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Abstract Selective laser melting (SLM) is an additive manufacturing process that

enables novel alloy production by combining metals with significantly different

physical properties. In this paper, the hot corrosion behavior of Ti–Re alloys fab-

ricated by SLM was studied in a mixture of Na2SO4 and NaCl salts at 600 �C. The

morphology and composition of the corrosion products were characterized by

scanning electron microscopy with energy-dispersive X-ray spectroscopy and X-ray

diffraction to understand the degradation mechanisms. It has been shown that the

hot corrosion resistance of Ti–Re alloys was influenced by the chemical inhomo-

geneity of the oxide scale resulting from the presence of rhenium particles undis-

solved during the SLM process.

Keywords Ti–Re alloys � Selective laser melting � Hot corrosion � Na2SO4

and NaCl salts

Introduction

Selective laser melting (SLM) is one of the rapid prototyping (RP) techniques for

manufacturing nearly fully dense three-dimensional elements directly from CAD

data. During the SLM process, thin metallic powder layers (50–100 lm) are spread

out on a building platform and subsequently fully melted and consolidated by a
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scanning laser beam. Building objects layer by layer allows 3D metal parts to be

obtained [1–4]. SLM offers several advantages over the conventional manufacturing

techniques such as reduction in processing steps, high material utilization and a

near-net shape production of the geometrically complex shapes with a minimal

machining [5, 6]. For these reasons, it is an attractive alternative to process difficult-

to-machine materials such as titanium and its alloys. Ti and its alloys are generally

considered to be difficult-to-manufacture materials what results from the complexity

of the extraction and melting processes and problems with their machining [6–8].

Thus, the SLM technology provides an ideal platform for a near-net shape

production of Ti components instead of the highly time- and energy-consuming

conventional multi-step processing techniques such as casting or powder metallurgy

[6, 8].

Another important advantage of the SLM process is the ability to produce

elements made of materials with high melting points, e.g., tantalum [9],

molybdenum [10], rhenium [11] and tungsten carbide [12], and to combine metallic

powders of those materials with metals of significantly different physical properties.

As the attempts of modifying mechanical properties of Ti and its alloys in the SLM

process by additions of refractory metals such as Mo [13] and Re [14] appeared

successful, this work considers further investigations of selective laser melted Ti–Re

alloys.

Titanium and titanium alloys are widely used in the aircraft industry; however,

their temperature capability of up to 600 �C and relatively low wear resistance

restrict their application for high-temperature parts of gas turbine engines [8, 15].

Due to the strong demand for reducing aircraft engine weight, the temperature and

wear performance of Ti alloys need to be improved. Rhenium, as a refractory metal

with excellent tensile and creep strength over a wide temperature range (up to

2000 �C) and wear properties [16], seems to be highly effective in improving high-

temperature durability of Ti alloys. So far, the papers concerning the effect of

rhenium addition on Ti properties are limited [14, 17]. Chlebus et al. [14] and

Kovtun and Ul’yanov [17] found that rhenium considerably increases hardness and

strength of Ti at room temperature. Chlebus et al. [14] investigated the SLM-

processed Ti–Re alloys (0, 0.5, 1.0 and 1.5 at.% Re) and reported that an addition of

1.5 at.% Re improves hardness from 209 to 348 HV. Moreover, Ti–1.5 at.% Re

alloy fabricated by SLM exhibits significantly enhanced yield strength (YS) and

ultimate tensile strength (UTS) of 1038 and 1162 MPa, respectively [14]. These

values are very close to nickel-based superalloys used for advanced turbine engines

with YS often in the range of 900–1300 MPa and UTS of 1200–1600 MPa [18].

However, it should be noted that SLM-processed materials are characterized by a

strong anisotropy and high residual stresses after fabrication which affect their

mechanical behavior [9, 19, 20]. Consequently, further studies of high-temperature

mechanical properties of Ti–Re alloys, taking into account the microstructure

anisotropy and internal stresses, are needed for their comparison to Ni-based

superalloys.

The improvement in temperature capability for Ti alloys also requires corrosion

resistance enhancement. Aircraft engine parts are exposed to high-temperature

oxidation and hot corrosion, defined as an accelerated high-temperature corrosion in

84 Oxid Met (2018) 90:83–96

123



the presence of salt contaminants such as Na2SO4 and NaCl [21, 22]. Kovtun and

Ul’yanov [17] characterized the effect of rhenium on the oxidizability of titanium at

800 �C. For low rhenium contents (up to 1 wt%), the oxidation rate was slightly

increased, whereas at higher content (3 wt% Re) it was considerably decreased, in

comparison with Ti. They also established that rhenium impedes grain growth and

diffusion of oxygen and nitrogen into the titanium. The hot corrosion resistance of

Ti–Al alloys [23–25] and TiAl-based intermetallics [26–30] has been determined in

numerous papers; however, there is a lack of information about Ti–Re alloys.

Therefore, the present paper concerns the corrosion behavior of Ti–Re alloys

produced by SLM in the presence of Na2SO4 and NaCl salts. The obtained results

establish the effect of rhenium on the corrosion properties of titanium alloys.

Experimental Procedures

The titanium (SLM-Ti), Ti–2Re, Ti–4Re and Ti–6Re (compositions are given in

wt%) samples used in this study were produced by the SLM process from mixtures

of titanium and rhenium powders. Test specimens were fabricated using the SLM

Realizer II (MCP-HEK) machine with the following parameters: laser power

400 W, scanning speed 1000 mm/s, scanning time of one point 60 ls, distance

between scanning points 60 lm, layer thickness 50 lm, distance between scanning

lines 100 lm and energy density 80 J/mm3.

The specimens for hot corrosion tests, with dimension of about 9 9 9 9 2 mm,

were cut out from SLM manufactured cuboids. The orientation of samples with

respect to the building direction is shown in Fig. 1. The microstructure of as-built

specimens on the YZ plane is presented in Fig. 2. The martensitic a0 microstructure

was revealed in the case of SLM-Ti. There were no signs of its directional

solidification. On the contrary, the microstructure of Ti–Re alloys was dominated by

columnar prior b grains (with a width of 20–50 lm and length of several hundreds

of microns) which were slightly deflected from the building direction (Z-axis). Each

columnar grain showed fine martensitic microstructure.

Before exposure, all surfaces of hot corrosion samples were ground with SiC

papers down to 1200 grit and cleaned ultrasonically in acetone, followed by drying

in hot air. Specimens were inserted into the quartz crucibles and immersed in the

mixture of 75 wt% Na2SO4 ? 25 wt% NaCl salts which is a common environment

for hot corrosion tests [28–33]. Besides, the presence of chloride ions facilitates the

hot corrosion attack of Ti-based alloys and promotes oxide-scale cracking

[23, 24, 30]. According to Gonzalez-Rodriguez et al. [34], the salt mixture in an

amount equivalent to 500 mg/cm2 was used to cover samples completely. The

immersion method was chosen based on results obtained by Zhang et al. [27]. They

investigated three different exposure methods: specimens suspended in salt vapor,

deposited with a salt film and immersed completely in molten salt. The immersion

method resulted in the severest hot corrosion of Ti-based alloys, and thus, it has

been implemented in this study. Hot corrosion tests were performed in a laboratory

furnace at 600 �C for 5, 15, 25, 50 and 100 h. Each exposure time was represented

by one specimen. After exposure, the samples were cleaned with boiling water to
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dissolve the remains of Na2SO4 and NaCl salts. The mass of each specimen before

and after exposure was measured using an electronic balance with an accuracy of

± 0.1 mg.

After the corrosion tests, the phase composition of the samples was determined

by X-ray diffraction using Bruker AXS D8 Discover diffractometer with Cu Ka

radiation (k = 1.54 Å). The morphology and chemical composition of the

specimens after the corrosion test were analyzed on the surface (top view) and on

transversal cross sections by scanning electron microscope (SEM) Hitachi SU-8000

equipped with an energy-dispersive spectroscope (EDS). To determine the quantity

of undissolved rhenium particles, computed tomography (XCT) measurements were

performed on a Metrotom 1500 CT machine with the following parameters: voltage

of X-ray source 180 kV, current 100 lA, exposure time 2000 ms and voxel size

18.87 lm. The obtained data were processed with Volume Graphics VG Studio

Max 2.0 software. Details and possibilities of XCT measurements have been

explained in [35].

Results

Hot Corrosion Resistance

The weight loss per unit area of the SLM-Ti–Re alloys as a function of the exposure

time in the mixture of Na2SO4 and NaCl salts at 600 �C is shown in Fig. 3. The

Fig. 1 Building orientation of hot corrosion test specimens
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Fig. 2 Microstructure of as-built Ti–Re alloys on the YZ plane: a SLM-Ti, b Ti–2Re, c Ti–4Re and
d Ti–6Re

Fig. 3 Weight loss versus time of exposure of SLM-Ti, Ti–2Re, Ti–4Re, Ti–6Re alloys in the mixture of
Na2SO4 and NaCl salts at 600 �C
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corrosion kinetics indicate that rhenium addition affects titanium hot corrosion

behavior significantly. Ti–2Re exhibited the poorest corrosion resistance, with a

strong tendency of scale spallation, following almost linear kinetics of corrosion.

The final mass loss after 100 h of exposure was about 30 mg/cm2. SLM-Ti and Ti–

4Re showed similar corrosion resistance resulting in the weight loss of 10.89 and

11.75 mg/cm2 after 100 h, respectively. Minor scale spallation occurred for Ti–6Re

samples followed by the lowest mass change. At the beginning of hot corrosion tests

(after 25 h), Ti–6Re samples lost about 3.5 mg/cm2, and then, their weight

remained stable. According to the obtained results, the hot corrosion resistance of

SLM-processed Ti–Re alloys in the mixture of Na2SO4 and NaCl salts increases in

the order: Ti–2Re\Ti–4Re\ SLM-Ti\Ti–6Re.

Phase Composition of Corrosion Products

X-ray diffraction patterns for Ti–Re samples annealed in the mixture of Na2SO4 and

NaCl salts at 600 �C for different times are shown in Fig. 4. All peaks were

normalized to a major peak. The a-Ti phase was identified as a substrate material

phase since the martensitic a0 microstructure is characteristic for commercially pure

Ti fabricated by SLM [14, 36] (as shown in Fig. 2). The main corrosion products

were identified as TiO2 (rutile), Na2Ti5O12 and Ti0.625S. Weak reflections from pure

Fig. 4 X-ray diffraction patterns of a SLM-Ti, b Ti–2Re, c Ti–4Re and d Ti–6Re after exposure in the
mixture of Na2SO4 and NaCl salts at 600 �C for 5, 15, 25, 50 and 100 h
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rhenium were revealed for Ti–Re alloys (Fig. 4b–d) which indicate the presence of

undissolved rhenium particles near the substrate surface. For SLM-Ti after exposure

for 5 h, the only observed peaks corresponded to a-Ti phase. The peaks from hot

corrosion products were noticed for longer times. However, after 100 h of exposure

almost the entire oxide scale spalled off indicating weak adhesion of TiO2 to the

titanium substrate. In the case of Ti–Re alloys, there is no significant change in the

corrosion products with changing rhenium addition. TiO2, Na2Ti5O12 and weak

Ti0.625S peaks were observed in almost every sample. The only difference was the

peak intensities indicating slightly different volume fraction of corrosion products in

each sample. The presence of corrosion products after 100 h of exposure suggests

stronger adhesion of the oxide scale to Ti–Re substrates in comparison with SLM-

Ti.

Morphology and Chemical Composition of Corrosion Products

After hot corrosion tests in the mixture of Na2SO4 and NaCl salts, steel-colored

scale appeared on the samples’ surfaces. Micrograph in Fig. 5a shows fine needle-

shaped crystals identified by EDS analysis as TiO2. Similar structure was obtained

by Godlewska et al. [28]. As the time of exposure increased, those crystals grew into

round-shaped structures and led to thick oxide-scale formation (Fig. 5b). After hot

corrosion for 100 h, the scale thickness on Ti–Re alloys did not exceed 50 lm. In all

investigated samples, the scale was brittle with relatively poor adhesion to the

substrate and many visible cracks propagating in both parallel and transverse

directions to the sample surface.

Chemical analysis by EDS revealed that the scale consisted mainly of Ti, O, Na

and S. Figure 6 shows the map distribution of selected elements on the cross section

of Ti–Re alloys after hot corrosion for 100 h. According to XRD, the scale formed

on the surface was a mixture of TiO2, Na2Ti5O12 and Ti0.625S. The results presented

in Fig. 6 confirm the XRD data. The scale consists mainly of titanium dioxide and

sodium titanate. Moreover, it is clearly visible that sulfur has diffused through the

scale and formed titanium sulfide between the substrate and titanium oxide scale.

The cross-sectional observations revealed the presence of undissolved rhenium

Fig. 5 Surface morphology of Ti–2Re after hot corrosion test in the mixture of Na2SO4 and NaCl salts at
600 �C for: a 15 and b 50 h
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particles (marked with arrows in Fig. 6). The higher local concentration of rhenium

within the outer scale was also observed suggesting rhenium outward diffusion from

Ti–Re substrates. However, the outward diffusion of rhenium seems to be highly

unlikely at 600 �C for such short time exposures. Even during hot corrosion tests of

Ti–47Al–1Re–1W–0.2Si (at.%) at 750–800 �C for longer times, rhenium outward

diffusion was not observed [37]. Rhenium is a very heavy slow-diffusing element

[38] as shown by Zeng et al. [39] and Zhang et al. [40] for nickel and nickel-based

superalloys. Therefore, the observed phenomenon has to be associated with the

presence of undissolved Re particles at this particular location.

Nevertheless, SEM and EDS analysis of the corroded surfaces (top view)

confirmed the occurrence of regions with higher local Re concentration as presented

Fig. 6 EDS analysis results for Ti–Re alloys after hot corrosion test in the mixture of Na2SO4 and NaCl
salts at 600 �C for 100 h
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in Fig. 7. The rhenium ‘‘clusters’’ were observed on the surface of the outer scale

showing needle-shaped morphology, as shown in Fig. 7b. Based on SEM

micrographs taken in mass contrast (Fig. 8), the area fraction of rhenium clusters

to overall surface area of the oxide scale was estimated for Ti–Re alloys after hot

corrosion for 100 h. The calculated values are summarized in Table 1. It should be

noted that the regions of higher Re concentration were distributed homogenously on

the oxide-scale surface of Ti–Re alloys. However, some agglomerations of Re

clusters were also observed in the case of Ti–2Re alloy (as shown in Fig. 7). The

highest area fraction of Re clusters exhibited Ti–2Re showing the value of 2.42%

(Fig. 8a). Surprisingly, the amount of Re clusters decreased with increasing rhenium

content in Ti–Re alloys. Noteworthy is the fact that there were almost no regions of

higher Re concentration in Ti–6Re (Fig. 8c).

Degree of Undissolved Rhenium Particles

The XRD and EDS analysis revealed the presence of undissolved rhenium particles.

According to the Ti–Re phase diagram [41], the solubility of Re in a-Ti is

approximately 0.1 at.% at 750 �C, in a ? b two-phase region is between 0.1 and

10 at.%, while in b-Ti it reaches 40 at.%. Liquid titanium readily dissolves

rhenium; however, the presence of some larger Re particles in the powders mixture

Fig. 7 a, b Surface morphology of Ti–2Re after hot corrosion test in the mixture of Na2SO4 and NaCl
salts at 600 �C for 100 h; c mass contrast image of area corresponding to (a) with the results of EDS
analysis in marked points
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increases the risk of incomplete rhenium dissolution due to the insufficient energy

density of scanning laser beam [14]. Therefore, to determine the degree of rhenium

dissolution by the SLM process, computed tomography measurements were

Fig. 8 Mass contrast images of oxide scales formed on Ti–Re alloys: a Ti–2Re, b Ti–4Re and c Ti–6Re
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performed. The summary of obtained results for Ti–2Re, Ti–4Re and Ti–6Re is

shown in Table 1. The highest calculated volume fraction of undissolved rhenium

particles, equal to 0.15%, was observed in Ti–2Re. Ti–4Re and Ti–6Re were

characterized by lower degree of undissolved rhenium, i.e., 0.07 and 0.09%,

respectively.

Discussion

Hot corrosion of Ti–Re alloys in the mixture of Na2SO4 and NaCl salts at 600 �C
leads to the formation of non-protective TiO2 (rutile) scale which spalls off easily

[23, 24, 27]. As the exposure time is extended, the oxide scale gets thicker and starts

to spalls off after reaching a certain thickness as shown for SLM-Ti after 100 h.

However, the presence of corrosion products in Ti–Re alloys after the same

exposure time suggests the stronger adhesion of the oxide scale to the substrates in

comparison with pure titanium. Considering the coefficients of linear thermal

expansion (CTE) for Ti and TiO2, presented in Table 2, some mismatch is clearly

observed. The pure titanium has higher CTE than rutile (9.7 and 8.19 9 10-6 �C-1,

respectively) indicating the possibility of oxide-scale cracking and spallation. As

rhenium has a low coefficient of thermal expansion, Kovtun and Ul’yanov [17]

found that alloying titanium with Re decreases the CTE and for Ti–3 wt% Re alloy

is about 8.2 9 10-6 �C-1. Those results clarify that the rhenium addition reduces

the mismatch of CTE between TiO2 and Ti–Re and can lead to better oxide-scale

adhesion.

As the scale formed on Ti–Re alloys predominantly consists of TiO2, possible

reactions of rutile with corrosion salts have to be considered. According to [44], the

following reaction of sodium sulfate at high temperatures can be given as:

Table 1 Summary of rhenium clusters and undissolved rhenium particles measurements

Material Ti–2Re Ti–4Re Ti–6Re

Area fraction of Re clusters (%) 2.42 0.44 \ 0.1

Volume fraction of undissolved Re particles (%) 0.15 0.07 0.09

Table 2 The coefficients of linear thermal expansion (CTE) of TiO2, Ti, Re and Ti–3 wt% Re

Material CTE (a 9 10-6/�C) Temperature range (�C) References

TiO2 (rutile) 8.19 0–500 [42]

Ti 9.7 0–600 [43]

Re 6.6 (7.29) 0–100 (2000) [43]

Ti–3 wt% Re 8.2 0–400 [17]

Oxid Met (2018) 90:83–96 93

123



Na2SO4 ! Na2O þ SO3 ð1Þ

It is reported that Na2O tends to react with rutile and form sodium titanate

[23, 31, 33] which could be presented in this case as:

Na2O þ 5TiO2 ! Na2Ti5O12 ð2Þ

This explains the presence of a significant amount of sodium titanate according to

XRD patterns obtained for all Ti–Re alloys (Fig. 4). Besides, as a rapid diffusion of

Na? ions through rutile toward the substrate is expected [31, 33], the presence of

sodium compounds within the oxide scale (Fig. 6) is fully reasonable.

With sodium chloride present in the test environment, the reaction of TiO2 with

chloride ions forming volatile TiCl2 is also possible [23, 25]. The TiCl2 dissociates

at elevated temperatures to titanium and chloride ions. Ti2? ions form a non-

protective TiO2 scale, whereas Cl- ions penetrate through cracks in the oxide scale

and react with substrate to form another volatile chloride. The sequence of

aforementioned reactions can be given as:

TiO2 þ 2Cl� ! TiCl2 þ 2O2� ð3Þ

TiCl2 ! Ti2þ þ 2Cl� ð4Þ

Ti2þ þ 2O2� ! TiO2 ð5Þ

It has been reported [23, 24, 26, 28] that the formation of volatile chlorides

results in increased oxide-scale porosity and leads to accelerated hot corrosion of Ti-

based alloys.

Another corrosion product formed during exposure in the mixture of Na2SO4 and

NaCl salts at 600 �C was identified as titanium sulfide. The sulfide formation is a

result of a reaction between sulfur from Na2SO4 and titanium substrate. It can occur

as a result of sulfur diffusion through cracks to the scale/substrate interface. The low

O2 potential in this region favors the sulfides formation [45]. The observed sulfur

segregation at the scale/substrate interface (Fig. 6) can lead to easier spallation of

corrosion products and accelerated degradation of substrate [32].

The results of phase identification did not reveal any effect of rhenium addition

on the corrosion products formed during high-temperature exposure in the mixture

of Na2SO4 and NaCl salts. However, SEM and EDS analysis showed regions of

higher local Re concentration (Fig. 7). Surprisingly, the amount of rhenium clusters

decreased with increasing Re content in Ti–Re alloys which could be explained in

terms of the number of undissolved rhenium particles (Table 1). The highest surface

area fraction of Re clusters was observed for Ti–2Re characterized by the biggest

volume fraction of undissolved rhenium particles. The presence of regions with

higher Re concentration leads to chemical inhomogeneity of the oxide scale and, as

a consequence, to pit formation. It has been reported that rhenium exhibits a higher

standard potential than titanium [46] and is characterized by a lower corrosion rate

in NaCl environment [47, 48]. The formation of pits in Ti–2Re and Ti–4Re alloys in

the vicinity of Re clusters results in enhanced oxide-scale degradation and higher
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weight loss during hot corrosion tests (Fig. 3). Since the number of identified Re

clusters (Table 1) and mass losses during hot corrosion tests (Fig. 3) show the same

tendency with respect to rhenium content, it could be concluded that the fluctuations

of chemical composition of the oxide scale have a decisive influence on corrosion

resistance of Ti–Re alloys.

The aforementioned results lead to the conclusion that the absence of rhenium

clusters on the corroded surfaces of Ti–6Re alloy results in the enhanced hot

corrosion resistance in comparison with pure titanium. The corrosion resistance at

high temperatures is improved mainly by better adhesion of the oxide scale to the

substrate due to the lower mismatch between the coefficients of thermal expansion

of TiO2 and Ti–6Re alloy.

Conclusions

The hot corrosion behavior of titanium and Ti–Re alloys fabricated by SLM in the

mixture of Na2SO4 and NaCl salts at 600 �C was investigated. It was observed that

the hot corrosion resistance of Ti–Re alloys increased in the order: Ti–2Re\Ti–

4Re\ SLM-Ti\Ti–6Re. The high-temperature exposure in salt environment

caused the formation of non-protective TiO2 scale which was cracked and porous

due to the formation of volatile chlorides. The sodium titanate Na2Ti5O12 formation,

as a result of Na2O with rutile reaction, was also identified. The hot corrosion

resistance of Ti–Re alloys was influenced by rhenium clusters present on the

corroded surfaces. The chemical inhomogeneity of the oxide scale results from the

presence of undissolved rhenium particles what leads to enhanced scale degradation.

Therefore, full rhenium particles dissolution is essential to improve corrosion

resistance of titanium by rhenium addition.
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