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Abstract

Open-cell titanium lattice structures produced by selective laser melting (SLM) are attractive for creation of patient-specific
implants with high level of bone ingrowth. In this work, irregular SLM lattice structures made of titanium (cp-Ti) with an
average beam thickness of 300 pm and an average porous size of 600 pm were investigated. Optimal processing conditions
of SLM for obtaining irregular open-cell cp-Ti lattice structures with mechanical and porous geometry close to human
cancellous bone were developed. It was observed that the main parameter of SLM affected on beam thickness is volumetric
energy density. Influence of orientation of cubic samples on the construction platform (on the plane, on the edge or on the
corner) on properties of lattice structures was investigated. The corner orientation was found to be optimal. It was shown
that chemical etching is effective post-treatment method for obtaining required beam thickness and removing the attached
powder particles. Optimal chemical etching conditions are the following: etching solution contains 30 mL HNO;+45 mL
HF + 120 mL water, etching time is 10 s. The elastic modulus and the elastic limit of etched lattice samples are 1.4-1.9 GPa
and 44-51 MPa, respectively, which correlates with characteristics of human cancellous bone. Compression of samples
during mechanical tests occurred without beams destruction. Corrosion characteristics of obtained etched and non-etched
lattice structures in Hank's Balanced Salt Solution (HBSS) have been improved compared with cp-Ti bulk samples. The
biological and medical tests of the obtained samples will be carrying out to determine biocompatibility, influence on the
growth of bone tissue, permeability, etc.

Keywords Titanium - Selective laser melting - Cancellous bone - Lattice structure - Mechanical properties - Biomedical
application

1 Introduction

The two main specifications for successful long-term ortho-
pedic implantation are known [1-3]: (1) mechanical proper-
ties of implant are close to bone tissues; (2) intensive bone
ingrowth existence. The spongy tissue found in bone interior
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(human cancellous bone) has low elastic modulus: from 0.02
to 5 GPa [1]. As the elastic modulus of a bulk metallic alloy
is considerably higher, production of different lattice struc-
tures made of these alloys allows to reduce the elastic modu-
lus difference. In addition, open-cell porous architectures are
promising for effective bone ingrowth [1].

Lattice structures are topologically ordered, three-dimen-
sional open-celled patterns composed of one or more repeat-
ing unit cells [4, 5]. The most interesting method of obtaining
such products made from titanium alloys is one of the types of
additive manufacturing (AM), namely, selective laser melting
(SLM) or laser powder bed fusion (L-PBF). A comprehensive
review of SLM made lattice structures can be found in [4].
The ability to produce high-quality complex shape metallic
components makes SLM perfect for the fabrication of medical
patient-specific implants. Moreover, the stiffness of AM lattice
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structures is closer to that of bone. The latter property is very
promising for biomedical applications [4].

Mullen et al. [6] found typical specification for structures
suitable for application in orthopedic surgery: pore size range:
450-600 um; porosity range: 65% +5%; compressive strength:
40 MPa. They used relatively simple single octahedral unit cell
to produce pure titanium lattice structures by SLM.

It is worth noting that creation of titanium SLM made lat-
tice structures has several specific aspects:

— discrepancies between CAD models and as fabricated
geometry [4]

Van Bael et al. [7] noticed an increase in beam thickness up
to 112 um compared to the designed thickness (100 um) for
lattice samples produced from Ti6Al4V powder using laser
power of 42 W, scanning velocity of 260 mm/s and the pow-
der layer thickness of 30 um. These authors have shown that
the main reason for this behavior is a large melt pool size of
180 um.

Pyka et al. [8] also reported increasing in the beam thick-
ness of the as-produced SLM-Ti6Al4V structures compared
to the designed thickness.

— surface roughness due to attachment of the powder parti-
cles [4, 9]

It was shown [8], that the staircase effect enhances the
powder particle attachment to the beam bottom section, which
introduces the heterogeneity of the surface topology of the
SLM manufactured samples. One of the ways for removing
attached powder particles is post-treatment, for example,
chemical etching (CHE). For chemical etching of titanium
alloys, different solutions based on HF acid have been used
[8]. An increase of the HF concentration resulted in a more
effective removal of the attached particles, especially when it
combined with longer treatment duration [8].

— only regular open-cell titanium lattice structures were well
studied

There are three the main types of regular lattice structures
[4]: (1) strut-based lattice structures, such as body-centred
cubic (BCC), face-centred-cubic (FCC), BCC and FCC with
z-struts (BCCZ and FCCZ) [10], cubic [11], and diamond
[12]; (2) lattice structures with triply periodic minimal sur-
faces (TPMS) cells [13, 14] and (3) shell lattices [15]. We
would like to note that a possibility of using irregular open-cell

Fig. 1 SEM micrograph of VT1-00 titanium powder

titanium lattice structures for medical implants is still not well
investigated.

In this paper, we study SLM made irregular open-cell
commercially pure titanium (cp-Ti) lattice structures that
mimic the human cancellous bone. Optimal processing con-
ditions of SLM for obtaining such structures with mechani-
cal and porous geometry close to human cancellous bone
were determined. Also, the optimal processing conditions
of chemical etching for removing attached powder parti-
cles were found. The obtained etched and non-etched lat-
tice cp-Ti samples have satisfactory corrosion properties in
Hank's Balanced Salt Solution (HBSS) at 37 °C.

2 Materials and methods

Commercially available gas-atomized cp-Ti (Russian alloy
VT1-00) powder with a spherical morphology produced in
VIAM (www.viam.ru) was used in this work. The nominal
chemical composition of VT1-00 alloy is shown in Table 1.
A particle size is in a range of 9-55 um (Fig. 1), an average
particle size is 35 um. Figure 2 shows an SEM micrograph
illustrating the powder size and morphology.

The manufacturing of the samples was performed using
self-developed MeltMaster-550 (CNIITMASH JSC;
location: CNIITMASH) machine with parameters shown in
Table 2.

The obtained titanium samples with dimension
10x 10X 10 mm had an irregular (random) structure with
an average beam thickness of 300 pm and an average
porous size of 600 pm. Note that an average porous size

Table 1 ‘I.\Iorninal cher?lical Ti Si Fe 0 H N C Others
composition (wt.%) of VT1-00
alloy Base 0.08 0.15 0.10 0.008 0.04 0.05 0.10
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Fig. 2 Distribution of particles size of VT1-00 titanium powder

is the midpoint of the triangle height. Special self-made
software was used for creation of 3D model. When opti-
mizing the topology, the following parameters were varied:
beam thickness, average distance between beams, and angle
between beams with a range of 50° +5°. The main optimiza-
tion parameter was the average distance between the beams,
equal to 600 pm. Also despite the presence of an irregularity,
topology optimization had several rules:

- the nodes in the vertices of cube have 6 beams;

- the nodes on the edges of cube have 4—12 beams;

- the nodes on the faces of cube have 10-12 beams.

- the nodes filling the inner cube space have 14 or 16
beams.

Samples were obtained at various process parameters
of SLM and different orientations as shown in Fig. 3. To
analyze and select the optimal processing conditions for
producing a lattice structure with minimal deviations of the
pore size and beam thickness from those specified in the 3D
model, SLM parameters such as: laser power in the range
from 130 to 280 W, scanning speed from 550 mm/s up to
750 mm/s and hatch distance from 100 to 120 um were var-
ied. Laser spot diameter was 90 um. SLM was carried out at
a powder layer thickness of 50 pm in an argon atmosphere
with a residual oxygen content of less than 800 ppm.

A simple linear one-pass unidirectional scanning strategy
was used as shown in Fig. 4. The pattern was rotated from
layer to layer by 60 degrees.

The morphology of the powder particles and lattice
structures were investigated using a high-resolution scan-
ning electron microscope JEOL 6610L (JEOL Ltd; location:
CNIITMASH) with an energy dispersive X-ray spectroscopy
(EDS) attachment JED-2300.

Compression tests of titanium lattice specimens were
carried out in accordance with ISO 13314 using Makron

Table 2 Parameters of

MeltMaster’P-550 machine Dimensions of work space

Maximum power of laser/type of laser

Construction rate
Powder layer thickness
Laser spot diameter

Maximum scanning speed

Inert gas consumption while operating of machine

Inert gas consumption while ventilation of machine

Oxygen content
Pressurized air

600x450 x 550 mm
1000 W/Yb-fiber Laser
15-70 cm*h

20-250 pm

90-700 pm

10 m/s

5 L/min

100 L/min

Less than 800 ppm

30 L/min, 6-8 atm

Special gear with diameter 115 mm was used for reducing the work space

Fig.3 3D models of lattice
cp-Ti structures planning for
SLM creation. a sample grown
on the edge; b sample grown on
the corner; ¢ sample grown on
a plane

I
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Fig.4 Scanning strategy of the
one of the layers of lattice cp-Ti
structure
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universal servo-hydraulic testing machine UT-02-0025
(ITW India Private Limited—BISS Division; location:
CNIITMASH). Compression tests were carried out under
continuous monotonic loading to a maximum load of P=25
kN. The speed of movement of the active capture was 1 mm/
min. Compression diagrams of the tested samples were con-
structed in the coordinates ¢ — &, where 6 = P/A is the condi-
tional stress determined by the standard formula for calculat-
ing stresses for materials with a continuous structure (P is
the compression load, kN, A is the initial cross-sectional area
of the sample, mm?), € — compressive strain (%).

To remove the attached powder particles, chemical etch-
ing (CHE) was used. Lattice cubic samples were etched by
immersion in an aqueous solution contained HNO; and HF
acids under constant stirring. The etching solution composi-
tion is as follows: 30 mL nitric acid (60-70% HNO;), 45 mL
hydrofluoric acid (more than 60% HF) and distilled water
of 90 or 120 mL. Etching time was 5, 10, 15, 20 and 30 s.

The electrochemical corrosion behavior of etched and
non-etched lattice samples and cp-Ti bulk sample were
performed using the IPC Pro MF (NTF Volta LLC; loca-
tion: NUST “MISiS”) potentiostat in Hank's Balanced Salt
Solution (HBSS) at 37 °C. Bulk sample was cut from disk
made of alloy VT1-00 according GOST 2649285 [16] and
was not etched. Samples was mounted in epoxy resin and
polished using 600 grit SiC abrasive paper. The samples
working area was calculated using ImageJ Software. HBSS
(volume of 1L) contains 8 g NaCl, 400 mg KCI, 140 mg
CaCl,, 100 mg MgSO,-7H,0, 100 mg MgCl,-6H,0, 120 mg
Na,HPO,-12H,0, 60 mg KH,PO,, 1 g D-Glucose, 350 mg
NaHCO;. A three-electrode system was employed in which
the samples served as working electrode. Platinum and Ag/
AgCl electrodes were used as the counter and reference
electrodes, respectively. Potentiodynamic polarization curve
were measured from the cathodic to the anodic region with a
scan rate of 1 mV/s. The corrosion current density and cor-
rosion potential were determined from Tafel fitting.

@ Springer

The experiments were carried out several times for stand-
ard statistical data processing. For compression and electro-
chemical tests, the typical curves was chosen.

3 Results and discussion

Power of laser, P (W), scanning speed, v (mm/s), hatch
distance, 7 (mm), and layer thickness, L, (mm) was used
to calculate volumetric energy density E, (J/mm?) [9] as a
critical parameter for determination of an optimal process-
ing conditions:

p
E, = .
VWL

Figure 5 shows effect of E}, on the beam thickness in the
vertical (XZ or YZ) and scanning (XY) planes for sample
grown on a plane. It was found that the excess Ey, leads to the
melting of the powder and appearing of the fused material
in the lower layers, which leads to broadening of the beams
in the vertical plane (XZ or YZ). On the other hand, it was
observed that the E\, practically does not affect the size of the
beams in the scanning plane (XY plane), and a decreasing of
laser power below 160 W leads to the formation of defects
on the surface of the struts. For further studies, five types of
samples were selected, described in the Table 3.

SEM micrographs of beams and pores of the samples
grown on a plane are presented in the Appendix A (Sup-
plementary Materials). The results of measurements of the
sizes of the beams of the lattice structures of various sam-
ples are given in Table 4. It was found that at the same laser
power the beam thickness is higher than those specified on
the 3D model at the scanning speed of 650 mm/s. How-
ever, at the scanning speed of 750 mm/s, an opposite effect
was observed, i.e. the beam thickness is lower. Therefore,
optimal processing conditions correspond to laser power
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Fig.5 Effect of volumetric energy density on the beam thickness
(samples grown on a plane). Beam thickness from CAD model is
shown as blue dash line

of 160 W and scanning speed of 700 mm/s. In addition,
the changing of technological conditions does not ensure
the absence of attached powder particles on the surface of
beams.

According to the optimal processing conditions, samples
with different orientations on the construction platform (on
the plane, on the edge, and on the corner) were obtained.
They are shown in Fig. 6. Samples are contacted with the
platform through supports, as Fig. 3 shows.

SEM micrographs of lattice structures produced under
optimal processing conditions of SLM with different ori-
entations of samples on the construction platform are pre-
sented in the Appendix B (Supplementary Materials). It
was observed that the dimensions of the beams of lattice
structures exceed the specified values according to the 3D
model, but at the same time, the overall deviation of the
sizes is the smallest one for the corner orientation relative
to the others. Similarly, the difference in size in the “XZ”
(or “YZ”) and “XY” planes is the smallest one for the cor-
ner orientation. Here and below, the planes are indicated in
quotation marks, since for samples grown on an edge and
on a corner, the cube faces are located at an angle to the Z

Table 3 Adjusted parameters of SLM used to obtain samples with
cp-Ti lattice structures

Sample  Power of Scanning Hatch Contour  Number of

type laser, W speed, distance, step, um  contours
mm/s um

1 160 700 120 60 1

1I 200

1 160 650

v 160 750

\% 200

direction. Therefore, the main reason for obtaining beams
uniform in thickness for a sample grown on an angle is a
more symmetric arrangement of the cube faces relative to
vertical direction of growth. Also, orientation on the corner
is optimal due to presence of minimum number of support
structures. There are some problems with removing the sup-
port structures from the lattice samples and the fewer there
are, the less possible damage to the samples when removing
the supports.

After CHE post-treatment the beam thickness was
decreasing (Table 5) and attached powder particles were
removed (Fig. 7). A more concentrated etchant (30 mL
HNO; +45 mL HF+90 mL water) does not provide the
required etching quality. At short etching times (5 s) in this
solution, only the outer beams of the lattice structures are
thinned, while attached powder particles remain inside the
sample (Fig. 7a). On the other hand, an increase in the etch-
ing time to 10 and 15 s leads to the formation of “pits” in the
beams with significant thinning (Fig. 7b, c). Therefore, for
further studies, a less concentrated etchant was used.

In less concentrated etching solution (30 mL
HNO; +45 mL HF + 120 mL water) at etching time of 5 s
attached powder particles was observed (See Appendix C),
which shows the need for a further increasing of the etching
time. However, if the etching time exceeds 15 s significant
dissolution of the beam material and their local thinning to
100 pm was observed. Therefore, it was found that the most
suitable etching time for the samples studied is 10 s. Etch-
ing technology developed provides the necessary dimen-
sions and quality of beams for any orientation of the lattice

Table 4 The sizes of the beams of the lattice structures obtained for different processing conditions shown in the Table 3

Sample type An average beam thickness in vertical ~ An average beam thickness in hori- Beam thickness from CAD model, um
plane (XZ, YZ), um zontal plane (XY), um

I 471.8+44.4 262.3+20.6 300

I 575.0+70.4 32524125

11 470.2+43.4 343.8+18.3

v 476.0+51.7 279.8+14.3

v 515.0+52.0 352.7+12.7
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Fig.6 Photo of the cp-Ti lattice samples grown on the platform in the
plane, edge and corner orientations (from left to right)

samples during construction. It gives also a uniformity of
the etching inside the sample.

The lattice structures produced by means of optimal pro-
cessing conditions at different (edge and corner) sample

orientations on the platform were mechanically tested. Com-
pression tests of samples grown on the edge were carried out
as shown in Fig. 8. For samples grown on the corner, any
specific compression direction during mechanical testing
was not used due to symmetry of sample relatively growing
direction (Z axis).

The results of mechanical compression tests of cp-Ti
lattice structures without and after CHE are presented in
Table 6. Table 6 shows the data on the current contraction
AL, and the relative contraction &, of the samples with a cel-
lular structure measured during loading at a load of 50 N, as
well as the calculated values of the absolute AL, and relative
€, contraction measured after this load was stopped.

Typical compression diagrams both for non-etched and
etched samples with a lattice structure are shown in Fig. 9.
These dependences are similar to those obtained on samples
with a continuous structure made of a plastic material. One
can see in Fig. 9 that there are two main stages of deforma-
tion under compression, i.e. the stage of elastic deformation
and that of plastic deformation. Moreover, the 6 — € diagram
has a smooth shape. It means that the beams are deformed
without destruction.

There is a non-linear section at the initial stage of load-
ing due to partly uniform fit of the contacting surfaces of
the sample and grips of testing machine. In this regard, the

Table5 The beams thickness
(“XY” plane, sample on the
corner) of the lattice structures

Solution Etching

time, s

An average beam
thickness, um

Beam thickness according to CAD model, um

obtained under optimal SLM

30 mL HNO;+45mL 5
parameters after CHE

HF+90 mL water 1
15

30 mL HNO;+45mL 5
HF +120 mL water 1
15

20

30

416.8+70.5 300
278.2+69.3
265.2+87.8
428.8+77.5
370.0£57.8
34944272
329.8+16.0
204.1+£504

e

3 500 '-'"'l' ;

-

Fig.7 SEM micrographs of cp-Ti lattice structures produced under optimal processing conditions of SLM after CHE in 30 mL HNO;+45 mL
HF +90 mL water during 5 (a), 10 (b) and 15 (c) s. (“XY” plane, sample on the corner)
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Fig.8 3D models of samples with a lattice structure indicating the
direction of compression: Z’ (a) and (XY)’ (b)

most objective integral indicators of the sample deformation
are the absolute AL, and relative constriction €., measured
after unloading.

The elastic modulus and the elastic limit of etched sam-
ples is lower by 15-20% and 14-19%, respectively, com-
pared to non-etched samples. At the same time, the cal-
culated values of the deformation characteristics of the
compression of the etched and non-etched samples have
similar values, their differences amount to thousandths of
a millimeter at a load of 50 N, i.e. they are at the level of
measurement error.

A detailed analysis showed that for some samples addi-
tional shear deformation occurs during loading, which leads
to decreasing the value of elastic limit of the structure. In the
absence of additional shear deformation, the elastic limit is
higher than 50 MPa.

The elastic modulus (1.4-1.9 GPa) and the elastic limit
(44-51 MPa) of etched lattice samples correlate with char-
acteristics of human cancellous bone and close to structures
with Neovius and Gyroid TPMS geometry with relative den-
sity (p/p,) 0.30-0.32 [1].

Figure 10 shows electrochemical behavior of etched and
non-etched cp-Ti lattice samples obtained under optimal
processing conditions of SLM and CHE, as well as cp-Ti
bulk sample, in HBSS at 37 °C. All samples are in pas-
sive state and value of corrosion current density is low as
presented in Table 7. Anodic and cathodic curves of etched

250

200 - —— non-etched

—— etched

150 4
©
o
£ 100
- i

50 -
0 v T T L3 T i T T L 1
0 10 20 30 40 50 60
€ (%)

Fig.9 Typical compression diagrams for non-etched and etched sam-
ples with a lattice structure

and non-etched SLM made cp-Ti samples are practically the
same, excepting trans-passive region. Cp-Ti bulk sample has
more negative corrosion potential and higher value of cor-
rosion current density as shown in Fig. 10 and Table 7. The
possible reason of this behavior is different microstructure
of SLM made and bulk samples.

4 Conclusions

In summary, the following results have been obtained in the
present study:

(1) The optimal processing conditions of SLM for obtain-
ing irregular open-cell titanium lattice structures with
mechanical and geometrical properties close to human
cancellous bone were developed:

Power of laser, W: 160
Scanning speed, mm/s: 700
Hatch distance, um: 120
Contour step, pm: 60
Layer thickness, um: 50

Table 6 The mechanical

. N . Orientation of sample Compres- CHE Elastic o,MPa AL,mm e,% AL,mm ¢,%
properties of the cp-Ti lattice sion direc- modulus E Y
structures obtained under tion GPa ’
optimal SLM parameters
without and after CHE at On the edge z 1.80 5850 0079 075 0003  0.03
different sample orientation on + 141 5050 0024 024 0003  0.03
the platform
XYy - 2.31 53.75 0.053 0.49 0.002 0.02
+ 1.85 44.25 0.039 038  0.002 0.02
On the corner - - 2.12 58.75 0.037 0.36  0.002 0.02
+ 1.79 47.50 0.013 0.09 0.003 0.03
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2,5+ Table 7 Corrosion potential and corrosion current density calculated
— bulk from Taffel plots (Fig. 10)
2,0 1 non-etched
— etched Sample Corrosion potential, Corrosion cur-
V SHE rent density, mA/
cm?
L
P SLM etched - 0.45 4.6-10°
= SLM non-etched - 045 54107
o Bulk -0.78 1.9-107

6 5 4 a3 2 1
lgi (mA/cm?)

Fig. 10 Electrochemical behavior of different cp-Ti samples in HBSS
at 37 °C

It has been established that the volumetric energy den-
sity significantly effects on the thickness of the beams in
the vertical plane (ZX or ZY) of sample. On the other
hand, the dimensions of the beams in the scanning plane
(XY) are practically independent of the volumetric energy
density.

(2) It has been found that the optimal orientation of sample
on the construction platform is on the corner of sample.
In this case, minimum number of supports is used and
properties of sample are symmetric relatively growing
Z direction.

(3) Chemical etching is effective post-treatment method for
obtaining required beam thickness and removing the
attached powder particles. It has been determined that
the optimal chemical etching conditions are as follows:
etching solution 30 mL HNO;+45 mL HF + 120 mL
water, etching time of 10 s.

(4) Compression diagrams of lattice structures studied
are similar to those of continuous structures made of
a plastic material. Deformation of beams occurred
without destruction. The elastic modulus and the elas-
tic limit of etched lattice samples is 1.4—1.9 GPa and
44-51 MPa, respectively, that correlates with charac-
teristics of human cancellous bone.

(5) Corrosion current density of etched and non-etched
SLM made cp-Ti samples is lower than these for bulk
cp-Ti sample and has appropriate level for human
implants. In this work, only stiffness was taken into
account in the mimic process, therefore, research will
be continued in the direction, including biological and
medical tests of the obtained samples in order to deter-
mine biocompatibility, the effect on bone tissue growth,
permeability, etc.
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