ARCHIVES OF CIVIL AND MECHANICAL ENGINEERING I4 (2014) 586-594

journal homepage: http://www.elsevier.com/locate/acme i

Available online at www.sciencedirect.com = =

ScienceDirect

ARCHIVES
oF CiviL axn MECHANICAL
ENGINEERING

Review

Chemical polishing of scaffolds made of Ti-6Al-7Nb @Cmssmrk
alloy by additive manufacturing

E. Eyczkowska *, P. Szymczyk ', B. Dybata ?, E. Chlebus >

Wroctaw University of Technology, Faculty of Mechanical Engineering, CAMT — FPC, 5 Lukasiewicza Street, 50-371

Wroctaw, Poland

ARTICLE INFO

ABSTRACT

Article history:

Received 9 April 2013
Accepted 9 March 2014
Available online 5 April 2014

Keywords:

Chemical polishing
Selective laser melting
Scaffold

Titanium alloy Ti-6Al-7Nb

The titanium-aluminium-niobium alloy is used in bone, dental and articular prosthetics,
where high final surface quality is required. Bone scaffolds for tissue engineering require
optimized cellular structures to provide pore diameters allowing the growth of osteoblasts.
The aim of the presented paper is to estimate the quality of surface treatment of compo-
nents with complex spatial structure, made of Ti-6Al-7Nb alloy by powder-bed selective
laser melting (SLM), which is one of the additive manufacturing technologies for metal
materials. Test pieces were subjected to chemical polishing to improve surface quality and
remove loose powder particles trapped in the porous structure. It was found that resulting
surface roughness and reduction of the number of non-melted powder particles on the
scaffold surface are influenced mostly by chemical composition and concentration of the
bath, as well as the method of medium delivery and exchange during the process. Further
investigations were aimed at optimizing the process and increasing the number of work-

pieces processed in a single lot.
© 2014 Politechnika Wroctawska. Published by Elsevier Urban & Partner Sp. z o.0. All
rights reserved.

1. Introduction

structures in aircraft, automotive and aerospace industries,
as well as in competitive sport, jewellery and biomedical
engineering. Depending on temperature, titanium exists in two

Titanium and its alloys are widely applied in many fields of allotropic forms: low-temperature a and high-temperature B.
life. Besides aluminium and magnesium, titanium is the third The o form is stable up to 882°C and crystallizes in the
(with density of 4.51g/cm®) light metal, widely used for hexagonal close-packed (HCP) lattice, and the g form is stable

* Corresponding author at: CAMT, Centre for Advanced Manufacturing Technologies, ul. Lukasiewicza 5, 50-371 Wroclaw, Poland.

Tel.: +48 071 320 20 44.

E-mail addresses: edyta.lyczkowska@pwr.wroc.pl (E. Lyczkowska), patrycja.e.szymczyk@pwr.wroc.pl (P. Szymczyk),
bogdan.dybala@pwr.wroc.pl (B. Dybata), edward.chlebus@pwr.wroc.pl (E. Chlebus).
1 CAMT, Centre for Advanced Manufacturing Technologies, ul. Lukasiewicza 5, 50-371 Wroclaw, Poland. Tel.: +48 071 320 20 74.
2 CAMT, Centre for Advanced Manufacturing Technologies, ul. Lukasiewicza 5, 50-371 Wroclaw. Tel.: +48 071 320 50 04;

fax: +48 071 328 06 70.

3 CAMT, Centre for Advanced Manufacturing Technologies, ul. Lukasiewicza 5, 50-371 Wroclaw, Poland. Tel.: +48 071 320 20 75.

http://dx.doi.org/10.1016/j.acme.2014.03.001

1644-9665/© 2014 Politechnika Wroctawska. Published by Elsevier Urban & Partner Sp. z o.0. All rights reserved.



ARCHIVES OF CIVIL AND MECHANICAL ENGINEERING I4 (2014) 586-594 587

from 882 °C up to the melting point of 1668 °C and crystallizes in
the body-centred cubic (BCC) lattice. A representative of the
alloys used so far in medicine is Ti-6A1-4V with two-phase o +
structure, characterized by high strength and fracture tough-
ness. Because of good mechanical properties, itis also applied in
heavy industry for manufacturing of components of power
units and airframes [8,15,16,19,26]. The Ti-6Al-7Nb alloy is a
new-generation material that, unlike the alloys used so far, does
not contain vanadium, thanks to that it can find application in
implantology. Niobium that substitutes vanadium in this alloy
improves properties of its biomedical application [12].

Titanium is a highly reactive metal, able to create a stable
passive layer in form of titanium oxide ca. 2-5 nm thick that
protects the material against external factors (air and water).
The protective layer of titanium oxide on an implant surface
permits complete integration with human tissue (passive TiO
layers are neutral for human organism) [4,20]. Titanium alloys
are used in implant manufacturing because of their bioaccept-
ability, beneficial mechanical properties (Young's modulus
comparable to that of bones) and fatigue strength dependent
on presumed applications [6,7,13,22]. Thanks to high bioac-
ceptability, titanium and its alloys can be used for long-term
implants, whose working life in a human body can reach
several years. An important feature of titanium alloys is their
osteointegration capacity [1].

Machining of titanium and its alloys with traditional
methods causes many difficulties of both technical and
economic nature. In case of mechanical grinding of a titanium
alloy, a low metal removal rate with considerable wear of the
grinding wheel is usually obtained. For many years searched
have been possibilities of increasing efficiency of machining
titanium alloys with traditional methods, as well as new
machining methods, like chemical and electrochemical
polishing or electrochemical-abrasive machining [25]. Ma-
chinability of titanium and its alloys is considered as bad
because of a tendency to build-up on the tool edge, low
thermal conductivity leading to high temperature during
machining, and a tendency for strain hardening in the
machining area. This specificity of machining is manifested
by high force and torque values, as well as extremely high
thermal loads of cutting edges, which results in intensive wear
and deformation of the tools [14].

a)
scanning system
lens
2N

laser beam

built up model

build platform

unmelted powder

Implants made of titanium alloys can be used in tissue
engineering as cell scaffolds for treating large cavities in bones
[2,9], created as a result of injury or disease processes [7].
Scaffolds' porous structure improves implant-bone joints,
supports links between the implant surface and osteoblasts
and allows for extensive transport of body fluids within the
implant-tissue complex. The porous structure must constitute
scaffolding for the cells during in vitro breeding and suppress
external loads after in vivo implantation [10,22]. The scaffolds
having pores with relatively large diameter permit better
interaction of cells with growth factors and other ligands that
affect functions and differentiation of cells.

For constructions with complex internal structures, man-
ufacturable with powder-based additive technologies like SLM,
mechanical working (machining or vibro-abrasive machining)
is unable to ensure the desired surface smoothness and to
remove loose powder particles left after the build processes. In
case of tiny open-work structures, applied in tissue engineer-
ing, it is possible to form the surface using chemical and
electrochemical methods. It is important that the process
should be well controlled to ensure obtaining the surface
topography with required properties. For initial and final
treatment of the objects produced by traditional and additive
methods, the process of chemical polishing can be used,
during which a surface layer is created on the polished metal.
The diffusive layer is water-deficient in the pits, so the metal is
faster dissolved on the peaks [3]. The process of chemical
polishing titanium alloys can employ baths containing
hydrofluoric acid and nitric acid [5].

Methods of chemical polishing of metal scaffolds described
by other authors [9,10,22] concern additively manufactured
structures with pore sizes exceeding 800 pm. We focused on
optimization of chemical polishing of samples with smaller-
scale structures, with pores in the range of 400 um. Our
research also covered series of samples where we designed a
method of processing up to 10 scaffolds and proved that
increasing the number of workpieces in a processed lot does
not influence processing results in a significant way.

In the SLM technology components are manufactured using
a focused laser beam that selectively melts powder material
applied in layers on the working platform, see Fig. la. The
component layers are built of newly applied powder fed from

Fig. 1 - (a) Layout of the SLM equipment [6]. (b) CAD model of a sample.
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Table 1 - Technological parameters used to build the test
pieces.

Parameter Value
Laser power 25W
Layer thickness 50 pm
Scan velocity 0.2m/s
Scanning strategy Double x-y

a moving container and overlapped on the previous layers,
which ensures durable bonding within the entire model. The
SLM technology gives possibilities to produce homogeneous
new-generation implants (scaffolds) characterized by high
manufacturing accuracy. This technology makes it possible to
reduce the mass of a component (up to 80%), to modify its
stiffness (comparable with stiffness of the bone to be replaced)
and to create space for growing cells that support osseointegra-
tion [23,24]. Changes of the surface topography can attribute to
rejecting a scaffold due toits high cytotoxicity and therefore itis
important to prepare the surface preliminarily, before applying
ahydroxyapatite layer toimprove biocompatibility. Formingthe
properties of the surfaces made by SLM still presents a
technological problem. With respect to the process specificity,
the SLM technology generates some restrictions. Shape of
individual grains must ensure proper liquidity of powder during
applying individual layers and permit maintaining geometry of
each single cross-section during remelting the powder.

2. Materials and methods
2.1.  Fabrication of samples

For the presented investigations, cellular matrix with unit cell
size 600 pm and struts of 250 um thickness were built using the
SLM technology, based on a designed CAD model (Fig. 1b).
The technological parameters used at building the test
samples by SLM are shown in Table 1.
Scaffolds were made of titanium alloy Ti-6Al-7Nb powder
with particle size smaller than 63 pm. Particles were separated

Table 2 - Chemical composition of processed Ti-6Al-7Nb
powder.

Element Actual Requirements

concentration of ISO 5832-11
(Wt%) (Wt%)

Ti Rem. Rem.

Al 5.74 5.50-6.50

Nb 6.50 6.50-7.50

Fe 0.047 <0.25

C 0.011 <0.08

Ta <0.001 <0.50

by sieve analysis (acc. to EN 24497/ISO 4497). Examination of
titanium alloy particles using scanning electron microscopy
revealed their regular (spheroidal) shape (Fig. 2a) that is
beneficial for proper powder flow in the SLM process.

The chemical composition of powder was determined by
the spectroscopy method according to the ISO 5832-11
standard, results are given in Table 2.

The example of a scaffold produced by SLM is shown in
Fig. 2b. Dimensions of the finished scaffolds were: diameter
6.2mm and 6.0 mm height. The internal structure of the
manufactured samples was fully homogeneous, consisting of
elementary cubes with 12 orthogonal struts.

The average diameter of scaffold struts after the SLM
process, measured by a scanning electron microscope, was
242 pm and the average mass of the specimens was 0.215 g.
The scaffolds were chemically polished in a bath consisting of
hydrofluoric acid, nitric acid and water.

2.2.  Chemical polishing

The scaffolds were chemically polished in the baths consisting
of 80 vol% H,0, 6 vol% HF and 14 vol% HNOs [5] or of 99 vol%
H,0 and 1 vol% HF [9-11,22]. Before polishing, specimens were
subject to preliminary cleaning in an ultrasonic cleaner
containing first distilled water and then ethanol.

The first lot of the workpieces was chemically polished in
the ultrasonic cleaner and the second lot was stirred with a
magnetic stirrer. Times of polishing were 60, 80, 90, 600, 700

Fig. 2 — (a) Particles of Ti-6Al-7Nb powder, SEM. (b) Scaffold made of Ti-6Al-7Nb alloy by the SLM technology [21] - cylinder

diameter of 6.2 mm, 6 mm high, light microscope.
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Fig. 3 - Technological diagram of chemical cleaning process.

and 900s, counted from dipping the scaffolds in the baths.
After chemical polishing, the specimens were again rinsed and
dried.

On the grounds of obtained results, the most favourable
bath and the most favourable way of stirring were chosen. A
positive result of smoothing the surface was obtained after
three process stages:

(1) surface preparation (removing dust and loose powder
particles that could disturb chemical polishing);

(2) chemical polishing;

(3) final cleaning (removing bath residues and drying the
metal surface).

The entire polishing process is schematically shown in Fig. 3.

The scaffolds were next subject to micro-computed
tomography (METROTOM 1500) to estimate their geometry
and shape. To achieve high resolution, the tube voltage was
fixed at the level of 220kV and the current at 120 pA, the
number of projections was 800 with 1 s integration time.

Observations were also carried-out using a scanning
electron microscope ZEISS EVO MA 25. The examinations
were aimed at evaluating surface quality of the produced
scaffolds directly after the SLM process and after additional
chemical polishing, as well as at determining intensity of
chemical polishing on changes of weight and reduction of strut
diameters in relation to the initial conditions.

2.3.  XPS investigations

The chemical composition of the surfaces was determined by
XPS (X-ray photoelectron spectroscopy), using a SPECS UHV
system equipped with a PHOIBOS 100 spectrometer and
SpecLab software. XPS investigations were performed on
samples before and after chemical polishing (times of 600
and 1200 s were used). Three series of XPS investigation at
different heights of samples were made. There were two steps

of Ar* etching. The parameters of every step were 3 keV and 5-
6 p.A/cm?. Etching with Ar* helped remove carbon compounds
from the analyzed surface. The intensity of the one step
etching was less than 20-30 nm.

80- Bath No. 1

70
— 60
X
E 50
g 204 M ultrasonic cleaner
‘E 304 M magnetic stirrer
8
) 20_

10+

0 T T

60 80 90
Time [s]

Fig. 4 - Loss of mass of the specimens polished in an
ultrasonic cleaner and using a magnetic stirrer.
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Fig. 5 - Strut diameter of the specimens polished in an
ultrasonic cleaner and using a magnetic stirrer.
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Fig. 6 — Loss of mass of the specimens polished in baths
with various composition, using a magnetic stirrer.
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Fig. 7 - Strut diameter of the specimens polished in baths
with various composition, using a magnetic stirrer.

3. Results
3.1.  Chemical polishing

Samples were manufactured by selective laser melting, from
Ti-6Al-7Nb powder. They were cylindrical in shape and had
internal structure as described in Section 2.1. Loss of mass and
strut diameter after chemical polishing in an ultrasonic
cleaner and using a magnetic stirrer are shown in Figs. 4
and 5, respectively.

Loss of mass and volume of the scaffolds polished in the
ultrasonic cleaner was much larger than those of the speci-
mens polished using the magnetic stirrer. Moreover, in the first
case, some over-polished areas could be observed - the
scaffold surface was too intensively polished, see Fig. 11. It
was found that the process carried out in the ultrasonic
cleaner is unstable and difficult to be controlled.

Fig. 6 shows loss of mass of the specimens polished in baths
with various compositions: bath no. 1 and bath no. 2.

The specimens polished in the bath consisting of distilled
water with an addition of hydrofluoric acid had regular surfaces.
Reducing acid concentration in the bath and extending the
immersion time instead, resulted in the absence of large cavities
caused by more concentrated baths and still successful removal
of partially bound, non-melted powder particles (Fig. 7).

Fig. 8 shows a scaffold before chemical polishing. In the
magnified view partially bound Ti-6Al-7Nb powder particles
are visible left after the SLM process.

Results of chemical polishing after 600 s in the bath no. 2
using the magnetic stirrer are shown in Fig. 9. Surfaces of the
struts are more uniform, almost no semi-attached powder
particles remain.

The analysis carried out by micro computed tomography
(wCT) for samples described above, confirmed the effective-
ness of the chemical polishing process. The samples polished
in bath no. 1 exhibit a distinct decrease in volume after the
polishing process, see Fig. 10b. Cross-sections made through

Fig. 8 — Scaffold before polishing. Partially bound powder particles on a strut surface visible in the magnified image.
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Fig. 9 - Scaffold after polishing for 600 s in bath no. 2 (magnified strut surface).

the test structures have shown that the loss of volume is
uniform throughout the sample.

After optimizing the process, ie. choosing a bath, a
polishing method and a processing time, examinations were
carried-out in order to increase the size of the process lot and
to reduce the time of processing larger numbers of scaffolds. A
special basket containing 20 pockets for workpieces was
prepared, assuring the same bath conditions for all samples.

Table 3 shows results of polishing various numbers of
cylindrical scaffolds in a lot. It was found that size of a lot does
not significantly affect processing results.

3.2.  XPS investigations

The XPS spectra for scaffold samples are presented in Fig. 12. A
wide range of elements can be recognized here (Ti, Nb, Al, C, O,
and F). Table 4 shows the chemical composition of Ti-6Al-7Nb
surface of the investigated samples after SLM process. The
results of XPS analysis after chemical polishing of samples in
bath no. 2 are presented in Table 5.

Carbon pollutions on the surface are likely the effect of
washing the samples in ethanol. Fluorine components are
located on the surface of the polished samples and tightly

Fig. 10 - 3D reconstruction of scaffold structures: (a) before chemical polishing and (b) after chemical polishing (bath no. 1) -

visible identical sizes of struts, pnCT [21].
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Fig. 11 - Scaffold after polishing for 90 s in bath no. 1. A
damaged place (over-polished) is marked with a circle.

Table 3 - Loss of mass depending on the number of
cylindrical scaffolds in a lot.

Table 4 - The chemical composition of Ti-6Al-7Nb sample

surface (at%) by XPS, before and after steps I and II of Ar*
etching.

Etching @ N () Al Nb Ti

None 24.1 4.4 50.3 4.7 0.3 16.2
I 8.0 12.2 49.7 5.2 0.6 24.3
I 7.0 14.9 45.4 4.2 0.6 27.9

bound with the surface. Titanium is mostly presentin the form
of TiO,. Fig. 13a shows two peaks at the binding energies of
459.5 eV (Ti 2ps/,) and 465 eV (Ti 2py/,). A similar situation can
be observed for niobium. The peaks at 208 (Nb 3dss,) and
210.5 eV (Nb 3ds/,) show the presence of Nb,Os, Fig. 13b [18,19].
The binding energy of the fluorine compounds with titanium is
higher than in TiO,, because of the remarkable electronega-
tivity of fluorine. After chemical polishing fluorine compounds
of titanium, niobium or aluminium may form on the surface.
Fig. 13c shows the fluorine peak (F 1s) at 685.7 eV which can be
the hexafluorotitanate complex [TiF¢]?~ [17]. The fluorine to
titanium ratio is higher on the surface after chemical polishing
than after chemical polishing and Ar* etching. The at% ratio of
the fluorine to titanium concentration on the surface of the
samples gradually decreases from 0.209 to 0.099 after second
Ar* etching of samples polished for 1200 s in bath no. 2. The
higher quantity of fluorines on the surface is the result of
chemical polishing in the bath consisting of hydrofluoric acid.
The lower quantity of aluminium on the surface can be
connected with fluorine compounds which are reacting most
likely first with the aluminium and then with titanium and
niobium. After Ar* etching, we see a peak for aluminium at
74.4 eV (Al 2p), Fig. 14. The spectra do not show peaks at lower
energies, characteristic for metallic titanium and niobium on
surfaces without Ar* etching, which suggest that the thickness
of the oxide layer is at least a few nanometers.

Lot no. Number of Loss of
workpieces in a lot mass (Wt%)
1 1 22.4
2 1
3 1
4 1
5 1
6 3 20.7
7 3
8 3
9 5 21.9
10 5
11 5
12 8 20.2
13 8
14 10 21.2
30 —
_ 25
L]
g 20 ARy
-
415
2
L]
£ 10 -
-
5 —{F 1s
D T
T00 600 500 400

300 200 100

Binding Energy ([eV], Al

Fig. 12 - The XPS spectra of chemical polished Ti-6Al-7Nb samples polished for 1200 s in bath no. 2.

Table 5 - The chemical composition of Ti-6Al-7Nb sample surface after chemical polishing of different durations (at%) by

XPS, before and after steps I and II of Ar* etching.

Time (s) Etching G N (0] F Al Nb Ti F/Ti

600 None 27.6 8.8 43.8 1.5 2.6 2.2 135 0.111
I 10.7 13.6 44.6 1.9 2.1 2.6 24.6 0.077
I 8.1 13.8 45 22 3.4 2.1 254 0.087

1200 None 27.7 7.9 45.1 29 = 24 13.9 0.209
I 12.2 12.3 44.6 3 = 2.6 25.3 0.119
I 6.9 12.9 46.9 2.5 22 3.3 25.2 0.099
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Fig. 13 - The Ti2p, Nb3d, F1s fitted spectra of Ti-6Al-7Nb alloy samples polished for 1200 s in bath no. 2.
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Fig. 14 - Al2p fitted spectra of Ti-6Al-7Nb alloy samples
polished for 1200 s in bath no. 2, after steps I and II of Ar*
etching.

4, Conclusions

The presented method allows for chemical polishing of surfaces
of tissue scaffolds made by the SLM technology. The described
examinations clearly demonstrate a relationship between the
process parameters, i.e. polishing time and composition of the
bath, and the loss of mass of polished workpieces. The loss of
mass is related to removing partially bound, non-melted
powder particles from surfaces of the struts and also to reducing
their diameters. A significant reduction of the bath concentra-
tion together with extension of the processing time permits
removing the partially bound particles and reducing surface
roughness thatisleftin the case of using the more concentrated

bath. Longer time of chemical polishing in less concentrated
bath permits better process control and thus obtaining more
repeatable results. Polishing using a magnetic stirrer ensures
greater stability of the process.

The method may be used for treatment of small-scale
structures, with pores in the range of 400-420 um. Our
investigations also covered batch treatment - we designed a
method of processing up to 10 scaffolds and proved that
increasing the number of workpieces in a processed lot does
not significantly influence results.

In a further research, the chemical bath should be modified
by adding oxidants and the process of electro-polishing should
be applied in order to create a passive layer on the workpiece
surface.
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