold stimula-
tion 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 mi-
crometer 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 co-
operation 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 ex-
tracted from affine registration of the CT-data sets with the initial
CAD-file for scaffold fabrication were then applied to relate the inte-
gral 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 three-
dimensional registration to evaluate local strains in shape memory scaf-
folds 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 registra-
tion. 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 pro-
cedures, 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 col-
laboration 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 geo-
metrical 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 North-
western 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 bachelor-
and 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 con-
ditions were investigated by differential scanning calorimetry, X-ray
diffraction and light optical microscopy. It was shown that phase trans-
formation 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



Tailoring Selective Laser Melting Process Parameters
for NiTi Implants

Therese Bormann, Ralf Schumacher, Bert Müller, Matthias Mertmann, and Michael de Wild
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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-architec-
ture 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 em-
ployed for the thermal and structural characterizations. In particular, the phase transformation temper-
atures, 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 micro-
architecture 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

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 patient-
specific 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 mechan-
ical 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), self-
propagating 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 biocom-
patible, 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 Young�s moduli of the austenite and the
martensite enables the realization of relatively soft implants

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.
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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 prop-
erties 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

h � d � v 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 transver-
sally into three parts using a low-speed diamond saw
(IsoMet�, Buehler). One part of each was kept for investigat-
ing as-built specimens (‘‘SLM’’). The second part was solu-
tion 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 cylin-
ders, tensile test specimens according to shape D specified in
the DIN 50125 (Ref 24) were manufactured with the process-
ing parameter set corresponding to 70 J/mm3. SLM process-
ing 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

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 oxygen-
content, 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

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

Fig. 2 Austenite peak temperatures for as-built and heat-treated
SLM-specimens fabricated with different energy densities. Heat treat-
ments were done at 800 �C and 500 �C
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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 Vand 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 step-
wise 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

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 as-
built 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 as-
built, 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 transforma-
tion temperatures. Secondly, Ni4Ti3-precipitates in quantities
below the detection limit of XRD were formed during SLM

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
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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. Con-
sequently, the first explanation should be dominant.

Further work is required to fully uncover the mechanisms of
impurity formation during SLM fabrication and annealing pro-
cesses and their influence on the phase transformation tempera-
tures. 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 tem-
peratures 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).

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

approximately 25 �C, also the martensitic phase was expected.
The load-relief curves show clearly the characteristic pseudo-
elastic 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.

3.5 Varying Processing Parameters Within One Construct

As the processing parameters influence the phase transfor-
mation temperatures, we conducted preliminary experiments on

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

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
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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 exper-
iments 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 transfor-
mation 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 behav-
ior 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, there-
fore, allows for the fabrication of pseudoelastic and pseudo-
plastic 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

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 Young�s modulus and the
possibility to facilitate the one-way shape memory effect.
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8 2 Results

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 crystallo-
graphic 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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In selective lasermelting, the layer-wise localmelting ofmetallic powder bymeans of a scanning
focused laser beam leads to anisotropic microstructures, which reflect the pathway of the laser
beam. We studied the impact of laser power, scanning speed, and laser path onto the
microstructure of NiTi cylinders. Here, we varied the laser power from 56 to 100 W and the
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.
Also, the grain size distribution changed from uni- to bimodal. Ostwald-ripening of the
crystallites explains the distinct bimodal size distributions. Decreasing the scanning speed did
not alter the microstructure but led to increased phase transformation temperatures of up to
40 K. Thiswas experimentally determinedusing differential scanning calorimetry and explained
as a result of preferential nickel evaporation during the fabricationprocess. During selective laser
melting of the NiTi shapememory alloy, the control of scanning speed allows restricted changes
of the transformation temperatures, whereas controlling the laser power and scanning path
enables us to tailor themicrostructure, i.e. the crystallite shapes and arrangement, the extent of
the preferred crystallographic orientation and the grain size distribution.

© 2014 Elsevier Inc. All rights reserved.
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1. Introduction

Selective laser melting (SLM) is an additive manufacturing
technique that allows the near-net-shape production of con-
structional 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

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 capa-
city, 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 behav-
ior. 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 three-
dimensional 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 micro-
structure [23]. Despite the anisotropic microstructures, SLM-built
near-net-shape parts are typically not intended for post-
processing including hot- or cold-working as the shape is pre-
defined 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 sizeshave to bedeterminedasa functionof 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 technicallymature, selective
laser-melted, medical implants.

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

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 investi-
gate 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 boundarywhile 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 ð1Þ
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=te 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 μmand thepoint 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
beendefinedaswell-suited for theproductionof soundNiTi parts
[27]. For the NiTi cylinders of groups A, B and C the laser beam for
the hatch of each slicewas 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)

A1a 56 225/133 70
A2 68 225/133 85
A3a 80 225/133 100
A4 92 225/133 115
A5 100 225/133 125
C1b 80 101/297 45
C2b 80 134/224 60
B1a 80 158/190 70
B2 80 191/157 85
B3a 80 225/133 100
B4 80 259/116 115
B5 80 281/107 125

a Specimens, where two batches are available.
b Specimens only prepared during the second batch.
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by 90°. The circular boundary path determined the outer shape of
theNiTi cylinder. It was scanned subsequent to the hatch in each
slice. In order to demonstrate reproducibility, for selected speci-
mens 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 deter-
mine the phase transformation temperaturesmartensite 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 oxygen-
content 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 themicrostructure parallel to
the building direction. The two surfaces were prepared for the
metallographic examination by means of mechanical grind-
ing, 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 (Sigma-
Aldrich). The microscope BX61 using linearly polarized light
(Olympus Schweiz AG, Volketswil, Switzerland) was applied to

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.
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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 micro-
scope (SEM) equipped with a Nordlys camera (Oxford Instru-
ments) [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 mea-
sured 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 mechani-
cally 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, where-
as 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 speci-
mens B1 to B5 decreased with the exposure time, here the
densities referred to 95.6, 94.6, 94.0, 92.3 and 93.2%, respec-
tively. 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, themean 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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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 diam-
eter 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 dis-
crimination of individual grains. Some grains hardly distinguish-
able 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

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.
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(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
hueswithin single grains. Nevertheless, the EBSDdata confirmed
the results obtained by conventional metallography as both
techniquesvisualize the grainsand their arrangement inboth 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,whichwere 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 tem-
peratures of theNiTi 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 thepreferential evaporationofNi from theNiTi alloy

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.

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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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 tem-
peratures 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 laser-
melted 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 Ni-
and Ti-fractions (Niplus, Tiplus), which were caused by these
impurities, were calculated in weight percent by

Niplus ¼ xO � 7:34
Tiplus ¼ xO � 11:97þ 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 laser-
melted 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
noNi had evaporated (NiSLM-start) was calculated by normalizing
the ratio of NiSLM-norm/TiSLM-norm to the initial Ti-content by

NiSLM‐start ¼ Nistart‐norm � TiSLM‐normð 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 NiSLM‐start−NiSLM‐normð Þ=NiSLM‐start:

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.
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The obtained quantities of the Ni-content based on Ms

(NiMs) and the maximal Ni-loss (ΔNi) during the SLM fabrica-
tion 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 exam-
ple, 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 themelt poolmight 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 tempera-
tures [35–37]. For both phenomena one expects increasing Ni-
evaporation. However, this was not found in this study. Because
the vaporization rate is an exponential function of the temper-
ature in the melt [38], we expect that just the hottest area of the
melt pool contributes to the evaporation ofNi. As thewidth 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.Trackwidening due to thehigher laser
power input would therefore not cause an increase in Ni-
evaporation. 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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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 consid-
ered 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.

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.)
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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 solidifica-
tion. 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 orthog-
onal 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 addition-
al 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 micro-
graphs parallel to the building direction (cp. Fig. 8, right)

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.

Ms

[°C]
Mf

[°C]
As

[°C]
Af

[°C]
ΔHA

[J/g]
ΔHM

[J/g]

Starting material −31 −48 −23 −10 14.6 ± 1.0 14.5 ± 1.0
A1 16 −53 −28 38 17.0 ± 3.0 15.8 ± 3.0
A2 10 −48 −11 29 17.0 ± 3.0 15.4 ± 3.0
A3 18 −37 −6 40 18.5 ± 3.0 17.3 ± 3.0
A4 13 −40 −6 32 12.7 ± 3.0 15.4 ± 3.0
A5 13 −58 −20 32 14.3 ± 3.0 13.7 ± 3.0
C1 0 −84 −37 2 11.4 ± 3.0 8.9 ± 3.0
C2 −3 −81 −34 5 10.9 ± 3.0 9.3 ± 3.0
B1 1 −61 −16 15 15.4 ± 3.0 12.7 ± 3.0
B2 9 −44 −11 27 16.2 ± 3.0 14.3 ± 3.0
B3 16 −39 −10 37 16.4 ± 3.0 13.7 ± 3.0
B4 23 −29 7 47 17.0 ± 3.0 16.8 ± 3.0
B5 21 −41 1 40 15.2 ± 3.0 13.8 ± 3.0

Table 3 – In the solution annealed specimens, themeasured 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.

Ms

[°C]
Mf [°C] As

[°C]
Af

[°C]
NiMs

[at.%]
ΔNimax

[at.%]
ΔHA

[J/g]
ΔHM

[J/g]

Starting material −31 −48 −23 −10 51.05 14.6 ± 1.0 14.5 ± 1.0
A1 −6 −54 −28 18 50.83 ± 0.03 2.42 ± 0.39 16.5 ± 2.0 13.6 ± 2.0
A2 −7 −31 −51 16 50.84 ± 0.03 2.37 ± 0.39 8.1 ± 6.0 5.7 ± 6.0
A3 8 −32 −6 30 50.69 ± 0.03 2.95 ± 0.39 18.6 ± 6.0 15.7 ± 6.0
A4 −1 −46 −20 22 50.78 ± 0.03 2.61 ± 0.39 16.3 ± 2.0 12.9 ± 2.0
A5 −2 −61 −15 22 50.79 ± 0.03 2.56 ± 0.39 16.3 ± 2.0 10.6 ± 2.0
C1 −25 −62 −38 −2 50.99 ± 0.03 1.81 ± 0.37 14.7 ± 2.0 9.4 ± 2.0
C2 −22 −63 −41 1 50.97 ± 0.03 1.88 ± 0.37 14.1 ± 2.0 9.2 ± 2.0
B1 −16 −59 −39 9 50.92 ± 0.03 2.09 ± 0.37 14.2 ± 2.0 8.3 ± 2.0
B2 −3 −39 −10 22 50.79 ± 0.03 2.56 ± 0.39 18.3 ± 2.0 16.1 ± 2.0
B3 4 −30 −13 27 50.73 ± 0.03 2.80 ± 0.39 17.8 ± 2.0 14.0 ± 2.0
B4 6 −20 0 30 50.70 ± 0.03 2.90 ± 0.39 17.8 ± 2.0 13.3 ± 2.0
B5 −8 −49 −24 15 50.85 ± 0.03 2.12 ± 0.39 15.0 ± 2.0 9.9 ± 2.0
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clearly reflects the anisotropy of the grains. As the optical
micrographs of elongated grains were subjected to FFT, no
frequencymaximawere 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 themelt 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. thepreceding 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 con-
cluded 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 combinationwith 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 crystal-
lites can occur, which means that larger grains grow at the
expense of smaller ones to reduce the amount of energy-
expensive 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

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 (inμm) are indicated by arrows. Please refer to
Fig. 2 for the light optical micrographs in real space.
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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-meltedNiTi, exceeding awidth of 40 μm,
were formed by secondary grain growth of small and energet-
ically 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 timeswidth/meanwidth (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 linewith
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

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.

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.
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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 themelt pool vertically in
the building direction. The axial grains orient vertically along
the preferred <100> growth direction, because this corre-
sponds 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 distri-
bution 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 applica-
tions, however, the oxygen contents should be lowered.
Based on our experimental findings, systematic future investiga-
tions should be performed to develop a fine-grained, homoge-
neous 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 pro-
duced by selective laser melting. Quality factors were determined by
micro computed tomography in combination with sophisticated regis-
tration software to assess the geometrical deviations of the SLM fab-
ricated scaffolds from the initial scaffold design. The factors derived
were applied to quantify the shape memory effect of the scaffold.
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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 osseo-
integration 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].  
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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]. 

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 thermo-
mechanical 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). 

A B C D

xy
z

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 down-
facing 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 SLM-
manufactured 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 

2  

Shape 
recovery 
during heating 

26.9 °C 79.51 ± 0.48 66.62 ± 3.13 20.49 ± 1.17 

3 28.7 °C 82.51 ± 0.49 62.47 ± 2.94 17.49 ± 1.00 

4 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 

7 Shape recovered 34.0 °C 92.36 ± 0.55 51.68 ± 2.42 7.64 ± 0.43 

 

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, vari-
able 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 deforma-
tion. In addition, the local development of the shape recovery process
could be visualized.
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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 exper-
imental determination is the objective of this study. Selective laser melting is applied to produce open-
porous 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.

� 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 appro-
priate 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, be-
cause of the required mechanical strength [14]. NiTi belongs to
well-established biomaterials with distinct mechanical properties,
including comparatively low elastic modulus, high damping capac-
ity, pseudoelasticity and the possibility for shape recovery after

deformation. It was hypothesized that pseudoelasticity should al-
low 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 metal-
lic 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 tai-
lor properties via unit cell adjustments such as varying strut thick-
ness, 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 compres-
sive load applied to the entire component into local compressive
and tensile strains covering a broad range of amplitudes. The eval-
uation 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 pseudoplas-
tic scaffold at room temperature was selected for the investiga-
tions, 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 recov-
ery 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

2 mm of the scaffold height, the top layer from 2 to 4 mm. An inte-
grated layer of seven complete and ten truncated unit cells, stag-
gered 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 indica-
tion that there is also an R-phase transformation included. Ni evap-
oration during SLM processing was calculated taking the well-
known 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 re-
spect to Ti amounted to a concentration shift of �1 wt.% with re-
spect to the starting material prior to atomization.

In order to obtain specimens with pseudoplastic behavior
around body temperature, scaffolds were post-treated by anneal-
ing 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 temper-
atures requires further optimization of thermal treatment condi-
tions, applied parameters were found to shift the phase
transformation temperatures to the desired range. The resulting
phase transformation temperatures of the scaffold investigated re-
ferred 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 tempera-
tures were determined by means of differential scanning calorim-
etry (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 al-
ready recovered (0.16 ± 0.02) mm of the induced deformation. In
order to ensure a martensitic crystalline structure during deforma-
tion, the scaffold was immersed in liquid nitrogen prior to defor-
mation. No difference in the final scaffold height at room
temperature (20 �C) upon compression and unloading was ob-
served 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 speci-
men 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 fi-
nite element model itself was constructed by re-meshing the trian-
gular 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 corre-
sponded 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 parame-
ters applied were taken from the literature, namely a Poisson’s ra-
tio 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 simula-
tion corresponded to 20 �C, considering the scaffold in its martens-
itic 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.

2.3. SRlCT

SRlCT served for the investigation of a pseudoplastically de-
formed scaffold before, during and subsequent to controlled heat-
ing. The experiments were carried out at the W2 beamline
operated by the Helmholtz-Zentrum Geesthacht at the DORIS III
storage ring of the Deutsches Elektronen-Synchrotron DESY
(Hamburg, Germany) [34]. The beamline was equipped with a

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 thermoelectri-
cally 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 tem-
perature intervals related to the six selected tomograms are indi-
cated in Fig. 2. The intervals differ slightly, because the exposure
time during radiograph acquisition was adjusted to achieve com-
parable 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 de-
formed 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 consid-
ering the conservation of NiTi volume of (46.0 ± 0.7) mm3 within
the scaffold during the SRlCT experiment, as described in more de-
tail 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 cor-
responds 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
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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 registra-
tion 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 re-
sampled to match the reference as close as possible, and the dis-
placement of each individual voxel is recorded [38]. As the floating
data set is (virtually) transformed and the reference data set de-
fines 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, de-
formed 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 param-
eters) in the 3-D space. As an intermediate level of analysis, the af-
fine 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 displace-
ments aside from scaling.

In order to discriminate between tensile and compressive defor-
mation 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 cu-
bic voxel along its three orthogonal directions x, y and z were cal-
culated 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 simulta-
neously. The maximal strain values occurred in the rhombs ori-
ented 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-

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. Compres-
sive strains of up to �4% were found along z at the acute angles in-
side 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 orthog-
onal scaffold axes, as long as the units were complete. The defor-
mation behavior in the outer, truncated unit cells differed from
the deformation behavior of the inner units surrounded by adja-
cent 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 dis-
tributed than in the complete units.

3.2. Global displacement fields

In order to validate the results of the FEM simulations, the glo-
bal 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, com-
pressed state with that after the temperature-induced phase trans-
formation. It was calculated from the 3-D registration of data set
#0 (deformed scaffold) and data set #5 (completely recovered scaf-
fold). 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 corre-
sponded to 0.26 mm, which approximates well the integral scaf-
fold deformation of 0.24 mm.

The global displacement field contains the scaling-related dis-
placements from the affine registration and the local displace-
ments from the subsequently performed non-rigid registration.
The scaling factors of the affine registration along x, y and z corre-
sponded 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 re-
flects 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 cal-
culated 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 col-
or 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 displace-
ments corresponding to �80 lm occurred in the struts of the trun-
cated 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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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 sum-
ming 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 displace-
ments 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 rhom-
bic dodecahedron, as demonstrated in Fig. 5C on the right. The
mean local displacements within the unit cell were mirror sym-
metric with respect to the z axis. In the x–y plane, asymmetries
were present (cf., Fig. 5C). This means that, in the SLM-built scaf-
fold, the upper and lower halves of the unit cell were deformed dif-
ferently, 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 dis-
placements 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 fur-
ther between tensile and compressive deformation within the scaf-
fold, 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 displace-
ment 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. Ten-
sile strain (yellow to red) corresponds to values above zero. Macro-
scopically, 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 re-
sided 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 re-
gions connecting the rhombs. The same regions exhibited com-
pressive strains along x and y, which ranged up to 3%. The bows
above and underneath the center of the unit cell (Fig. 5D, cross sec-
tions 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 dur-
ing the non-rigid registration. For the compression range exam-
ined, the tensile and compressive strains of up to 15% are

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 endochon-
dral ossification route, however, mechanical stimuli in the strain
range of 15% are favorable [44].

Tensile deformation was clearly dominant in the x and y direc-
tions, 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 com-
pressive 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 displace-
ments as, above the openings, only smaller local displacements
in the range 20–50 lm occurred. The strains along z were symmet-
ric 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 heat-
ing of the pseudoplastically deformed scaffold. Each interval cov-
ered 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 dis-
placement fields for each of the five data sets in the x–z plane,
which means that the local displacements presented were inte-
grated 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 ob-
served, with the exception of outmost struts that show slight dis-
placements. 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 val-
ues at the inner, top part of the scaffold. Step 3 again shows a gra-
dient 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, in-
creased 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 trun-
cated unit cells at the outer scaffold region. As the local displace-
ments are caused by micro-motions of the scaffold struts, which
in turn arise from the martensite to austenite phase transforma-
tion, 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 anal-
ysis using non-rigid registration (in the following termed ‘3-D reg-
istration’). 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
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integral scaffold deformation. The cross sections for visualization are indicated in panel (B).
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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 3-
D 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 com-
parable. 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 or-
der of magnitude. There are three main differences between sim-
ulation and experiment. First, the FEM simulations predicted
identical deformation of the individual building units and sym-
metric 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 mate-
rialized scaffold from the computer-generated design are proba-
bly 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 down-
facing surfaces. This leads, on the one hand, to asymmetry regard-
ing the upper and lower halves of individual units and the whole
scaffold, respectively, while, on the other hand, deviations be-
tween 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 deter-
mined by averaging six centrally located individual cells. The
mean local strains occurring in the averaged unit can be consid-
ered 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 dis-
parity was found concerning the maximal strain values obtained
from the experimental data and FEM, as the maximal strain val-
ues 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 pseudo-
plastic deformation of 6%, cracks were probably induced. In ten-
sile tests, the elongation at fracture refers to (4.1 ± 0.5)%. This
was a lower limit, as the massive rods contained pores that pro-
mote 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 scaf-
fold might have played a role during deformation. In the simula-
tion, 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 defor-
mation. 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 deter-
mined, 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 defor-
mation corresponded to 6%, the local strain is up to a factor of
2.5 higher than the global one. Compressive deformation of trabec-
ular bone also leads to regions with larger local strains than the ex-
erted 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 phos-
phate and glass scaffolds [49,50] subjected to compression re-
vealed local strains of about a factor of two higher than the

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 #0 & #1 16.0–29.0 3.9 ± 2.3 3.2 ± 1.5 3.3 ± 1.9 3.6 ± 2.1
II #1 & #2 24.5–31.0 13.2 ± 6.5 8.4 ± 4.4 6.1 ± 3.2 9.6 ± 6.2
III #2 & #3 26.5–32.5 20.6 ± 8.5 16.0 ± 7.4 12.1 ± 6.3 16.2 ± 8.6
IV #3 & #4 28.0–33.5 14.5 ± 7.1 13.3 ± 6.8 14.2 ± 8.0 14.3 ± 7.5
V #4 & #5 30.5–36.5 13.9 ± 7.9 11.0 ± 5.3 11.2 ± 5.0 12.5 ± 6.7
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integral scaffold deformation, although the geometry with irregu-
larly interconnected pores of these scaffolds differs from the pres-
ent lattice-based scaffold geometry.

Often, the deformation behavior of complex-shaped objects
such as scaffolds is studied by FEM simulations, in which the mod-
el 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 anisotro-
pies or artifacts including residual pores, both associated with
the SLM fabrication of NiTi scaffolds [16,26].

Besides the analysis of the scaffold deformation upon compres-
sion, 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 an-
gles. This value consists of the pixel shift in the vertical and hori-
zontal 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 seg-
mented data taking into account the conservation of the mass of
the scaffold [16]. Regarding the shape memory effect of the scaf-
fold, 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.

0

0.01 0.02

[mm]

x

z

1 mm

II 27.75 °C

III 29.50 °C

IV 30.75 °C

V 33.50 °C

I 22.50 °C

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 homoge-
neous shape recovery is reached (IV, V). The scaffold is mounted on the sample
holder (diameter 4 mm) at its top.
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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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[52], who investigated the shape recovery process of a two-dimen-
sional honeycomb NiTi structure. In image II of Fig. 6, a feature re-
lated 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 displace-
ments and strains upon compression of the pseudoplastic scaffold
can predict the pseudoelastic ones, since the local strain distribu-
tion depends mainly on the scaffold’s geometry.

The one-way shape memory effect could be employed in scaf-
folds 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 com-
pression 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 stim-
uli in the strain range of 15% are favorable if the endochondral
ossification route is pursued [44]. As strains of up to 15% were de-
tected 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 com-
bination 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 deforma-
tion behavior of CaP-based scaffolds and polyurethane-based scaf-
folds, 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 imag-
ine local and temporal study of cell-mediated scaffold shrinkage,
which is undesirable, but often associated with collagen-based
scaffolds [59].

5. Conclusions

The present study presents an approach to measuring local dis-
placements and strains within complex-shaped scaffold architec-
tures 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 irregulari-
ties and material inhomogeneity. The data will help in understand-
ing 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.
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3 Conclusions

Selective laser melting allows fabricating NiTi parts with functional
pseudoelastic and pseudoplastic properties.

The phase transformation temperatures can be shifted during the pro-
cessing 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 pseudo-
plastic 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 crys-
tallites 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 accor-
dance 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.



46 3 Conclusions

Porous shape memory scaffolds built by selective laser melting meet
the demands of a compression bio-reactor system. The (future) inves-
tigations in-vivo and in-vitro will reveal the potential of NiTi-scaffolds
for mechanical tissue stimulation.

The uniaxial compression of scaffolds results in simultaneously occur-
ring 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 tomog-
raphy data comprising data sets of the scaffold in deformed and initial
state.

Synchrotron-radiation based micro-computed tomography in combi-
nation 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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