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� The ß-type Ti-42Nb alloy was
processed by laser powder bed fusion
(LPBF) with an infrared top hat laser
configuration.

� A high build rate of 12.5 mm3/h, as
well as a high relative density of
99.96% was achieved.

� The unique microstructure created by
the top hat laser results in a strong
elastic anisotropy.

� The Young’s modulus along the built
direction was reduced by 30%
compared to the Gaussian reference
samples.
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The ß-type Ti-42Nb alloy was processed by laser powder bed fusion (LPBF) with an infrared top hat laser
configuration aiming to control the Young’s modulus by creating an adapted crystallographic texture.
Utilizing a top hat laser, a microstructure with a strong h0 0 1i texture parallel to the building direction
and highly elongated grains was generated. This microstructure results in a strong anisotropy of the
Young’s modulus that was modeled based on the single crystal elastic tensor and the experimental tex-
ture data. Tensile tests along selected loading directions were conducted to study the mechanical aniso-
tropy and showed a good correlation with the modeled data. A Young’s modulus as low as 44 GPa was
measured parallel to the building direction, which corresponds to a significant reduction of over 30%
compared to the Young’s modulus of the Gaussian reference samples (67–69 GPa). At the same time a
high 0.2% yield strength of 674 MPa was retained. The results reveal the high potential of LPBF processing
utilizing a top hat laser configuration to fabricate patient-specific implants with an adapted low Young’s
modulus along the main loading direction and a tailored mechanical biofunctionality.
� 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Due to its high strength and corrosion resistance, the a+ß-type
Ti-6Al-4V alloy has been used as load-bearing implant material for
orthopedic and trauma applications in recent decades [1].
However, because of its critical alloying elements V and Al, more
and more concerns regarding allergic reactions and cytotoxicity
arise [2]. Furthermore, the large mismatch between its high
Young’s modulus (120 GPa) and that of cortical bone (10–30
GPa) leads to the so called ‘‘stress shielding” effect, which compli-
cates bone healing processes [3]. A large stiffness difference
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between implant and adjacent bone tissue causes an uneven stress
distribution. The load is mainly transferred to the much stiffer
implant, whereby the bone is shielded. Thus, a mechanical stimu-
lation of bone tissue regeneration is suppressed. To overcome
these issues, intense research was done to develop novel ß-type
Ti alloys with biocompatible alloying elements and low Young’s
modulus values. Most of these novel alloys are based on the Ti-
Nb system. Compared to Ti-6Al-4V, these alloys have an increased
density caused by their relatively high Nb content [4], but exhibit
significantly decreased Young’s modulus values in the range of 50–
65 GPa in the cast and solution treated state [5]. Thermomechani-
cal processing is done to control the microstructure and to adjust
suitable strength and fatigue resistance values [5–7]. Furthermore,
the strong passivation ability of b-type Ti-Nb alloys in bio-fluids
yields a superior corrosion behaviour and very low metal release
rates which, in consequence, was found to support bone cell activ-
ity [8–10].

Meanwhile, laser powder bed fusion (LPBF), also known as
selective laser melting (SLM), has attracted increasing interest in
research and selected technology branches, viz. medical engineer-
ing and part production, due to its ability to fabricate patient speci-
fic implants as well as to realize new implant designs that are hard
to fabricate or even not feasible with conventional manufacturing
technologies [11]. Most of the past and recent research activities
regarding LPBF of Ti-based alloys are focused on a-type (cp-Ti)
and a+ß-type (Ti-6Al-4V, Ti-6Al-7Nb) materials, which have found
their way to commercial implant production. Only limited num-
bers of published studies are available so far regarding LPBF of
near-ß and ß-type alloys [12–14]. In the field of ß-type Ti-Nb-
based alloys for biomedical applications Ti-Nb [15–23], Ti-Nb-Zr
[24–33], Ti-Nb-Ta-Zr [34,35], and Ti-Nb-Zr-Sn [36–40] alloys have
been reported to be processed by LPBF. Due to the high cooling
rates that arise during LPBF processing [41], obtained ß-type Ti-
Nb alloy specimens exhibit unique microstructures and therefore,
offer superior mechanical properties, when compared to cast and
solution treated counterparts. Furthermore, LPBF offers the oppor-
tunity to control the local microstructure and texture and there-
fore, the local mechanical properties of parts by applying
different processing parameters, such as the scanning speed and
laser power or via using adjusted exposure strategies (e.g., applied
scanning pattern, vector rotation per layer) [42–45]. This approach
enables the fabrication of implants (e.g., hip stems) that can be
locally adapted to the applied mechanical load and to the high
elastic anisotropy of human bone [46,47].

An important, but not often recognized feature that defines the
microstructure of LPBF-processed specimens is the size and the
profile of the applied laser beam. It can strongly affect the melt
pool geometry and the solidification conditions. Most of the avail-
able industrial LPBF systems are equipped with an infrared laser
with a near Gaussian intensity distribution and a beam diameter
smaller than 100 lm [48]. These ‘small spot’ configurations have
two main limitations: (1) vapor-induced instabilities with subse-
quent ejection of spatters and (2) the increase of the build-up rate
is limited due to process instabilities [48]. To overcome these
issues, high-power laser sources (around 1000 W) with an
increased spot size and a top hat intensity distribution were intro-
duced [48–50]. Montero-Sistiaga et al. [51,52] showed, that the
build-up rate can be increased by around 2.5-fold for 316L and
Hastelloy X when a laser with a 0.7 mm beam size and a top hat
intensity distribution is used [41,42]. Furthermore, an increased
process stability and a reduced spattering was observed by Sow
et al. [48]. The effect of a significantly increased beam size and a
top hat profile on the resulting microstructure was only studied
for a limited number of alloys, namely Ni-based alloys [52–54],
steels [51,55,56] and Al-based alloys [57,58]. In this context, a very
strong h0 0 1i texture development parallel to the building
2

direction in combination with epitaxial grain growth is reported
by some authors [53–55]. With respect to Ti-based alloys, only
one study by Huang et al. [23] is available, demonstrating the ben-
eficial influence of a top hat laser configuration on the Nb inclusion
content of in-situ alloyed Ti-34Nb. Although the influence of a top
hat laser configuration on pre-alloyed Ti-Nb powder remains
unclear, they also reported a strong h0 0 1i texture development
and epitaxial grain growth along the building direction. Unfortu-
nately, the mechanical properties of the samples were not investi-
gated along the building direction. A strong h0 0 1i texture could be
beneficially in lowering the Young’s modulus, as ß-type Ti alloy
single crystals show a clear orientation dependence of the Young’s
modulus. Thereby, the highest Young’s modulus value exists along
the h1 1 1i directions and the lowest along the h0 0 1i directions
[42,59–62]. Therefore, the use of single crystals as bone implant
materials with a h0 0 1i crystal direction parallel to the loading
direction was proposed to reduce the stress shielding effect [59–
61,63]. However, until now new processes to fabricate large single
crystals are not established and would be very cost intensive.
Therefore, their practical implementation is not expectable.

With the present work, we propose the use of a high-power top
hat laser with an increased beam size to produce load-bearing bulk
implants with a strong h0 0 1i texture from ß-type Ti-Nb powders.
Such a highly textured ß-type microstructure can help to control
the Young’s modulus of as-built specimen relative to the building
direction. In perspective, those anisotropic implants with their
lowest stiffness direction oriented in the main loading direction
could significantly reduce stress shielding. In addition, by utilizing
a high-power top hat laser during LPBF processing of Ti-Nb alloys,
build-up rates can be significantly enhanced (increased hatching
distance and layer thickness) which reduces costs and develop-
ment times of possible implant prototypes with adjusted
properties.

In order to verify this approach, a novel ß-type Ti-42Nb alloy is
comparatively processed by LPBF with a Gaussian laser (small
beam diameter) and a top hat laser (increased beam diameter).
The microstructure and the texture after processing are character-
ized in-depth and the mechanical properties are determined paral-
lel, perpendicular and at an angle of 45� with respect to the
building direction via tensile testing.
2. Materials and methods

2.1. Materials

Pre-alloyed, gas-atomized Ti-42Nb (wt.%) powder (AMtrinsic�

Spherical Ti-42Nb [64]) was supplied by TANIOBIS GmbH (Goslar,
Germany). The powder particle size range was 10–63 mm. The
chemical composition of the powder was determined by induc-
tively coupled plasma optical emission spectrometry (ICP-OES) as
Ti = 57.9 ± 0.33 wt% and Nb = 41.49 ± 0.25 wt%. The oxygen content
was analyzed by carrier gas hot extraction (LECO TC-436DR) as 0.
285 ± 0.001 wt%. The experimentally determined chemical compo-
sition corresponds well with the nominal one.
2.2. LPBF fabrication

A SLM280 Generation 2.0 dual laser machine (SLM Solutions
Group AG, Germany) was employed to fabricate cuboids with a
dimension of 9 mm � 19 mm � 40 mm. Two different infrared
laser sources were used: (1) a laser with a Gaussian intensity dis-
tribution (700 W maximum laser power) and a minimum beam
size of approx. 80 mm as well as (2) a laser with a top hat intensity
distribution (1000 W maximum laser power) and a constant beam
size of approx. 680 mm. The power output (Coherent Laser Power
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Energy Meter, Coherent, USA) and beam profiles (Cinogy Focus
Beam Profiler FBP-0018, Cinogy, Germany) have been validated
during a machine checkup. The deviation of the applied laser
power with respect to the measured values is around 20 W and,
thus, negligible for our study. The beam profiles were captured
applying 15 to 70% (Gaussian) as well as 10% (top hat) of the avail-
able maximum laser power. A build envelope of
100 mm � 100 mm (180 mm maximum height) was used, while
the substrate plates were heated and held constant at 80 �C prior
to processing. Process parameters, viz. laser power, scanning speed
and hatching distance, were optimized in a preliminary study to
fabricate samples with a high relative density (>99%). The layer
thickness was adjusted to 100 mm. An overview of the applied pro-
cess parameters is given in Table 1. For the manufactured cuboids,
the z-axis was defined to be parallel to the building direction (see
Fig. 1(c)).
2.3. Characterization

Specimens for microstructural investigations were mechani-
cally ground using SiC paper (P400–P2500). For the final polishing
step, a mixture of colloidal SiO2 (90 vol%) and H2O2 (10 vol%) was
used. The relative density of the samples was evaluated on pol-
ished cross sections utilizing a digital microscope (VHX7000, Key-
ence Deutschland GmbH, Germany). Scanning electron microscope
(SEM) imaging and electron backscatter diffraction (EBSD) analysis
were carried out using a Leo Gemini 1530 (Zeiss AG, Germany)
equipped with a e-FlashHR EBSD system (Bruker GmbH, Germany).
For the evaluation of EBSD measurements and the texture analysis,
the open-source toolbox MTEX (v.5.6, https://mtex-toolbox.github.
io) [37] was used. A minimum grain boundary threshold of 15�was
chosen for grain detection. To evaluate the influence of the crystal-
lographic texture on the Young’s modulus, the orientation depen-
dence of the elastic properties of the material was calculated
based on the determined texture data with the Hill approximation
[65,66].

X-ray diffraction (XRD) analysis was performed on mechani-
cally thinned disks (thickness = 80 mm) using a STOE Stadi P diffrac-
tometer (STOE & Cie GmbH, Germany) in transmission mode using
Mo Ka1 radiation (k = 0.7093187 Å).

To study the influence of the different laser sources on the
mechanical properties, flat bar tensile samples with a gauge length
of 5.5 mm, a width of 1 mm and a thickness of 0.85 mm were
machined by electro discharge machining (EDM) from LPBF
cuboids (see Fig. 1(c) and (d)). The samples were extracted parallel,
perpendicular and with an angle of 45�with respect to the building
direction (BD). Uniaxial tensile tests were carried out using a
tensile-compression module (Kammrath & Weiss GmbH, Ger-
many) with a 5 kN load cell and an extension rate of
0.00175 mm/s. For strain measurement a microDAC (Chemnitzer
Werkstoffmechanik GmbH, Germany) video extensometer was
applied and the Young’s modulus was calculated from the slope
of the stress–strain curves. For each sample state, at least three
samples were tested.
Table 1
Applied process parameters for the fabrication of Ti-42Nb LPBF specimens using a Gaussian
listed. The layer thickness was held constant at 100 mm.

Infrared laser
type

Laser power
(W)

Scanning speed (mm/
s)

Hatching distance
(mm)

Gaussian laser 550 1100 0.15
Top hat laser 950 250 0.5

3

3. Results and discussion

3.1. Microstructure characterization

After LPBF processing, the density of both Ti-42Nb sample
states was determined via optical microscopy using three different
cross-sectional planes (X-BD, Y-BD and X-Y). For samples pro-
cessed with the Gaussian laser, a relative density of 99.94 ± 0.00
8% was determined. The density of the top hat laser samples was
slightly higher and found to be at 99.96 ± 0.011%. During process-
ing, almost no splats were ejected when the top hat laser was
employed. This indicates that evaporation effects were avoided
(conduction welding) and a more stable process was present.
Therefore, porosity formation was reduced to an absolute mini-
mum [48].

Due to the relative high solidification and cooling rates that
arise during LPBF processing, a pure ß-type microstructure (bcc),
without any additional phases, is detected by XRD analysis irre-
spective of the laser source applied (Fig. 2).

The SEM images of the X-BD cross sections in Fig. 3(a) and (b)
show clear differences in the melt pool morphology for the applied
laser sources (SEM images of the X-Y cross sections are shown in
Supplementary Fig. 1). For the Gaussian laser, the melt pool shows
a more hemispherical shape with a melt pool depth of around
275 mm and a width bigger than 100 mm. The top hat laser (Fig. 3
(b)) produces a nearly identical penetration depth of around
250 mm, but the melt pool is nearly planar with a significantly lar-
ger width (above 800 mm). The depth-over-width ratio is below
0.31 which confirms that the top hat laser, irrespective of the high
laser power applied, works in conduction mode due to the
enhanced beam diameter. In comparison, the Gaussian laser oper-
ates in the keyhole mode yielding a depth-over-width ratio of
around 2.75 [48,67].

The higher magnified images in Fig. 3(c) and (d) reveal a cellu-
lar/dendritic microstructure for both samples. This is a typical phe-
nomenon for LPBF-processed Ti alloys (e.g., Ti-Nb, Ti-5Al-5V-5Mo-
3Cr) [20,68]. Significant differences can be seen regarding the cell
size. For the Gaussian samples, the cell size is in the range of up
to 0.5 mm and varies strongly within the melt pool (intersects:
equiaxed, center: elongated/epitaxial). In contrast, the top hat laser
specimens show a nearly constant cell size of about 3–5 mm while
the cells span over the whole melt pool. As the cell size is related to
the applied cooling rate during solidification, a lower and more
homogeneous cooling rate can therefore be concluded for the top
hat laser sample. The cell orientation is also strongly influenced
by the applied laser beam. Due to the complex heat flow, the cell
orientation varies significantly within the former melt pool, for
the Gaussian laser. For the top hat laser, the cells show a consistent
growth direction parallel to the build direction. This implies a
highly oriented and uniform heat flow towards the substrate plate
[48].

To investigate the effect of the laser source on the grain mor-
phology of the Ti-42Nb specimen, EBSD analyses were performed
on cross sections parallel (X-Y) and perpendicular (X-BD) to the
build plate. Inverse pole figure mappings superimposed with the
and top hat laser source. In addition, the volume energy inputs, and build-up rates are

Energy Input (J/
mm3)

Build-up rate (mm3/
s)

Laser beam diameter
(mm)

33.33 16.5 (59.4 cm3/h) 140
76 12.5 (45.5 cm3/h) 670

https://mtex-toolbox.github.io
https://mtex-toolbox.github.io


Fig. 1. Captured beam profile of the (a) Gaussian (at 490 W) and (b) top hat laser (at 100 W). The insets show the energy distribution as a 2D visualization. In contrast to the
top hat laser (no beam waist), the Gaussian beam showed a pronounced shift of the observed waist from the zero position at higher laser powers (above 200 W). For working
with the Gaussian beam and high laser powers, the focus position was shifted to 4 mm and thus, further defocused to avoid keyhole formation during processing. A relative
weak and scattered energy distribution was observed for the top hat laser due to the relative low power applied. The profiles were recorded by SLM Solutions Group AG based
on internal guidelines and found to be in the range of the required machine settings. In (c), the sample coordinate system of a fabricated Ti-42Nb cuboid is highlighted to
illustrate the sample orientation which has been conducted in this study. The geometrical features of the used tensile test geometry (in mm) are presented in (d).

Fig. 2. XRD patterns of the Ti-42Nb alloy processed with a Gaussian and a top hat
laser source.
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calculated high angle boundaries (misorientation � 15�), in black,
and low angle boundaries (misorientation < 15�), in grey, are high-
lighted in Fig. 4.

For the Gaussian laser (Fig. 4(a) and (b)), the grains have an
irregular or V-shaped morphology in the X-BD cross section. The
mean grain size (circular equivalent diameter) is around 175 mm.
In the X-Y cross section the morphology of the grains is square
shaped and the applied scan paths are apparent. Beside the change
of the grain morphology and distribution, the grain size is in the
same range (d = 160 mm). For both investigated sample planes, only
a small number of low angle boundaries is present.

A completely different microstructure is obtained when the
alloy is processed with the top hat laser. The grains and sub grains
are elongated (several millimeters) along the building direction
4

and have a high aspect ratio (Fig. 4(c)). This significant change of
the grain morphology and grain size is related to the altered melt
pool and solidification characteristics caused by the different laser
types and processing parameters. As the heat flow and thereby the
solidification direction varies strongly within the hemispherical
melt pool of the Gaussian laser (Fig. 3(c)), an epitaxial growth of
columnar grains is suppressed by the applied scan vector rotation
[44,69,70]. For the top hat laser, the planar melt pool shape and the
highly oriented heat flow towards the substrate favors epitaxial
growth of columnar grains along BD, as the heat flow direction
and the normal of the solid–liquid interface are nearly parallel
[23,53,71]. In this case, the applied scanning rotation does not lead
to a segmentation of columnar grains, because the heat flow and
thus the solidification direction are mostly independent of the
applied scanning direction. Furthermore, the lower melt pool
velocity caused by the relatively low laser scanning speed
(250 mm/s) and the significantly increased melt pool size, due to
the large beam diameter, decreases the cooling rate and are the
primary reasons for the grain coarsening observed for the top hat
laser samples [23].

Due to the large dimensions as well as the pronounced aspect
ratio of the grains, a description of the grain size by the circular
equivalent diameter is not possible for this type of microstructure.
Therefore, the grain boundary and sub grain boundary density (to-
tal boundary length per measurement area) values were calculated
to compare both microstructures. For the Gaussian laser, the den-
sity of high angle boundaries in the X-BD and the X-Y cross section
is 0.0375 mm�1 and 0.0432 mm�1, respectively. This difference is in
good accordance with the slight difference observed for the circu-
lar equivalent diameter. The density of low angle boundaries is one
magnitude lower (0.0066 mm�1 and 0.0069 mm�1, respectively) and
is in the same range for both observation planes. In comparison,
the density of high angle boundaries is significantly reduced by
about one order of magnitude to 0.004 mm�1 (BD-X cross section)
and 0.006 mm�1 (X-Y cross section) for the top hat laser samples.
This implies a significantly increased grain size for these samples.
Due to the columnar grain growth and the resulting high aspect
ratio of the grains along BD, the high angle boundary density is
about one-third higher for the X-Y cross section. Furthermore,
the density of low angle boundaries is altered for the different



Fig. 3. SEM images (secondary electron contrast) of the X-BD plane of selected Ti-42Nb specimens LPBF-processed with a (a & c) Gaussian and (b & d) top hat laser. Dotted
lines show selected melt pool boundaries.
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cross sections. Having values of 0.0047 mm�1 (BD-X cross section)
and 0.0108 mm�1 (X-Y cross section), the low angle boundary den-
sity is even higher than the density of the high angle boundaries.

The uniform and directional heat flow of the top hat laser sup-
ports the formation of sub grains and therefore, of low angle
boundaries. Similar observations have been made by Wang and
Shi [53], who reported a high fraction of low angle boundaries
(misorientation: 1–15�) for an Inconel 718 sample produced with
a top hat laser source.
3.2. Texture analysis

To evaluate the influence of the different laser sources on the
crystallographic texture and the resulting elastic anisotropy, orien-
tation distribution functions (ODF) were calculated from the EBSD
data sets. (0 0 1), (1 1 0) and (1 1 1) pole figures as well as inverse
pole figures along the testing directions of the performed tensile
tests (namely X, BD and 45�; see Fig. 1) were obtained from the
ODFs. To indicate the texture strength and to visualize the pre-
ferred crystal orientations for the respective specimen directions
(see Fig. 5), the densities are scaled to multiples of uniform distri-
bution (m.u.d.) so that the density value of an isotropic microstruc-
ture with a uniform distribution is 1.

The (0 0 1), (1 1 0) and (1 1 1) pole figures of the samples fab-
ricated with a Gaussian laser show only a very weak preferred
crystal orientation with density values between 0.8 and 1.5. A sim-
ilar trend is shown by the inverse pole figures with only slight
deviations from a uniform distribution (max. m.u.d. range: 0.6.-
1.4). The Gaussian samples can, therefore, be stated as nearly crys-
tallographic isotropic. In contrast, a very strong h0 0 1i fiber texture
parallel to BD was achieved utilizing the top hat laser. The density
of the {0 0 1} orientations is by 30-fold increased along BD and by
5–10-fold in the X-Y plane, when compared to a uniform orienta-
tion distribution. This very strong texture along BD can be
explained with the nearly planar melt pool boundaries as shown
in Fig. 3(b). In this case, the main thermal gradient at any side of
5

the melt pool is vertical, which favors a vertical cell formation
and grain growth towards the heat flow [53]. This can also be seen
in Fig. 3(b) and (d) where the cells grow through the melt pool
boundaries without altering their growth direction. A strong
{0 0 1} texture development along the building direction for a
top hat laser configuration was also reported by other authors for
Ni-based and Fe-based alloys [53–55].

Due to the distinct relationship between the h0 0 1i, h1 1 0i and
h1 1 1i crystal directions, the strong h0 0 1i fiber texture along BD
results in the characteristic (1 1 0) and (1 1 1) pole figures shown in
Fig. 5. The density of the (1 1 0) pole figure is increased in the X-Y
plane and at an angle of 45� to the X-Y plane and the density of the
(1 1 1) pole figure at an angle of around 35� to the X-Y plane. These
findings are also illustrated by the corresponding IPFs for X, 45�
and BD.
3.3. Elastic anisotropy

For a cubic crystal structure like ß-Ti, the single crystal elastic
anisotropy is given by the elastic tensor C, which is specified by
the three elastic constants (C11, C12, C44). With knowledge of C,
the elastic behavior in any crystal direction can be calculated
[59,62,66]. Fig. 6 shows the direction dependence of the Young’s
modulus of a Ti-45Nb single crystal. The calculation is based on
the elastic constants (C11 = 137.0 GPa, C12 = 109.6 GPa,
C44 = 33.17 GPa), that were experimentally determined by Her-
mann et al. [62] for a Ti-45Nb single crystal. The results illustrate
the high elastic anisotropy of the ß-Ti crystal structure, with a
maximum Young’s modulus of 89.1 GPa along the h1 1 1i directions
and a minimum Young’s modulus of 41.4 GPa along the h0 0 1i
directions. Along the h1 1 0i directions the Young’s modulus is
67.5 GPa. Even though the absolute Young’s modulus values of
the Ti-42Nb alloy analyzed in this study, might slightly differ due
to the lower Nb content, a representative description of the orien-
tation dependence of the Young’s modulus is still reasonable.



Fig. 4. Inverse pole figure (IPF) mappings of selected Ti-42Nb specimens processed with a (a, b) Gaussian and (c, d) top hat laser configuration. The IPF color coding is given
with respect to the sample surface.
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This strong direction dependence of the Young’s modulus can
be used to alter the macroscopic Young’s modulus of a polycrys-
talline material by introducing a crystallographic texture. The
macroscopic Young’s modulus of such a textured polycrystal can
be numerically evaluated using the elastic single crystal constants
and the texture data of the polycrystal. Several studies confirm that
the Hill estimation approach, which is the arithmetic average of
the upper (Voigt) and lower (Reuss) bound, is capable to predict
the elastic anisotropy of polycrystalline materials to a great extend
6

[45,62,65,72]. For details about the method and the MTEX toolbox
the reader is referred to Mainprice et al. [65]. For an isotropic
Ti-45Nb polycrystal the macroscopic Young’s modulus calculated
by the Hill estimation is 65.5 GPa, which is in good accordance
with experimentally determined Young’s modulus values of poly-
crystalline Ti-45Nb (E = 62–70 GPa) [73,74].

The stereographic projections in Fig. 7a and b show the calcu-
lated direction dependence of the Young’s modulus for samples
fabricated with both laser types. Due to the very weak texture of



Fig. 5. Texture data of samples fabricated by LPBF with a Gaussian and a top hat laser, represented as (1 0 0), (1 1 0) and (1 1 1) pole figures and as inverse pole figures for the
X direction, as well as the 45� direction and the building direction (BD).

Fig. 6. Orientation dependence of the Young’s modulus of a ß-type Ti-45Nb single
crystal calculated after Mainprice et al. [65]. The calculation is based on the elastic
single crystal constants experimentally determined by Hermann et al. [62].
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the Gaussian samples only a slight variation of the Young’s modu-
lus between 62 and 68 GPa exists. For the strongly textured top hat
laser sample, the model shows a significant anisotropy of the
Young’s modulus. A value of only 43 GPa is predicted along BD,
which corresponds to a reduction of 34% compared to the value
for an isotropic sample (65.5 GPa). In addition, the Young’s modu-
lus is also significantly lowered in the X-Y plane (53 GPa). A max-
imum Young’s modulus of 78 GPa is predicted at an angle between
35� and 45� to the X-Y plane.
7

To verify the predicted Young’s modulus values, tensile tests
were performed at distinct angles of 0� (X direction), of 45�, and
of 90� (BD)) relative to the X direction (in the X-BD plane). The
results are shown in Fig. 7c and d together with the Hill estimation
as well as the lower and the upper bound, given by the Reuss and
Voigt approximation for the analyzed directions. The width of the
upper and lower bound decreases with increasing texture strength
and is therefore wider for the sample fabricated with the Gaussian
laser. Considering the experimental errors given by the determina-
tion of the texture data and the measurement of the Young’s mod-
ulus values as well as the potential difference of the elastic
constants that are caused by the slight chemical deviation of the
Nb content, a good agreement between the calculated and the
experimentally determined Young’s modulus values is evident.
Nearly all experimental measurement data fit within the bounds
and fall close to the Hill estimation.

For samples fabricated with a Gaussian laser, tensile tests reveal
only a small difference of the Young’s modulus value along the
three testing directions (EX = 69 ± 1 GPa, E45� = 67 ± 1 GPa, EBD =
70 ± 1 GPa). Compared to the values of the Hill estimation, the
experimentally determined values are slightly higher (1–3 GPa),
but nevertheless confirm the nearly isotropic elastic behavior pre-
dicted by the Hill model. For the samples fabricated with the top
hat laser, the experimentally determined Young’s modulus values
show a high anisotropy and match well with the predicted bounds.
A high Young’s modulus of 79 ± 3 GPa is determined at an angle of
45�, whereas a significantly lower Young’s modulus of only
51 ± 2 GPa was measured along the X axis. Both values deviate
around 5 GPa from the prediction made by the Hill estimation.



Fig. 7. Stereographic projections of the direction dependence of the Young’s modulus calculated by the Hill estimation for samples processed by LPBF with a Gaussian laser
and a top hat laser (a, b). Profiles of the Hill estimation and the upper (Voigt) and lower (Reuss) bounds from X to BD, together with the experimental determined Young’s
modulus values (c, d).
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Along the BD, a Young’s modulus as low as 44 ± 2 GPa was
achieved. Compared to the Gaussian samples, with a nearly isotro-
pic elastic behavior, the Young’s modulus along the building direc-
tion was significantly lowered by around 36%.

3.4. Mechanical properties

From the stress-strain curves of the tensile tests (Supplemen-
tary Fig. 2) the 0.2% yield strength (0.2 %YS) and the ultimate ten-
sile strength (UTS) values were determined for the three testing
directions (X, 45� and BD). The mean values together with their
standard deviation are shown in Fig. 8

Independent of the used laser source, the LPBF-processed
Ti-42Nb alloy showed superior 0.2% yield strength (0.2 %YS) and
ultimate tensile strength (UTS) values when compared to cast
Fig. 8. Mean values of the 0.2% yield strength and the ultimate tensile strength for the lo
top hat laser.
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and solution-treated ß-type Ti-(40-45)Nb alloys (0.2 %YS:
315–475 MPa; UTS: 480–500 MPa) [5,75].

Samples fabricated with the Gaussian laser reached 0.2 %YS
values ranging from 718 ± 4 MPa (X), to 724 ± 15 MPa (45�)
and up to 742 ± 3 MPa (BD). Hereby, the maximum deviation
between the different testing directions is less than 4%, repre-
senting a nearly isotropic yielding behavior. A similar trend
applies for the UTS values that were determined as
732 ± 5 MPa (X), 736 ± 18 MPa (45�) and 752 ± 2 MPa (BD).
The strong texture and the columnar grain morphology of the
top hat laser samples lead to a much more anisotropic yielding
behavior. For the 45� testing direction, the top hat laser samples
reached the highest 0.2 %YS (749 ± 10 MPa) as well as the high-
est UTS (765 ± 17 MPa). Despite of the much larger grain size of
the top hat laser samples, those values are superior to those of
ading directions X, 45� and BD of Ti-42Nb processed by LPBF with a Gaussian and a



S. Pilz, T. Gustmann, F. Günther et al. Materials & Design 216 (2022) 110516
the Gaussian samples. In contrast, for the X direction (0.2 %YS =
690 ± 12 MPa, UTS = 720 ± 20 MPa) and the BD (0.2 YS = 674
± 20 MPa, UTS = 676 ± 21 MPa) significantly lower values are
obtained. This equates a maximum deviation of the 0.2 %YS of
around 11%. Compared to the Young’s modulus, the anisotropy
of the yielding behavior is therefore less pronounced. This high-
lights that, by utilizing a top hat laser, the Young’s modulus can
be significantly lowered along the building direction without
lowering the yield strength in the same extend [52,66,71].
Thereby, the mechanical biofunctionality (YS/E), which is defined
by the quotient of the yield strength and the Young’s modulus
can be increased [5]. For the Gaussian samples, depending on
the testing direction, a mechanical biofunctionality of
10.48 � 10�3 up to 10.81 � 10�3 is reached. These values are
higher or in the same range as the values reported by other
authors for LPBF-processed ß-type Ti alloys like Ti-35Nb-7Zr-
5Ta (YS/E = 3.81 � 10�3) [34], Ti-24Nb-4Zr-8Sn (YS/E = 10.6 � 1
0�3) [14] and Ti-42Nb (YS/E = 10.87 � 10�3) [76]. By creating a
highly anisotropic microstructure, utilizing the top hat laser, this
value can be significantly altered for different loading directions.
For the 45� direction, the mechanical biofunctionality is slightly
lower (9.46 � 10�3), but still at a high level. Parallel to the
building plate (X), the biofunctionality is already increased by
over 20% to 13.34 � 10�3 and along BD a value as high as
15.39 � 10�3 is reached. This represents an increase of over
40% compared to the Gaussian samples and the other discussed
alloys.
4. Conclusions

With this study, we have demonstrated the influence of a Gaus-
sian and top hat laser beam on the microstructure evolution and
the mechanical properties of a novel ß-type Ti-42Nb alloy pro-
cessed by LPBF. Utilizing a top hat laser configuration, a highly ani-
sotropic microstructure with a very strong h0 0 1i texture parallel
to the building direction and highly elongated grains (mm-range)
was generated. The aforementioned microstructure results in a
strong elastic anisotropy that was modeled by simulations based
on the experimentally determined texture data and was confirmed
by tensile test for selected loading directions. A Young’s modulus
as low as 44 GPa was reached parallel to the building direction.
This corresponds to a reduction of over 30% compared to the values
measured for the nearly isotropic Gaussian reference samples (67–
69 GPa) and the ones reported in literature for LPBF-processed Ti-
42Nb (e.g., 62 GPa) [76]). At the same time, a high 0.2% yield
strength of 674 MPa is retained, resulting in a high mechanical bio-
functionality of 15.39 � 10�3 along the building direction.

The obtained results of our study reveal the unique capability of
a top hat laser configuration in LPBF to fabricate ß-type Ti-Nb parts
with an adapted very low Young’s modulus along the building
direction. This new approach is a breakthrough towards the envi-
sioned production of patient-specific bone implants with tailored
mechanical performance for the controlled reduction of stress-
shielding effects. Furthermore, we have observed an improved pro-
cess stability due to the relatively large beam diameter in combina-
tion with the applied high laser power. Interestingly, this boosts
the build-up rate (12.5 mm3/s e 45.0 cm3/h), which was found
to be in the range of our high-power Gaussian beam process
parameters (16.5 mm3/s e 59.4 cm3/h).

The ongoing research and first results already imply, that the
build-up rate can be further increased (18.75 mm3/s e 67.5 cm3/
h) by increasing the layer thickness to 150 mmwithout compromis-
ing the part quality, viz. the relative density. Thus, the manufactur-
ing time and costs of bulk implants can be significantly reduced. By
applying a so-called Hull-Core-Strategy, viz. combining a Gaussian
9

(hull: high precision and low surface roughness) as well as a top
hat laser (core: adapted part properties, very high build-up rates),
the fabrication of near-net-shape parts as well as sophisticated
implant geometries (implementation of lattices) with different sets
of parameters becomes possible. This will be presented in a subse-
quent work.
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