
ww.sciencedirect.com

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 2 ; 1 9 : 4 5 9 8e4 6 1 2
Available online at w
journal homepage: www.elsevier .com/locate/ jmrt
Original Article
Microstructure and corrosion resistance of novel b-
type titanium alloys manufactured by selective
laser melting
D. Pede a,b,*, M. Li b, L. Virovac b, T. Poleske b, F. Balle c, C. Müller a,
H. Mozaffari-Jovein b

a Department of Microsystems Engineering, IMTEK, University of Freiburg, Georges-K€ohler-Allee 103, D-79110

Freiburg, Germany
b Institute of Materials Science and Engineering Tuttlingen, IWAT, Furtwangen University, Kronenstraße 16, D-

78532 Tuttlingen, Germany
c Department of Sustainable Systems Engineering, INATECH, University of Freiburg, Emmy-Noether-Straße 2, D-

79110 Freiburg, Germany
a r t i c l e i n f o

Article history:

Received 17 March 2022

Accepted 4 July 2022

Available online 8 July 2022

Keywords:

Titanium alloys

Additive manufacturing

Selective laser melting

Microstructure

Corrosion

Corrosion products
* Corresponding author.
E-mail address: dennis.pede@hs-furtwan

https://doi.org/10.1016/j.jmrt.2022.07.021
2238-7854/© 2022 The Author(s). Published
creativecommons.org/licenses/by-nc-nd/4.0/
a b s t r a c t

Due to its unique characteristics selective laser melting offers the possibility to manu-

facture highly complex and functional parts out of otherwise difficult processable mate-

rials. One example is b-type titanium alloys, which have very promising properties for

various engineering applications. Two novel b-type alloys Tie42Nb and Tie20Nbe6Ta were

compared with commercially pure titanium and Tie6Ale4V ELI alloy in this study. All four

lightweight materials were SLM-processed and the microstructure and corrosion resis-

tance were investigated. While pure titanium and Tie6Ale4V showed only the martensitic

a0-phase, Tie42Nb consists solely of the b-phase and Tie20Nbe6Ta of the orthorhombic

martensitic a00-phase. Potentiodynamic polarization showed a superior corrosion resis-

tance for both b-type alloys, whereas Tie42Nb performed slightly better than Tie20Nb

e6Ta. Released V and Al could be clearly observed for the Tie6Ale4V ELI alloy by mass

spectrometry due to corrosion processes, in contrast the release of Nb or Ta was hardly

detected for the new alloys.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

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

Due to the outstanding combination of low density, high

specific strength, good biocompatibility, good corrosion
gen.de (D. Pede).
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).
resistance and high fatigue strength, titanium and its alloys

have been widely used in various industrial sectors such as

aerospace, biomedical engineering, nuclear, marine and

chemical industry [1]. As an allotrope material pure titanium

crystallizes in a high-temperature body-centered cubic (bcc) b-
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phase and reversibly transforms into a low-temperature

hexagonal close-packed (hcp) a-phase at b-transus tempera-

ture 882 �C [1,2]. Both phases can be stabilized by the addition

of different alloying elements. Depending on the chosen ele-

ments and their amount it is possible to control the amount

and distribution of the two phases in the resulting micro-

structure [1,3]. Thereby a-type, b-type or aþb-type titanium

alloys can be obtained and the material properties can be

tailored to specific needs [2,3]. Commercially pure titanium

(cp-Ti) is a prominent andwidely used example for a titanium-

based material consisting only of a-phase. One major draw-

back is the rather low mechanical properties, which resulted

in the development of different kind of aþb-type Ti alloys with

superior strength, hardness and toughness, such as

Tie6Ale4V or Tie6Ale7Nb [1e3].

Recently b-type Ti alloys have received an increasing in-

terest due to the unique combination of reasonable strength

[4], low elastic modulus [5], excellent corrosion resistance [6]

and workability [7]. Corrosion resistance plays an immense

role if b-type Ti alloys are going to be used for aerospace,

chemical, medical or marine applications. The excellent

corrosion resistance of titanium is mainly based on its high

affinity towards oxygen, that leads to the spontaneous for-

mation of a protective and self-repairing passive layer on the

surface, which mainly composes of TiO2 [1,8]. As previously

investigated by other studies different alloying elements can

have an influence on the oxide layer, e.g., its composition,

density and stability [6]. Studies have shown that certain b

stabilizing elements can promote the spontaneous passiv-

ation and lead to the formation of a compact oxide layer

[9e11]. Niobiumand tantalum are both promising b stabilizing

alloying elements as they can suppress the phase trans-

formation from b into a [12] and form a compact oxide layer,

resulting in an enhanced corrosion resistance [13e15]. Addi-

tionally, they can improve the biocompatibility [16e18] and

reduce the elastic modulus [19] of Ti-based alloys. For

example, binary TieNb alloys containing Nb in the range of

10e20wt.% and 35e50wt.% exhibit an elasticmodulus around

60e70 GPawith aminimumof around 62 GPa at 42 wt.% Nb, as

reported by Hon et al. [20] and Ozaki et al. [21]. Schulze et al.

[22] have shown an elastic modulus of 60 GPa for a Tie42Nb

alloy processed by selective laser melting, that also exhibit an

improved cell tolerance in comparison to Tie6Ale4V [23].

However, studies have shown, that ternary TieNbeTa alloys

can exhibit a comparable low elastic modulus, too [24,25].

Furthermore, the addition of Ta to a binary TieNb alloy can

enhance superconductive properties, improve the resistance

against corrosion fatigue cracking and suppress the formation

of the u-phase, which can be detrimental to the mechanical

properties [26e28].

In the last decade, additive manufacturing (AM) has

become an increasingly important process in various in-

dustries, since products with customized requirements and

complex geometries can be manufactured almost near-net-

shape due to the high degree of design freedom [29,30]. Dis-

advantages of conventional subtractive processes such as

high material consumption and multi-stage post-processing

can be overcome [31].

Selective laser melting (SLM) is one of the most promising

technologies as it can process a wide range of different pure
metals and alloys and produce almost completely dense parts

[31,32]. It is a powder bed-based process, where a focused laser

beam is used to melt a layer of metallic powder according to a

computer-aided design (CAD) model and the part is built

layer-wise [32]. Furthermore, it has the advantage of pro-

cessing powder materials to fabricate complex designs

without the need of extensive post-treatment. Nowadays, a

wide variety of different metals and alloys can be successfully

processed with SLM, like Fe alloys, Al alloys, Ni alloys and

even different refractory metals and alloys [32,33]. Therefore,

SLM can also help to process alloys containing elements such

as Nb and Ta in a more effective way. Usually such alloys are

arc melted and subtractive machined [34,35]. This is often

highly time and cost consuming as the alloys are not easy to

be processed due to their high strength and hardness.

Besides the mentioned materials, titanium is a further

prominent example. Due to the wide application in various

industrial sectors especially pure titanium and the Tie6Ale4V

alloy have been intensively researched as materials for SLM

during the last decade [36e38]. Thijs et al. [39] analyzed the

microstructure of Tie6Ale4V after SLM and found out, that the

solidification conditions give rise to a martensitic phase and

could lead to the precipitation of an intermetallic phase. Xu

et al. [40] investigated the microstructure, mechanical proper-

ties and corrosion behavior of SLM-processed Tie6Ale4V and

reported an inferior corrosion resistance compared to conven-

tionally processed Tie6Ale4V, whereas a post-annealing

treatment could reduce the susceptibility to corrosion. The

corrosion behavior of SLM produced Tie6Ale4V in Hank's so-

lution was investigated by Cui et al. [41], which discovered a

frequent metastable pitting of the material compared to a

annealed counterpart caused by a higher amount of cation

vacancies contributing to pit nucleation. Wysocki et al. [42]

characterized the microstructure and mechanical properties of

pure titanium processed by SLM, whereas a slight amount of

oxygen was added during the process. They reported superior

mechanical properties compared to conventionally processed

titanium as a result of oxygen solution strengthening.

Although the current state of scientific knowledge is still

not comparable to the extensive research done on a- and aþb-

type Ti alloys, several studies have been done on b-type tita-

nium alloys and SLM in the recent years as well. Various

groups have investigated different combinations of Ti with

elements like Fe, Nb, Mo, Si, Sn, V, Ta or Zr [33].Wang et al. [43]

have manufactured a Tie35Nb composite from elemental

powder mixture using SLM and investigated the microstruc-

ture, mechanical behavior and corrosion resistance. A

Tie6Ale4Ve10Mo alloy was also manufactured from

elemental powder mixture and analyzed regarding its micro-

structure and mechanical properties by Vrancken et al. [44].

Hariharan et al. [45] studied the mechanical and corrosion

properties of an SLM-processed and heat treated near b-type

Tie13Nbe13Zr alloy. Zhou et al. [46] added different amounts

of Ta to a Tie13Nbe13Zr alloy and analyzed the phase trans-

formations during SLM. The influence of different Si contents

on the properties of a SLM processed TieNbeZreTa alloy was

investigated by Luo et al. [47].

In this study four different titanium-basedmaterials, cp-Ti

(a-type), Tie6Ale4V (aþb-type) and the two b-type Ti alloys

Tie42Nb and Tie20Nbe6Ta were additively manufactured
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Table 2 e Used SLM process parameters with the relative
density for each material.

P (W) vS (mm/s) hS as
(mm)

dL (mm) Rel.
density (%)

Cp-Ti 68.00 525.00 100.00 25.00 99.98

Tie6Ale4V 95.00 900.00 100.00 25.00 99.99

Ti42Nb 95.00 400.00 100.00 25.00 99.99

Tie20Nbe6Ta 95.00 900.00 75.00 25.00 99.99
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using SLM. The microstructure was characterized with X-ray

diffraction and metallography. To investigate the corrosion

resistance of the materials potentiodynamic polarization was

used and the electrolyte was subsequently analyzed with

mass spectrometry, to qualitatively and quantitively deter-

mine alloying elements that were released due to anodic

metal dissolution. Furthermore, the surface of several speci-

menswasmachined prior to the electrochemical experiments

and the performance compared to the SLM as-built surface.

Surface characterizations, such as profilometry and optical

microscopy, were used to examine the surface morphology.
2. Experimental details

2.1. Materials and sample preparation

Four different titanium-based powdermaterials in the form of

cp-Ti grade 2 (Concept Laser), Tie6Ale4V ELI (Concept Laser),

Tie42Nb (Taniobis) and Tie20Nbe6Ta (Taniobis) were used.

The chemical compositions of the powder materials are

shown in Table 1.

With a SLM apparatus (Concept Laser, Mlab cusing 100 R)

specimens in the shape of cylindrical rods with a diameter of

9.5 mm and height of 12.7 mm were fabricated under argon

atmosphere. The used process parameters and resulting

relative densities (determined by Archimedes method) can be

seen in Table 2.

The specimens were divided into three groups for subse-

quent treatment processes and investigation. One group of

specimens was used in its originally as-built state and wasn't
subjected to any post treatments, while two groups had their

surface machined to eliminate the influence of the surface

condition on the corrosion resistance. One group was

machined by a simple turningprocesswith a TiN coated cutting

tool, cutting speed of 33mm/min and feed rate of 0.1mm/r. The

second groupwas semimanually grounded up to 2500 grit with

silicon carbide (SiC) paper and polished up to 6000 grit with

silicon cloth (3 M™ Hookit™ Trizact™ 6000). The resulting

surface morphology was investigated with optical microscopy

(OM, Keyence, VHX-5000) exemplary for one specimen before

and after conducting the electrochemical experiments.

Furthermore, the surface roughness of every specimen was

determined as the arithmetic mean surface deviation Ra with a

surface profilometer (Zeiss, TSK Roughness Tester).

2.2. Microstructure observation and phase analysis

Phase identifications were conducted on polished specimens

by a X-ray diffractometer (XRD, Bruker, D8 Discovery) using
Table 1e Chemical compositions of the powdermaterials
(in wt.%).

Material Ti Al V Nb Ta Fe

Cp-Ti Bal. e e e e 0.11

Tie6Ale4V Bal. 7.26 4.24 e e 0.09

Tie42Nb Bal. e e 41.7 e 0.06

Tie20Nbe6Ta Bal. e e 21.31 5.41 0.04
monochromatic Cu Ka radiation and a voltage of 40 kV with a

scanning rate of 0.04�/s in the rangeof 2q from30� to80�. Further
microstructure observation was done with a Zeiss EVO MA 15

scanning electron microscope (SEM) on metallographic speci-

mens thatwere cut out of SLMmanufactured parts, preparedby

standard metallographic techniques and subsequently etched

with Kroll's reagent (10 vol% HF and 5 vol% HNO3).

2.3. Electrochemical investigations

Before the electrochemical tests, all specimens were cleaned

in an ultrasonic bath in ethanol for 15 min, rinsed with

ethanol and dried. To assure a comparable surface a water-

proof adhesive (Henkel, Me121HP HYSOL) was used to cover

the frontal and basal surfaces of all specimens, so that only

the lateral surface was exposed during the tests.

The pitting corrosion resistance was studied by potentiody-

namic polarization, which was performed in a temperature

controlled electrochemical cell using a three-electrode assem-

bly connected by a Gamry Interface 1000 potentiostat. The

specimens served as the working electrode, a graphite rod and

silver chloride electrode (Ag/AgCl/3MKCl)were used as counter

electrode and reference electrode, respectively. Ultrapure

deionized water (resistivity �18.2 MU cm at 25 �C) was used to

prepare a 0.9 wt.% NaCl solution as the electrolyte, which was

kept at a constant temperature of 37 ± 1 �C (Lauda, ECO Silver)

during the experiments to imitate human body conditions. At

the start of eachmeasurement, the open circuit potential (OCP)

was recorded over a period of 2 h, allowing stabilization. The

followingpotentiodynamicpolarizationexperimentsweredone

with a sweep range from�0.5 V to 10 V versus OCP voltage at a

constant sweep rate of 1 mV/s. All potentials included in this

studyare referred to the standardhydrogenelectrode (SHE).The

polarization experiments were repeated at least three times

with different specimens. The corrosion potential (Ecorr) and

corrosion current density (icorr) were calculated via tafel

extrapolation method. The polarization resistance (RP) was

calculated by using the SterneGeary equation [48],

RP ¼ ba , bc

2:3 , icorr ðba , bcÞ
(1)

where ba and bc are the anodic and cathodic slopes of the

corresponding Tafel plot. Other values were extracted from

the polarization curves.

2.4. Mass spectrometric analysis

After potentiodynamic polarization the electrolytes were

further investigated with inductively coupled plasma mass

spectrometry (ICP-MS). A Thermo ScientifcTM iCAPTM RQ

https://doi.org/10.1016/j.jmrt.2022.07.021
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ICPeMS in standard mode (without a collision gas) and in ki-

netic energy discrimination (KED)mode (with He as a collision

gas) with the SC-4 DX Autosampler (Elemental Scientific) were

used. Preparation of necessary calibration solutions was done

with 10 mg/mL Al, V, Nb and Ta single element standard so-

lutions (Inorganic Ventures). Ge single element standard

(Inorganic Ventures) was used as intern standard. Samples

and standard solutions were prepared and diluted with high

purity nitric acid 67e69% (VWR Chemicals) and ultrapure

deionized water. 2 wt.% nitric acid was used as blank.
3. Results

3.1. Microstructure characterization

Selected XRD spectra of cp-Ti, Tie6Ale4V, Tie42Nb and

Tie20Nbe6Ta are depicted in Fig. 1. The XRD results suggest

that cp-Ti and Tie6Ale4V only consists of hexagonal a (hcp) or

martensitic a0. As both phases have the same hcp crystal

structure and overlap in the diffractogram, they could not be

clearly distinguished. Furthermore, no clear peak of the bcc b-

phase could be detected for Tie6Ale4V, despite of the present

b stabilizing element V. In contrast for Tie42Nb, the content of

the b stabilizing element Nb was high enough to completely

stabilize the b-phase. As a result, the XRD spectrum shows

only peaks that corresponds to the bcc crystal structure.

However, the other b-type alloy Tie20Nbe6Ta does neither

reveal the existence of a- or a0- nor b-phase in the diffraction

spectrum, but solely consists of martensitic orthorhombic a00-
phase.

For further microstructural characterization and clarifica-

tion of the XRD results SEM images of themicrostructure of all

four titanium-based materials are illustrated in Fig. 2. Cp-Ti

and Tie6Ale4V show a microstructure composed of large

amounts of acicular structures with a length of a few to

several tens of micrometers and a width of up to hundreds of

nanometers (Fig. 2a, b). Additionally, the structure of

Tie6Ale4V showed a kind of texture as lots of needles are
Fig. 1 e XRD spectra for SLM-processed cp-Ti, Tie6Ale4V,

Tie42Nb and Tie20Nbe6Ta.
aligned perpendicular which leads to a meshed pattern of a0

needles. No sign of b-phase can be detected in the images as

predicted by the diffractogram.

In contrast to Tie42Nb and Tie20Nbe6Ta (Fig. 2c, d), the

microstructures exhibit a different form. What can be seen

are clearly visible grain boundaries and the retained con-

tours of the melt pools that were created during the SLM

process (indicated by white arrows). Furthermore, when

observed at a higher magnification, a cellular substructure is

visible for both alloys. Tie20Nbe6Ta additionally shows

some acicular structures with the length of a few to tens of

micrometers and width of hundreds of nanometers, indi-

cated by black arrows.

3.2. Surface condition

Figure 3 shows the OM images of the unmachined and

machined surfaces for the studiedmaterials. Images of the as-

built condition (Fig. 3a, d, g and j) show the typical surface of

SLM-manufactured specimens, where partially melted parti-

cles cover the surface (black arrows) and lead to a high

roughness. The turning process (Fig. 3b, e, h and k) success-

fully removed the residual powder particles form the surface,

but additionally led to typical turning grooves and marks

(black arrows) as result of a localized excessive material

removal. After grinding and polishing (Fig. 3c, f, I and l) the

residual powder particles were removed successfully as well,

but the surfaces also exhibit a rather smooth condition with

only minor grooves and slight scratches (black arrows). A

pronounced difference between the studied materials cannot

be observed.

Table 3 lists the determined arithmetic mean surface de-

viation Ra for different samples with different surface treat-

ment methods every material.

The SLM process without post treatments, led to the

roughest surface with Tie20NbeTa, which showed a 2.8e3.5

times higher value than the other materials. While cp-Ti,

Tie6Ale4V and Tie42Nb demonstrated similar values. The

turning of the surfaces drastically reduced the roughness. The

precise surface treatment via grinding and polishing resulted

in comparable and very smooth surfaces with a Ra of

0.05 mme0.08 mm.

3.3. Open circuit potential

The variations of OCP for cp-Ti, Tie6Ale4V, Tie42Nb and

Tie20Nbe6Ta with their unmachined as-built surface are

presented in Fig. 4. It can be seen that Tie6Ale4V has a very

steady potential and almost instantly reaches a stable value of

0.026mV. However, it is the only material with a positive OCP.

Cp-Ti shows some fluctuations at the start of the measure-

ment, until the potential begins to level out after 1500 s and

approaches a value of �0.272 V. The Tie20Nbe6Ta specimen

seems to approach a certain potential right from the start, but

instead of reaching a stable value the OCP is constantly fluc-

tuation around a potential of around �0.475 V and does not

level out. The OCP of Tie42Nb is the only one that starts at a

lower potential and shows a pronounced shift to a more noble

potential. The value steadily increases, until it apparently

keeps stable at a potential of �0.432 V.

https://doi.org/10.1016/j.jmrt.2022.07.021
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Fig. 2 e SEM micrographs of (a) cp-Ti, (b) Tie6Ale4V, (c) Tie42Nb and (d) Tie20Nbe6Ta. The white arrows indicate the melt

pool boundaries, the black arrows indicate acicular structures in the Tie20Nbe6Ta alloy.
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Figure 5 display the OCP curves for each material after the

surface machining by a turning process. Except for cp-Ti the

potentials of the studiedmaterials are steadily increasing over

time and approaching a stable value, which is, however, not

reached after 2 h. Tie6Ale4V shows the highest potential of

�0.142 V at the end of the measurement, whereas

Tie20Nbe6Ta has the lowest OCP of �0.427 V. Cp-Ti again

exhibits pronounced fluctuations at the initial stage, this time

up to 3500 s, and then keeps stable at a value about �0.224 V.

The variation of OCP with immersion time for SLM-

processed cp-Ti, Tie6Ale4V, Tie42Nb and Tie20Nbe6Ta

with a grinded and polished surface was elaborated as well

(Fig. 6). Cp-Ti and Tie6Ale4V show a similar behavior as they

do not show any major fluctuations and reach an almost

stable value of �0.343 V and �0.432 V, respectively, right from

the beginning of the OCP measurement. The OCP curve of

Tie20Nbe6Ta shows an initial peak and increase, which is

flattening after 3000 s of immersion time and then keeping a

stable value around �0.407 V. Tie42Nb displays an initial, but

less pronounced peak as well. Subsequently, the potential

slightly, but steadily decreases and reaches a value of�0.238 V

after 7200 s and the most positive OCP of the studied

materials.

3.4. Potentiodynamic polarization

The polarization curves of cp-Ti, Tie6Ale4V, Tie42Nb and

Tie20Nbe6Ta with different surface post treatment processes

are depicted in Figs. 7e9 with the determined corrosion pa-

rameters listed in Table 4. In general, it is visible that all four
materials exhibit a typical cathodic (until Ecorr) and anodic-

passive region, while an anodic-transpassive (starting at

Ebreak) region is only present for cp-Ti and Tie6Ale4V. The

passive region is normally initiated at a potential Ecrit and

characterized by ipass, but the investigated materials exhibit a

second passive region (defined by ipass2), that takes place after

a local maximum ipeak at the potential Epeak was reached.

Figure 7 shows the results of the potentiodynamic polari-

zation with the SLM as-built surface. The transition from the

cathodic in the anodic region at Ecorr is visible for all materials

with Tie6Ale4V having the highest value. The respective

corrosion current density icorr is the highest for Tie20Nbe6Ta

and the lowest for Tie42Nb. Subsequently, the current density

is increasing for all materials as anodic dissolution and pas-

sive layer formation takes place until a passive region is

reached, initiated at Epeak. Since no clear passive region is

visible, no critical potential Ecrit or passivation current density

ipass could be determined. As the current density increases it

reaches a maximum ipeak at Epeak, where cp-Ti displays the

lowest current density. With further increase of the potential

after Epeak the b-type alloys show a stable passive behavior

with no transpassive region until the maximum potential of

10 V, whereas Tie6Ale4V and cp-Ti show a breakdown of their

passive layer and transition into the transpassive region at the

respective potential Ebreak.

In Fig. 8 the polarization curves for the materials with

turned surfaces are shown. Similar to the specimens with the

SLM as-built surface Tie20Nbe6Ta has the lowest Ecorr, while

TieAle4V has the highest. In contrast to the SLM as-built

surface all specimens with the turned surface show a

https://doi.org/10.1016/j.jmrt.2022.07.021
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Fig. 3 e OM images of SLM-processed cp-Ti, Tie6Ale4V, Tie42Nb and Tie20Nbe6Ta specimens with unmachined (as-built,

left) and machined surfaces (turned middle, polished right) before polarization experiments.
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pronounced first passive region marked by Ecrit and charac-

terized by ipass. Tie20Nbe6Ta is the first material to reach the

passive region, whereas Tie6Ale4V is the last one but displays

the lowest passivation current density. The current densities

remain stable until they increase again and reach a local

maximum at Epeak. Whereas Epeak is rather similar for the four

materials at a range of 1.831e1.841 V, ipeak differs between the
Table 3 e Surface condition and roughness for the
different materials.

Material Ra (mm)

As-built Turned Polished

Cp-Ti 6.07 ± 0.56 0.72 ± 0.08 0.05 ± 0.01

Tie6Ale4V 8.02 ± 0.28 0.42 ± 0.01 0.06 ± 0.02

Tie42Nb 7.29 ± 2.11 0.93 ± 0.11 0.06 ± 0.01

Tie20Nbe6Ta 22.34 ± 3.07 1.17 ± 0.03 0.08 ± 0.01
materials. Cp-Ti exhibits the highest, Tie42Nb and

Tie20Nbe6Ta have the same and Tie6Ale4V shows the

lowest current density. As the polarization goes on,

Tie6Ale4V quickly reaches Ebreak first and cp-Ti secondly.

Both Tie42Nb and Tie20Nbe6Ta show a second passive re-

gion after Epeak without a subsequent transpassive region

until a potential of 10 V.

The polarization curves with a grinded and polished sur-

face can be seen in Fig. 9. Tie6Ale4V has the lowest Ecorr and

again the highest icorr. The first material to reach the passive

region at Ecrit is Tie20Nbe6Ta. Again, with proceeding polar-

ization the current densities start to increase at some point

until they reach their maximum ipeak at the potential Epeak,

while the two b-type alloys have a lower Epeak than the two

other materials. Subsequently, a second passive region is

observable for all four materials, although it shows some

distinctions depending on the material. cp-Ti and Tie6Ale4V

only show small passive regions, after which the current
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Fig. 4 e OCP of SLM-processed cp-Ti, Tie6Ale4V, Tie42Nb

and Tie20Nbe6Ta specimens with unmachined surfaces

(as-built condition).
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density of both materials starts increasing slightly, but

steadily until the transpassive region is reached. The second

passive region is more pronounced for Tie42Nb and

Tie20Nbe6Ta, although a slight increase of the current den-

sity of Tie20Nbe6Ta can be observed at higher potential.

Nonetheless, both alloys show no transpassive region until a

polarization potential of 10 V.

Table 5 displays the determined anodic and cathodic

slopes of the corresponding Tafel plots with the calculated

polarization resistance RP for each material and different

surface condition. It can be seen that the value of RP tends to

increase with a machined surface and decreasing surface

roughness. Furthermore, with the as-built surface condition

Ti42Nb shows the highest polarization resistance and it de-

scends according to the order Tie6Ale4V, cp-Ti,

Tie20Nbe6Ta. If the surface was machined, cp-Ti exhibits

the highest polarization resistance and the descending order

changes to Tie42Nb, Tie20Nbe6Ta, Tie6Ale4V.

After conducting polarization experiments the studied

materials were again examined byOM (Fig. 10). The specimens

with the as-built surface (Fig. 10a, d, g and j) show signs of
Fig. 5 e OCP of SLM-processed cp-Ti, Tie6Ale4V, Tie42Nb

and Tie20Nbe6Ta specimens with turned surfaces.
material removal due to anodic metal dissolution that took

place during the experiments, visible in form of less residual

powder particles as well as changes of the substrate material

(black arrows). It is noteworthy, that these surface

morphology changes are much more pronounced for cp-Ti

and Tie6Ale4V than for Tie42Nb or Tie20Nbe6Ta, when the

images before (Fig. 3a, d, g and j) and after the polarization

experiments are compared. If the surfaces were machined by

a turning process (Fig. 10b, e, h and k), the corrosion and

anodic metal dissolution (black arrows) preferably took place

within the turning grooves (white arrows). Cp-Ti and

Tie6Ale4V are covered with several corrosion pits andmarks,

that are aligned parallel, but more pronounced for Tie6Ale4V.

Furthermore, cp-Ti has some kind of deposition on its surface

(white circle). For Tie42Nb and Tie20Nbe6Ta no distinct

corrosion attack or change of the surface morphology can be

noticed, as the recognizable marks (white arrows) were

already existent before polarization experiments as a result of

the turning process (Fig. 3h and k). After the surfaces were

grinded and polished and subjected to potentiodynamic po-

larization, the surface of cp-Ti is completely covered with

several small corrosion pits and marks (black arrows) and

shows a blue staining. Tie6Ale4V shows corrosion pits and

marks as well (black arrows), but in comparison to cp-Ti they

are bigger. Again, both Tie42Nb and Tie20Nbe6Ta show no

distinct corrosion attack and the recognizable marks (white

arrows)were already existent before polarization experiments

(Fig. 3i and l).

3.5. Mass spectrometric analysis

Subsequently to the potentiodynamic polarization experi-

ments the electrolytes were analyzedwithmass spectrometry

regarding existing alloying elements, that were released due

to metallic dissolution. Table 6 lists the results for each ma-

terial and different surface treatments. Cp-Ti is excluded as it

doesn't contain any typical alloying elements. It can be seen

that Tie6Ale4V released its alloying elements V and Al inde-

pendent of its surface condition. With the surface in its as-

built condition the highest amount of Al and V is released,

while the amount of Al is more than 2.5 times higher than the

amount of V. If a machining process was applied alloying el-

ements were still released, but the actual amount is remark-

ably reduced. In contrast, Tie42Nb and Tie20Nbe6Ta display

a completely different behavior. Whereas some Nb is present

in the electrolyte for Tie42Nb with the as-built surface, no

remarkable amount of alloying elements can be found after

the surface was machined. The same applies for

Tie20Nbe6Ta. Even with the as-built surface, barely any Ta

was released. The table lists the value 0.001 ± 0.001 mg/l to

indicate the possibility of released Nb and Ta with amounts

below the detection limit of the used method.
4. Discussion

4.1. Microstructure evolution

The microstructure of the four different Ti-based materials

was investigated. As stated before, Ti-based alloys can be
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Fig. 6 e OCP of SLM-processed cp-Ti, Tie6Ale4V, Tie42Nb

and Tie20Nbe6Ta specimens with grinded and polished

surfaces.
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classified into three major groups, namely a-phase, hetero-

geneous aþb-phase, and b-phase alloys [1].

However, in addition to the two stable a- and b-phases,

several metastable phases such as hcp-martensitic a0, ortho-
rhombic martensitic a00, and hexagonal or trigonal u can be

formed depending on the alloy composition, cooling rates

during quenching, and different thermomechanical treat-

ments [1,3]. The SLM technology is a process, that uses a high-

power laser source to melt and subsequently consolidate the

metallic powder material [31]. Naturally, due to the high en-

ergy input only a very short interaction between the laser

beam and the powder particles is necessary to achieve an

aggregation change of the metallic material. This, however,

results in extremely high cooling rates of at least 103 �C/s and

rapid solidification processes, which restrain normally

occurring diffusion processes and favor the formation of non-

equilibrium and metastable phases [39,49e51].

The consequences of these solidification phenomena can

be observed in all Ti-based alloys, although the exact

expression varies somewhat. In the case of slow solidification,

the melt of pure titanium (cp-Ti) crystallizes in the b-phase,
Fig. 7 e Potentiodynamic polarization of SLM-processed

cp-Ti, Tie6Ale4V, Tie42Nb and Tie20Nbe6Ta specimens

with unmachined surfaces (as-built condition).
which transforms into the a-phase upon further cooling. If the

solidification process takes place at faster cooling, a-phase

transformation from b into martensitic a0 is to be expected.

When the Tie6Ale4V alloy is quenched from the b-phase re-

gion at moderate cooling rates to room temperature, a

diffusion-controlled phase transition from b to a takes place.

In this process, a nucleus of a-phase forms at the grain

boundary of the b-phase and nucleus grows into the b-grain as

the temperature continues to drop. The affinity and solubility

for V is much higher in b-phase than a-phase, so diffusion

processes take place and the b-phase is enriched with V [52].

However, the rapid solidification and limited diffusion rates

suppress these mechanisms and prevent the transformation

of b into a. The XRD spectra show that both cp-Ti and

Tie6Ale4V have a hexagonal crystal structure (Fig. 1). Both, a

and martensitic a0, have a hexagonal crystal structure with

very similar lattice parameters, so it is not possible to distin-

guish between them and verify the present phase based solely

on XRD studies. However, SEM micrographs (Fig. 2a, b) have

shown the formation of extremely fine acicular structures,

which, in combination with the described solidification phe-

nomena and very high cooling rate of the SLM process, can be

associated with the martensitic phase. Hence, the results

indicate that the present hcp phase can be considered as

martensitic a0, and not a. This corelates well with the studies

of other groups, where the presence of a0 was clearly verified

for SLM-processed cp-Ti and Tie6Ale4V using transmission

electron microscopy (TEM) [42,53,54]. Besides the martensitic

a0-phase, at least some residual vanadium rich b-phase is

expected to be found in themicrostructure of Tie6Ale4V. Both

SEM studies (Fig. 2b) and XRD analyses (Fig. 1) provided no

evidence for the existence of the b-phase. A suggestion by Xu

et al. [40] is that the remaining b-phases may exist as nano-

scale domains or extremely fine films surrounding the

martensite needles, which are below the detection and reso-

lution limits of XRD and SEM. A prove of this assumption was

made by Zhou et al. [53], where more detailed investigations

using TEM and selected area electron diffraction (SAED) have

shown the existence of bcc b-phase besides hcp a0-phase.
In case of b-type Ti-alloys, the crystallization process of the

melt strongly depends on the type and concentration of the b-

stabilizing elements involved. These, together with the cool-

ing rate applied, determine the solidification microstructures

formed and the possible influences of constitutional super-

cooling on the solidification process. In binary alloy systems,

there is a critical threshold for the concentration of the

respective b-stabilizing elements at which 100 vol% of the b-

phase is retained after quenching [55]. If concentrations below

this value are utilized non-equilibrium andmetastable phases

will form. Considering binary Ti-alloys with Nb or Ta, a con-

tent of 35.0 wt.% of Nb or 45.0 wt.% of Ta is needed to suppress

the formation of other phases and obtain a microstructure

consisting completely of b-phase [55]. The crystal structure of

TieNb alloys is highly sensitive to the Nb content and solidi-

fication conditions, besides two stable solid phases (a and b

phase) several metastable phases (a0, a00 and u phase) may

appear [56]. Lee et al. [57] have shown, that alloys containing

15 wt.% Nb or less are composed of martensitic a0, whereas

compositions of 17.5e25 wt.% give rise to martensitic a00. With

an amount of 27.5 wt.% Nb the bcc b-phase starts to be
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Fig. 8 e Potentiodynamic polarization of SLM-processed

cp-Ti, Tie6Ale4V, Tie42Nb and Tie20Nbe6Ta specimens

with turned surfaces.
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retained and is fully retained at Nb contents of 35 wt.% and

higher. The presence of u-phase could only be detected in

alloys with 27.5 and 30 wt.% Nb. Regarding the novel binary

Tie42Nb alloy, the amount of Nb is above the critical con-

centration of 35 wt.% and therefore the formation of

martensite or other metastable phases during quenching is

expected to be suppressed. In this work, the XRD spectrum

only shows the presence of the b-phase (Fig. 1). Although

metastable phases have been found for other SLM processed

b-type alloys [33,58], none could be detected herein. The

findings corresponds well with the results of other studies

with similar alloy compositions [22,59,60]. In contrast to the

binary TieNb alloy, the other b-type alloy Tie20Nbe6Ta does

not contain elements above the critical concentrations, so the

formation of metastable phases can be expected during

quenching. As described before, the findings of Lee et al. [57]

suggests a predominant martensitic a00-phase for a binary

TieNb alloy with a similar composition of 17.5e25 wt.%. As

shown in (Fig. 1) only peaks of the martensitic orthorhombic

a00 are visible, which could be observed in other studies with

comparable Ti alloys as well [12,61].
Fig. 9 e Potentiodynamic polarization of SLM-processed

cp-Ti, Tie6Ale4V, Tie42Nb and Tie20Nbe6Ta specimens

with grinded and polished surfaces.
In the case of Tie20Nbe6Ta, it is a ternary alloy and an

interaction between the alloying elements should be ex-

pected. The critical concentrations should be carefully

applied. Another useful parameter for describing and

comparing the stability of Ti alloys with two or more compo-

nents is the molybdenum equivalency (MoE). It is a value that

considers the combined influence of all alloying elements on

the b-phase stability with Mo as an arbitrarily chosen baseline

[2,44]. An increasing MoE value usually leads to a decreasing

transition temperature of b-phase (Tb), meaning a high MoE

value corresponds with a high stability of the b-phase.

Furthermore, depending on theMoE value b-type alloys can be

sub-divided into near (5.0 � MoE � 10.0), metastable

(10.0 � MoE � 30.0) and stable (MoE > 30.0) b-type alloys [55].

Near b-type Ti alloys don't have enough b-stabilizing elements

to reach the critical concentration, therefore the b-phase is

not retained completely during quenching and other phases

will form [62]. In metastable alloys the content is high enough

to stabilize 100 vol% of the b during quenching [63]. None-

theless, with subsequent thermo-mechanical treatments

phase transformations and tailored microstructures are

possible [55]. In the contrary, the so called stable b-type Ti

alloys do not undergo phase decomposition [55]. Table 7

summarizes the calculated MoE for the different Ti alloys

used in this study. As expected, cp-Ti and Tie6Ale4V have a

rather low MoE value, in terms of Tie6Ale4V it is even nega-

tive. The content of Nb in the Tie42Nb alloy is very high.

Consequently, it also has a high MoE and can be classified as a

metastable b-type Ti alloy and is expected to crystallize in the

b-phase. The MoE value of the Tie20Nbe6Ta lies in the range

of 5.0 � MoE �10.0, so this alloy falls into the sub-category of

near b-type Ti alloys andmetastable phases like a0, a00 or u can

emerge during quenching. These assessments correlate well

with the before described results and discussion.

4.2. Corrosion resistance and release of alloying
elements

The corrosion resistance of four different Ti-based and SLM

processed materials, cp-Ti, Tie6Ale4V, Tie42Nb and Ti

e20Nbe6Ta, was investigated in terms of the pitting corrosion

susceptibility and metallic ion release in a 0.9 wt.% NaCl so-

lution by potentiodynamic polarization. Additionally, two sets

of specimens were subjected to turning or grinding and pol-

ishing to eliminate the influence of the surface condition,

respectively roughness, on the corrosion resistance [64e66].

When processing metals and alloys with additive manu

facturing technologies like SLM, different types of volume

defects and pores can occur depending on the process pa-

rameters and conditions. The different types and causes are

discussed elsewhere [67]. Several studies have shown that the

presence of porosity can influence and deteriorate the corro-

sion resistance of additively as well as conventionally manu-

factured parts. Cao et al. [68] studied the influence of casting

porosity on Mg0.1Si and found out, that higher porosity led to

a significant higher corrosion rate. Seah et al. [69] investigated

porous titanium parts with different level of porosity and pore

morphology. They reported that in contrast to large, open, and

interconnected pores small, isolated pores deteriorated the

corrosion resistance. While open pores enable the free flow of
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Table 4 e Surface condition and experimental corrosion parameters for the different materials.

Material Ecorr (V)
* icorr (A/cm

2) Ecrit (V)
* ipass (A/cm

2) Epeak (V)* ipeak (A/cm2) ipass2 (A/cm
2) Ebreak (V)*

Cp-Ti

As-built �0.646 0.964 � 10�7 e e 2.074 2.398 � 10�4 e 8.575

Turned �0.473 0.142 � 10�7 0.452 6.447 � 10�6 1.841 1.530 � 10�4 e 7.754

Polished �0.749 0.113 � 10�7 0.394 4.578 � 10�6 1.812 0.146 � 10�4 0.069 � 10�4 8.629

Tie6Ale4V

As-built �0.201 0.621 � 10�7 e e 1.907 3.063 � 10�4 e 2.494

Turned �0.464 0.832 � 10�7 0.681 5.187 � 10�6 1.871 0.231 � 10�4 e 2.025

Polished �0.791 0.621 � 10�7 0.508 4.119 � 10�6 1.863 0.342 � 10�4 0.072 � 10�4 5.726

Tie42Nb

As-built �0.686 0.525 � 10�7 e e 2.106 10.800 � 10�4 4.524 � 10�4 e

Turned �0.634 0.213 � 10�7 0.485 8.193 � 10�6 1.857 0.598 � 10�4 0.237 � 10�4 e

Polished �0.528 0.152 � 10�7 0.310 5.542 � 10�6 1.721 0.364 � 10�4 0.063 � 10�4 e

Tie20Nbe6Ta

As-built �0.772 1.870 � 10�7 e e 2.140 6.029 � 10�4 3.207 � 10�4 e

Turned �0.636 0.459 � 10�7 0.200 6.383 � 10�6 1.831 0.598 � 10�4 0.128 � 10�4 e

Polished �0.681 0.398 � 10�7 0.144 7.145 � 10�6 1.755 0.372 � 10�4 0.072 � 10�4 e

*The potentials are referred to the standard hydrogen electrode (SHE).
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electrolyte and species, closed and small pores promote the

trapping of such species and exhaust the supply of oxygen,

resulting in weakening of the passive layer and higher corro-

sion susceptibility. Yang et al. [70] and Sander et al. [71]

discovered, that SLM-processed 316L specimens with higher

porosity were more prone to metastable and stable pitting,

formed unstable passive films that were more susceptible to

break-down and repassivation was less expected to happen.

The underlying mechanisms for the influence of porosity on

the corrosions resistance may be a significantly larger surface

area and the restricted transfer of corrosion products and

species out of the pores, inducing an auto-catalytic process

and favoring the break-down of the protective passive layer

[72,73]. However, the used specimens in this study had a high

relative density of 99.9%, hence the possible influence of re-

sidual pores and defects can be neglected within the frame of

this study. Nonetheless, the as-built specimens exhibit a very

high roughness and aspects of a porous-like structure, which

needs to be considered in this context and will be discussed

later.
Table 5 e Surface condition and calculated polarization
resistance RP for the different materials.

Material ba (V/dec) bc (V/dec) RP (U cm2)

Cp-Ti

As-built 0.942 0.091 3.704 � 105

Turned 0.376 0.204 2.560 � 106

Polished 0.512 0.129 3.986 � 106

Tie6Ale4V

As-built 0.697 0.106 6.455 � 105

Turned 0.403 0.094 3.978 � 105

Polished 0.690 0.137 8.002 � 105

Tie42Nb

As-built 0.262 0.147 7.802 � 105

Turned 0.395 0.094 1.500 � 106

Polished 0.350 0.107 2.346 � 106

Tie20Nbe6Ta

As-built 0.921 0.122 2.502 � 105

Turned 0.400 0.157 1.071 � 106

Polished 0.397 0.121 1.016 � 106
The OCP plots of each material with the different surface

conditionswere described before (Figs. 4e6).What can be seen

is, that usually at the end of the OCP measurement the po-

tentials tend towards more a positive and stable value. This

behavior is consistent with spontaneous passivation during

OCP exposure in NaCl solution [6]. Whereas a gradual change

towards more positive potentials indicates the formation of

protective passive films on the surfaces, a stable potential

suggests the stabilization and thickening of the passive film

and the more positive the value the more stable the passive

layer [15,74,75]. Furthermore, to theoretically assess the

possible passivation for the studied materials the Pourbaix

diagram of Ti, Nb and Ta in water were considered [76]. It

shows that the various OCP for the studied materials are

within the stable region of TiO2, Nb2O5 and Ta2O5, hence the

spontaneous formation of a passive layer can be expected

from a thermodynamically point of view. However, the actual

value and course of the curves differs depending on the ma-

terial and surface condition. Both cp-Ti and Tie6Ale4V reach

a stable potential quicker and with a more positive value than

Tie42Nb and Tie20Nbe6Ta when investigated with the as-

built surfaces, indicating a better passivation behavior dur-

ing the OCP measurements. With turned surfaces cp-Ti rea-

ches a stable potential later than the b-type alloys and except

for cp-Ti the materials show a similar course of their curves,

but again both cp-Ti and Tie6Ale4V have a more positive

value, implying a more stable passive layer. However, with

polished surfaces the OCP suggests a better passivation

behavior for Tie42Nb and Tie20Nbe6Ta than Tie6Ale4V.

The polarization curves of all four different Ti-based ma-

terials with and without machined surfaces are illustrated in

Figs. 7e9 and several distinct features can be noticed. Between

1.721 and 2.140 V, the polarization curves exhibit a peak in

current density for every material and surface condition. On

the one hand, the cause of this anodic peak can be attributable

to O2 evolution [77], on the other hand a phase transformation

in the passive oxide film from TiO2 into TiO3 [76] could be

responsible. In Figs. 8 and 9 a low, but steady increase of the

current density from a potential around 3 V is noticeable for

cp-Ti and Tie6Ale4V. Besides the possible occurrence of
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Fig. 10 e OM images of SLM-processed cp-Ti, Tie6Ale4V, Tie42Nb and Tie20Nbe6Ta specimens with unmachined (as-built,

left) and machined surfaces (turned middle, polished right) after polarization experiments.
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crevice corrosion, for what no actual characteristics could be

found on the surface of the specimens, this phenomenon

could be caused by distinct metastable pitting. Burstein et al.
Table 6 e Surface condition and amount of released alloying e
materials.

Material Al (mg/l) V (mg/

Tie6Ale4V

As-built 64.442 ± 0.516 25.583 ± 0

Turned 3.955 ± 0.162 2.832 ± 0.

Polished 13.708 ± 0.425 16.930 ± 0

Tie42Nb

As-built e e

Turned e e

Polished e e

Tie20Nbe6Ta

As-built e e

Turned e e

Polished e e
[78e80] showed in their work that at potentials well below the

actual pitting potential the nucleation of corrosion pits can

already occur on passive titanium, resulting in metastable pit
lements during the corrosion experiments for the different

l) Nb (mg/l) Ta (mg/l)

.128 e e

031 e e

.796 e e

0.413 ± 0.052 e

0.001 ± 0.001 e

0.001 ± 0.001 e

0.003 ± 0.001 0.001 ± 0.001

0.001 ± 0.001 0.001 ± 0.001

0.001 ± 0.001 0.001 ± 0.001
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Table 7 e Molybdenum Equivalency (MoE) for the
different Ti-based materials (alloying elements in wt.%).

Material MoE Al V Nb Ta Fe

Cp-Ti 0.87 0.00 0.00 0.00 0.00 0.30

Tie6Ale4V �2.60 6.00 4.00 0.00 0.00 0.25

Tie42Nb 11.93 0.00 0.00 42.00 0.00 0.06

Tie20Nbe6Ta 7.04 0.00 0.00 20.00 6.00 0.04
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propagation. This correlates well with the observations made

by OM, as the surfaces of cp-Ti and Tie6Ale4V are covered

with lots of corrosion pits (Fig. 10b, c, e and f). Xia et al. [81]

have reported similar observations. In Figs. 7e9 a small, but

distinct peak at around �0.60 to �0.01 V can be detected for

cp-Ti and Tie6Ale4V. This is probably related to changes

within the formed TiO2 oxide layer [76]. This peak cannot be

detected for Tie42Nb and Tie20Nbe6Ta as the two materials

are alloyed with one or two other strong passive layer forming

elements, Nb and Ta respectively, which oxide layer Nb2O5

and Ta2O5 show no changes at this potential range [76]. What

ismore, comparing the polarization curves of all four different

Ti-based materials the missing transpassive region for the b-

type Ti-alloys is very prominent. Even to a high potential of

10 V both alloys show no sign of a breakdown of the passive

layer and pitting corrosion. Accordingly, no corrosion attack

or anodic metallic dissolution marks could be observed on

their surface, whereas for cp-Ti and Tie6Ale4V distinct and

prominent corrosion pits were clearly visible (Fig. 10a-l).

Furthermore, when the influence of the surface roughness is

reduced to a minimum (Fig. 9), Ecorr is more noble as well as

Ecrit and Epeak are lower for Tie42Nb and Tie20NbeTa in

comparison to cp-Ti and Tie6Ale4V. A possible explanation is

a better passivation behavior with quicker formation of more

stable and dense passive layers for the b-type alloys at me-

dium and high potentials due to the presence of Nb and Ta, as

alloying elements can have a crucial influence on the passiv-

ation process. In general, titanium displays a good corrosion

resistance due to its to its high affinity towards oxygen, that

leads to the formation of a protective and self-repairing pas-

sive layer composing of TiO2 [1,8]. If titanium is alloyed, the

alloying elements also tend to form oxides that are integrated

into the passive layer and lead to structural changes, which

again can cause various types of point effects which influence

the passivation properties and corrosion resistance of the

alloy [10,11]. According to the Point Defect Model, the passive

layer is denser, and therefore more stable, the less point de-

fects are present [82]. A given example is Tie6Ale4V, as V

formsV2O5 and is embeddedwithin the TiO2 passive layer [14],

but as V leads to defects in the layer and provides conduction

channels, the general passivity of Tie6Ale4V is corrupted in

comparison to pure titanium [83]. In contrast, several studies

have shown that other b stabilizing elements can significantly

improve the corrosion resistance [6,11,83]. For example, Nb

and Ta form Nb2O5 and Ta2O5 oxides that lead to less defects

in the passive layer and an enhancement of its structural

integrity as they decrease the concentration of anion va-

cancies in the layer [14,84]. In that case, they prevent the

electron exchange more effectively [85,86], reduce the ingress

of harmful chloride ions [87] and are more stable and less

soluble compared to V2O5 [6,15]. As a result, the passive layers
of Tie42Nb (Nb2O5) and Tie20Nbe6Ta (Ta2O5)are presumably

much denser, more stable and protective than the passive

layers of cp-Ti and Tie6Ale4V, thus preventing the occurrence

of pitting corrosion until a potential of 10 V during electro-

chemical experiments. For one, this correlates well with the

observed Ecorr for the polished surfaces that aremore noble for

Tie42Nb and Tie20Nbe6Ta compared to cp-Ti and

Tie6Ale4V, since a higher value of Ecorr indicates a more sta-

ble passive film [6,11]. Comparable results for similar and

other b-type titanium alloys were found by Wang et al. [43],

Zhukova et al. [88], Hussein et al. [89] and Dalmau et al. [90].

However, the corrosion resistance of the new b-type alloys

is not completely superior. At first, although both Tie42Nb

and Tie20Nbe6Ta show a lower icorr than Tie6Ale4V after

surface machining, cp-Ti still has even lower corrosion cur-

rent densities (Table 4) and higher polarization resistances

(Table 5). Since a small value of icorr and a high polarization

resistance usually equal easy passivation [6,11,91,92], this

means the passivation occurs more easily on Tie42Nb and

Tie20Nbe6Ta than Tie6Ale4V, but evenmore easily on cp-Ti.

Moreover, within a certain potential range both materials

display a more electrochemical active behavior, e. g. visible as

higher current densities ipass and ipeak (Table 4). The last

phenomenon is probably attributed to deleterious micro-

galvanic cells, which can form due to electrical potential dif-

ferences in the microstructure [74,93,94]. Since both new b-

type alloys contain a large amount of alloying elements with

very different standard electrode potentials compared to Ti

[95,96], whereas cp-Ti and Tie6Ale4V contain much fewer to

none alloying elements, the probability of forming micro-

galvanic cells is much higher for Tie42Nb and Tie20NbeTa,

which leads to accelerated corrosion processes and the

observed higher current densities. However, if the passivation

layer is formed the influence of these galvanic cells is

considerably diminished, as no drastic increase of the current

density or no transpassive region is observable (Figs. 7e9).

That, again, is an indicator for the formation of very dense and

stable oxide layers, as described before. A similar effect was

observed by Atapour et al. [6] for a TieMoeZreFe b-type alloy,

where the b stabilizing elements enhanced the stability of the

passive layer, but showed no to almost detrimental effects on

the corrosion resistance when no passive layer had formed.

Comparing only the two novel b-type alloys, both seem to

display a similar corrosion resistance, but some differences

are noticeable. With the turned surface Tie20Nbe6Ta per-

forms slightly better as the electrical potentials (Ecrit, Epeak)

and current densities (ipass, ipass2) are lower in comparison to

Tie42Nb, but with the polished surface Tie42Nb shows better

values than Tie20Nbe6Ta. Furthermore, Ecorr of Tie42Nb is

more noble and icorr is lower in comparison to Tie20Nbe6Ta

for all surface condition that could implicate an easier

passivation as well as amore stable passive layer for Tie42Nb,

as described before. A further difference is visible in regions

with high electric potentials (6e10 V), where the current

density of Tie20Nbe6Ta starts to increase slowly at a steady

rate. One reason for the better corrosion resistance of the

Tie42Nb alloy in comparison to the Tie20Nbe6Ta alloy could

be the microstructural composition. The b-phase Tie42Nb

performed better than the a00-phase Tie20Nbe6Ta, indicating

a higher corrosion susceptibility for the martensitic
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orthorhombic phase, which is in good understanding with

other studies. For example, Oliveira et al. [97] investigated

several TieMo alloys, whereas an increasing amount ofMo led

to a decreasing amount of a00 and an improvement of the

corrosion resistance. Moraes et al. [98] and Guo et al. [99]

added Sn in different concentrations to a Tie30Nb and

Tie35Ta alloy, whereas certain amounts of Sn could both

decrease the amount of a00 and simultaneously enhance the

corrosion resistance. The improvement of corrosion resis-

tance with the suppression of a00 by adding further alloying

elements was also observed for Tie22NbeHf [100],

Tie8MoeNbeZr [101], TieNbeO [102], Tie30NbeFe [103] and

Tie30NbeZr [104,105]. Xia et al. [81] achieved an enhanced

corrosion resistance of Tie6Ale4V by adding Zr, however,

above a certain amount of Zr a00 was formed and the corrosion

resistance was impaired. Hariharan et al. [45] and Cremasco

et al. [9] have shown, that different heat treatment processes

of Tie13Nbe13Zr and Tie35Nb changed the microstructural

composition and specimens with less amount of a00 exhibited
a better corrosion resistance. Furthermore, the results indi-

cate a more stable passive layer for Tie42Nb, probably due to

the higher amount of the b stabilizing elements or due to a

possible detrimental effect of Ta on the structural integrity of

the oxide layer. Apart from that, the formation of micro-

galvanic cells could again play a substantial role.

Tie20Nbe6Ta consists of three different kinds of element

with very different melting points. Element partitioning and

constitutional undercooling could occur during the SLM pro-

cess, which leads to an unfavorable elemental distribution

and formation of nano-sized phases or clusters enriched in

one element [49,50]. This circumstances and the different

standard electrode potentials of the elements could favor the

formation of galvanic cells and initiate pronounced corrosions

processes for Tie20Nbe6Ta in comparison to Tie42Nb.

Finally, the influence of the surface condition and rough-

ness can be clearly seen if Figs. 7e9 are compared. The SLM

process leads to a high surface roughness, as residual powder

particles are either partially melted or sintered onto the

surface during the manufacturing process due to the laser

beam focus diameter and heat affected zone [31]. For the SLM

specimens with as-built surface morphology, all materials

display a very fluctuating and rapidly increasing current

density with several spikes until they reach a passive region

at potentials of ca. 1.907e2.140 V. This behavior is not

observable for the machined surfaces, which even show a

passive region around 0.144e0.681 V. Furthermore, the

passivation current density ipass2 is the highest for the as-

built surfaces for all four materials and decreases drasti-

cally, when the surface is machined. The more electro-

chemical active behavior of these surfaces can have different

reasons. On the one hand, higher roughness induced by re-

sidual powder particles means a higher surface area, which

can interact effectively with the surrounding electrolyte and

participate in the electrochemical processes. As a result,

many weak points that are susceptible to corrosion attacks

and more potential metastable pitting starting points exist,

consequently leading to the formation of more metastable

corrosion pits and pronounced anodic metallic dissolution

visible as spikes of the current density in the polarization

curves (Fig. 7). Similar observations were made with SLM-
processed 316 L [106,107]. On the other hand, the high

roughness of the as-built surfaces may form porous-like

(foamy) structures, that lead to the formation of autocata-

lytic cells due to the accumulation of corrosion products

within structures, that again favors localized metastable

pitting [72]. The observed relation between surface

morphology and corrosion resistance correlates well with

other studies [66,108e111]. The consequence is visible for the

released alloying elements that were analyzed after the

corrosion experiments (Table 6). Tie6Ale4V with the as-built

surface morphology released roughly 5 to 16 times more Al

and 1.5 to 8 times more V the specimen with the machined

surface.

Within the frame of this work the corrosion resistance of

four different titanium-based materials was investigated by

potentiodynamic polarization and combined with mass-

spectrometric analysis of released alloying elements as well

as a microstructural characterization. However, there are

certain limits to this studywhich need to be considered. Based

on the polarization experiments the b-type alloys Tie42Nb

and Tie20Nbe6Ta not only show a superior corrosion resis-

tance, but also indicate an enhanced passivation behavior.

However, to allow an in-depth evaluation of the passivation

behavior a more detailed investigations of the formation,

stability and constitution of the oxide layers with methods

like X-ray photoelectron spectroscopy (XPS) or electrical

impedance spectroscopy (EIS) is necessary and should be

considered. Furthermore, the microstructural composition

and elemental distribution play important roles with regard to

the corrosion resistance as well as passivation behavior, for

example considering the formation of micro-galvanic cells.

Since SLM led to very fine structures and distributions, besides

the performed investigations in this work a more detailed

study is necessary. For example, the characterization with

TEM or kelvin probe force microscopy (KPFM) would provide

further insides.
5. Conclusions

The microstructure evolution, corrosion resistance and

the amount of released alloying elements during corrosion

experiments of two novel b-type titanium alloys, Tie42Nb

and Tie20Nbe6Ta, were investigated and compared

with commercially pure titanium grade 2 (cp-Ti) and the

Tie6Ale4V ELI alloy after SLM-processing. Furthermore, the

influence of the SLM as-built surface as well as two

machining processes on the corrosion resistance were

investigated and compared. Within the limits of this study,

the main conclusions can be drawn as follows:

(1) Cp-Ti and Tie6Ale4V crystallize completely in the

martensitic hcp a0-phase during SLM. In case of

Tie42Nb, the amount of the b stabilizing element Nb

was high enough to completely retain the bcc b phase

until room temperature. In case of Tie20Nbe6Ta, it did

not contain enough b stabilizing elements and the

orthorhombic martensitic a00-phase was formed.

(2) During the polarization experiments cp-Ti and

Tie6Ale4V underwent corrosion and showed a clear
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transpassive region. In contrast, the b-type alloys

showed no pitting corrosion or breakdown of the pas-

sive layer. This is probably attributed to the presence of

tantalum oxides and/or niobium oxides and the

improved passivation layer.

(3) For Tie6Ale4V high amounts of released Al and V were

detected in the electrolytes after potentiodynamic po-

larization. In contrast, the b-type alloys Tie42Nb and

Tie20Nbe6Ta released almost no alloying elements.

(4) The corrosion resistance of Tie42Nb and Tie20Nbe6Ta

is very similar with only slight distinctions. The passive

layer of Tie42Nb seems to be more stable under very

high electrical potentials.

(5) Surface machining of AM Ti alloys generally leads

to lower surface roughness and a better corrosion

resistance for all investigated materials, which is an

important factor for achieving a good corrosion resist

ance.
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