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Abstract 

 

In this study, a PtAl based coating was tested under high temperature conditions at 900°C and 

1000°C. The composition of Pt-53Al was chosen because of its excellent results in previous 

studies at another temperature. Due to the formation of a thin continuous alumina layer on top 

and the phase stability of the oxidation resistant coating, a lifetime of 1500 1h-cycles was 

achieved. 

Depending on the testing temperature and time, the coating underwent an evolution of 

different Ti-Pt-Al phases due to the outward diffusion of Ti and Nb from the substrate and 

inward diffusion of Pt. The oxidation resistance decreases with a continued interdiffusion and 

a decreasing Pt content in the Ti-Pt-Al phases. 

Additionally, the Pt-53Al coating was successfully deposited with a Thermal Barrier Coating 

top coat by EB-PVD. The oxidation test at 1000°C also revealed a lifetime up to 1500 cycles 

without failure, particularly based on the good adhesion between the TGO and TBC. 

Mass gain measurements were done at each temperature and for all coating systems. Further 

microstructural examination methods to study the coating evolution, such as scanning electron 

microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS) and X-ray diffractometry 

(XRD) for phase analysis, were used. 
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1. Introduction 

Materials with a good oxidation and corrosion behavior are of high interest within the 

aerospace and automotive industry. State of the art Ni-based superalloys are used for 

components of aero and automotive engines as well as for gas turbines, which also provide 

attractive mechanical properties. Alumina former coating systems, such as MCrAlY (M=Ni 

and/or Co) [1-3] or Pt-modified aluminides [4-6], improve the oxidation resistance of the 

material. 

However, mass reduction is one of the major goals for aeroengines. Light weight Titanium 

Aluminides, with their low density about 4g/cm³, are a material with attractive mechanical 

properties in a temperature range of 700-850°C [7, 8]. A sufficient creep resistance can be 

provided up to 750°C [9], but above 750°C, a poor oxidation resistance characterizes this 

material due to the formation of fast growing and porous titania [10-12]. Therefore, an 

oxidation resistant coating is necessary to prevent material reduction by a fast oxidation 

process. Coatings based on the halogen effect [13-16] or sputtered coatings based on TiAl, 

TiAlCrZr/Y [16-21], as well as Si based coatings [22-24] show a positive effect on the 

oxidation behavior.  

As shown in prior investigations, sputtered PtAl based coatings on γ-TiAl also provide an 

excellent oxidation resistance [25-28]. A thin and continuous Al2O3 layer was formed on top 

with a stable (Ti,Nb)PtAl2 layer below. In this paper, further results of the oxidation resistance 

of sputtered PtAl-coatings on TiAl are presented. The lifetime and microstructure of the best 

coating composition of previous works, Pt-53Al [25], was tested at further temperatures, 

namely 900°C and 1000°C. 

Additionally, the PtAl oxidation resistant coating was combined with a Thermal Barrier 

Coating (TBC) of yttria partially stabilized zirconia (7YSZ) on top within this study. 

Currently 7 wt.% yttria partially stabilized zirconia is the industrial standard for TBCs on Ni-

based superalloys. TBCs are widely used in aero-engines as well as land based gas turbines 
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due to their low thermal conductivity. A temperature reduction up to 150°C can be achieved 

for components with internal cooling [29-31]. Due to the application of ceramic top coats, the 

material beneath will be protected by operating at lower temperatures [32, 33]. Bondcoats 

with a good oxidation behavior, such as Al2O3 formation, provides good bonding between the 

TBC and substrate.  

In this paper the coating system of a sputtered PtAl bondcoat with and without EB-PVD TBC 

consisted of 7YSZ was tested at testing temperatures of 900 and 1000°C.  
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2. Experimental 

The γ-TiAl material (TNB V2) was provided by GfE (Germany) with the composition of Ti-

45Al-8Nb-0,8C. Disc shaped specimens were machined with the dimensions of 15mm x 

1mm. Before the coating procedure, the specimens were mechanical pretreated by the 

following steps: Grinding with SiC paper, polishing with a SiO2 suspension and cleaning with 

ethanol. 

The Pt-53Al coating was deposited by magnetron sputtering by using a two source equipment 

with the same process settings of previous experiments written in [25]. To get a homogeneous 

coating composition and thickness, the specimens were rotated in the coating chamber. The 

PtAl coating thicknesses were about 10µm. Afterwards, a cyclic test was performed at 900°C 

and 1000°C in air. One cycle consists of 60min heating time and 10min cooling down to 

60°C. After 1500 cycles, the test was stopped. To study the microstructure evolution one 

sample was removed after 10, 100, 500, 1000 and 1500 cycles. The high test temperature of 

1000°C was chosen to find the capability concerning the oxidation resistance. 

Six Pt-53Al coated specimens were used to investigate the adhesion of a ceramic top coat. 

The thermal barrier coating (TBC) used within this study consisted of yttria partially 

stabilized zirconia (7YSZ). Before the TBC coating process via electron beam physical vapor 

deposition (EB-PVD), it is necessary to pre-oxidize the PtAl coatings to provide good 

adhesion. Therefore, the samples were oxidized at 950°C for 10h in air after magnetron 

sputtering. During the EB-PVD coating process, the samples were fixed on a planetary gear 

and the rotational speed was 4rpm. The sample temperature was approximately 950°C. The 

TBC-thickness was about 150µm. The samples with a TBC top coat were also tested 

cyclically at 1000°C up to 1500 cycles. Similar to the samples without a TBC top coat, one 

sample was removed after the aforementioned cycle states to investigate the microstructure. 

During the oxidation tests, the mass gain of each sample was recorded. The microstructure 

was examined for all samples by standard metallographic preparation of cross sections 
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followed by investigations at scanning electron microscopy (SEM; Zeiss Ultra 55) with 

energy-dispersive X-ray spectroscopy (EDS). Acceleration voltages of 3keV were used for 

image acquisitions and 20keV for EDS-analyses. For phase analysis, XRD measurements for 

selected samples were carried out using a Siemens D5000 powder diffractometer in Bragg-

Brentano configuration with Cu Kα radiation. 
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3. Results and discussion 

3.1 Oxidation test at 900°C 

The good oxidation behavior of the Pt-53Al coating at 950°C of previous investigations 

[25]was also verified at 900°C. The samples were tested up to 1500 cycles and the coating 

showed no signs of failure. In figure 1, the mass gain over exposure time is shown. The mass 

gain after 1500 cycles is very low (less than 0,5mg/cm²). Other comparable alumina forming 

coatings on TiAl, for example Ti-Al-Cr-Y, show a higher mass gain of about 1mg/cm² at 

900°C after 1000 cycles [34]. 

During the thermal cyclic test, the PtAl coating underwent several phase transformations. All 

investigated TiPtAl-based phases (τ2, τ3 and τ4) are also described in [35, 36]  and confirmed 

with XRD-measurements (figure 2). The chemical composition of the phases measured by 

EDS-analysis (seen in table 1) correlates to the data of the ternary Ti-Pt-Al phase diagram 

(figure 3, [35]). 

Microstructure investigations show that within the first 10 cycles, a dense thin alumina layer 

with a thickness of about 300nm formed on top (figure 4a). Simultaneously the amorphous 

and homogeneous dense sputter coating crystallized. Beneath the thermally grown oxide 

(TGO) a huge area of PtAl and a two layer interface of one phase with the composition of 

TiPt2Al and the τ4-TiPtAl phase were formed due to interdiffusion with the substrate. The 

mentioned TiPt2Al-phase was only seen in the 10 cycle state. This phase could not be 

identified by XRD-measurements, however the peaks exist in the 10 cycles-diffractogram, 

which could not be collated to any other phases and disappeared after 100 cycles (figure 2). 

Maybe the peaks could have originated from this TiPt2Al phase. 

After 100 cycles the interdiffusion continued, so that the PtAl layer gets thinner underneath 

the TGO and a Pt2Al3 layer formed between the PtAl layer and the τ4-layer (figure 4b). 

Although a relative high amount of Ti (11 at.%) and Nb (3 at.%) exists in this phase, the 

XRD-diffractogram clearly shows reflexes of Pt2Al3 (figure 2). 
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After 1500 cycles at 900°C, the TGO consisted of pure Al2O3 and only had a thickness of 

about 1-1.5µm. The PtAl-Bondcoat still existed with a thickness up to 20µm and consists of a 

layered structure of the τ2, τ3 and τ4 phases. In figure 4c, the τ2 phase is visible with the dark 

grey contrast and the τ4 phase with the light grey contrast due to the higher amount of 

platinum. The τ3 phase is not optical visible, but this phase has to exist in the τ2-zones because 

EDS as well as XRD measurements show the existence of the τ3 phase.  

In the initial states of 900°C oxidation test the PtAl and Pt2Al3 phases and the later formed τ2, 

τ3 and τ4 phases seem to be alumina formers. The solved Ti content in the PtAl and Pt2Al3 

phases is relatively low in comparison to the other Pt-Al-based phases, so no oxidation of Ti 

took place. Presumably, the titanium in τ2, τ3 and τ4 is bonded strongly enough, so no 

oxidation of titanium was seen until 1500 cycles. The exclusive alumina formation results in a 

very low oxidation rate.  

Additionally the outward diffusion of Nb coming from the substrate was observed. 

Apparently, the τ-phases have a relatively high stability against diffusion and does not solute 

a high amount of Nb, because the Nb-content did not exceed over 8 at.% after 1500 cycles at 

900°C. TiAlNb-precipitates of a relative high Nb-content of about 20 at.% formed underneath 

the bondcoat, which confirm the conclusion of a relative low diffusion/solution of Nb in the 

PtAl-based phases.  

 

3.2 Oxidation test at 1000°C 

Even at high temperature of 1000°C the PtAl coating shows an excellent oxidation behavior. 

Unfortunately, it was not possible to record oxidation kinetics. Due to the given sample 

geometry (seen in figure 1), the mass gain curve of the PtAl coating system decreased after 

about 300 cycles. This mass loss is caused by a high oxidation rate and oxide spallation at the 

region where there is a hole in the samples that was not or insufficient coated for the massive 

oxidation attack at this high temperature of 1000°C. This hole, with a diameter of 1mm, is 
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necessary to fix the specimens during both coating processes and cyclic testing. Hence the 

substrate is locally not protected enough and oxidized rapidly at 1000°C. Although the 

oxidation kinetics of the 1000°C tests could not be continuously determined, it has been noted 

that the oxidation rate is very slow until spallation started after 300 cycles. In literature it is 

reported that mass gains for TiAlCrY based coatings on TiAl is about 1.2mg/cm² after 300 

cycles without TBC at testing temperatures of 1000°C [34]. Thereby the mass gain of the PtAl 

coatings (about 0.6mg/cm²) is approximately half of the value of TiAlCrY coatings and also 

lower in comparison of halogen treated TiAl material (0.8 - 1.1 mg/cm²)[37].  

At 1000°C the coating behavior is comparable to the 900 and 950°C test [25]. Due to the 

depletion of Pt by inward diffusion, a layer of PtAl precipitates was formed in a Pt2Al3 matrix 

in the upper part of the coating after 10 cycles (figure 5a). A double layer of τ3 and τ4, 

developed by interdiffusion, was formed underneath Pt2Al3. After 100 cycles, due to further 

interdiffusion, the PtAl isles are solved and only the Pt2Al3, τ2 and τ3 were observed. Similar 

to the 900°C investigations, all mentioned phases were confirmed by XRD measurements as 

seen in figure 6 and the compositions are listed in table 2. 

During the 1000°C-test, similar phase transformations occurred as in the 900°C test, so that 

after 1500 cycles, only the τ2 + τ3 phases exists underneath the TGO (figure 5b). In summary, 

within in the 1000°C test, the same phase transformations could be seen in comparison to 

lower testing temperatures with the difference being that the transformation rate was faster 

due to the higher temperature and therefore faster interdiffusion. 

However, during the test TiO2 also formed within the TGO at 1000°C. The formation of 

titania with the rutile modification started locally after 1000 cycles. With longer exposure 

time more interdiffusion took place. So that the TiPtAl-based phases destabilized and the 

oxidation of the fast growing titania was possible. Due to the fast oxidation of titanium and 

aluminum after phase destabilization, Pt precipitates stayed inside the thick oxide areas 

(figure 5b and XRD-diffractogram figure 6). Due to the small dimension of these precipitates, 
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it could not be confidently determined if these precipitates were pure Pt or a kind of solid 

solution. 

The effects of faster interdiffusion and phase transformation also can be seen in the XRD-

diffractogram (figure 2+6). PtAl- and TiPt2Al formed during the first cycles at 900°C were not 

seen in the 1000°C-diffractogram. Also the Pt2Al3, τ3 and τ4 phases, which were seen after 100 

cycles at 900°C, already were measured after 10 cycles during the 1000°C test. Additionally 

the XRD-investigations showed TiO2 + Pt peaks at samples tested at 1000°C after 1000 

cycles. 

The microstructural examinations revealed that the formation of local blistering already 

started occurring after 500cycles. In figure 5c, a micrograph of a blister is represented that 

formed after 1000 cycles. It seems that oxygen passed through various channels, for instance 

small cracks, and reacted with titanium of the previously mentioned destabilized TiPtAl-

phases inside of the bondcoat. The fast growing titania needs more space and pushed the 

residual outer bondcoat outside and a blister was formed. Unfortunately parts of the formed 

titania broke out during cross section preparation, as seen in figure 5c.  

Astonishingly, the blister formation did not have an essential negative effect on the lifetime. 

But although the Pt-53Al coating reached at least 1500 cycles of 1000°C without spallation of 

the coating or TGO, it can be seen that the closed protective alumina layer exists no longer. 

The oxidation resistance of the coating reached the technical limit concerning the oxidation 

resistance at this temperature due to the formation of fast growing titania. The most of the 

oxidation resistant Pt-53Al-coating was depleted due to diffusion and rapid oxidation.  

 

By comparison of all investigation steps at every testing temperature in this study and the 

former investigations at 950°C [25], the following evolution of TiPtAl-phases can be 

conclude, starting from the amorphous PtAl coating after sputtering process. This evolution is 

verified by XRD-measurements (Figure 2 + 6): 
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PtAl (amorphous)  PtAl (crystalline)  TiPt2Al Pt2Al3  τ4  τ3  τ2 

 

First from the amorphous sputter coating, a crystalline PtAl bondcoat formed. In figure 4a + 

5a, the PtAl and alumina phases can be seen after 10 cycles. Additionally, the Pt2Al3 phase 

formed at higher temperatures (950°C [25] and 1000°C) in the first cycles, presumably, due to 

the rapid Pt depletion of the faster Pt inward diffusion (figure 5a + 6). 

Due to further interdiffusion (Pt inward diffusion and Ti/Nb outward diffusion), the next 

transformations steps are the formation of τ4, τ3 and finally τ2 before the fast oxidation of 

titanium started. In general the transformation rate depends on the temperature beside time 

and, therefore on the diffusion velocity.  

 

3.3 Oxidation test at 1000°C with TBC 

One major aim of this investigation was to elaborate whether a combination of a PtAl 

oxidation resistant coating with a thermal barrier top coat (TBC) of 7YSZ is feasible or not 

and if and how the TBC effects the oxidation behavior of the whole system. 

Before applying the TBC by EB-PVD it was necessary to form a thin oxide scale to provide 

good adhesion of the ceramic top coat. Therefore, the samples were pre-oxidized for 10 hours 

at 950°C in air as noted in the “experimental” chapter. 

Just as in the experiment without a TBC at 1000°C, the recording of oxidation kinetics was 

also difficult. Due to the weak point around the hole, fast oxidation took place with 

subsequent spallation of small TBC and oxide pieces after 250 cycles in this area. However, 

the general surface of the sample did not show any failure. The samples with TBC reached a 

lifetime of at least 1500 cycles which was the point where the test was stopped.  

First microstructure investigations were performed directly after deposition of the TBC 

(figure 7a). Due to the pre-oxidation before top coat manufacturing, the samples phase 
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formation is similar to the 10 cycle state of the PtAl-coated samples without TBC. Beneath 

the TGO, Al2O3, a layered structure of PtAl, Pt2Al3 and τ4-TiPtAl formed. All element 

concentrations of the TiPtAl-based phases are listed in table 2.  

The EB-PVD TBC was deposited with the typical columnar structure. Due to the smooth 

sample surface, the TBC grew up equally with a good adhesion to the pre-oxidized TGO 

(Al2O3). 

After 1500 cycles at 1000°C, the PtAl coating was not completely oxidized, see figure 7b. 

Indeed a thick TGO of alumina and titania containing Pt-precipitates was formed, which 

remained after the oxidation of Al and Ti. Also the formation of pores was seen in the TGO. 

However, a thin dense alumina layer was seen beneath the TBC. This presence ensured a 

good adhesion of the TBC. Contrary to expectations no τ2-phase was seen, but a τ4-TiPtAl 

layer of about 5-10µm in thickness exists still after 1500 cycles between TGO and substrate. 

This behaviour has not yet been clarified. 

Due to the thickness of the TBC, no XRD measurements were done. All mentioned TiPtAl 

phases are based on the experience of the other XRD measurements without TBC and EDS 

investigations. 

Additionally, it is to be seen that the TGO expands in the interspaces of the TBC due to the 

outward diffusion of titanium (figure 7b). This behavior of forming an inner and outer oxide 

scale is also reported in literature [38, 39], but the influence of this oxidation behavior is still 

not fully explained. 

The blistering, which was seen after the 1000°C test at samples without TBC, could not be 

observed for samples with TBC topcoat. Areas of titania formation inside the intermetallic 

bondcoat were seen, but the TBC prevents the outward mechanical deformation of the 

coating. Feasible build internal stresses have no visible effect on the oxidation behavior and 

lifetime. 
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4. Summary 

The oxidation resistance of a Pt-53Al-coating on γ-TiAl was investigated after cyclic testing 

at 900°C and 1000°C in air. Although the chosen testing temperatures were quite high for a γ-

TiAl alloy, the present investigations prove the applicability of the coatings up to this 

technical limit. A lifetime of at least1500 1h-cycles was observed. The formed alumina layer 

works as a barrier against the inward diffusion of oxygen and especially against the outward 

diffusion of titanium. This results in an excellent protection of the TiAl based material. 

During the thermal treatment, the amorphous Pt-53Al layer underwent several phase 

transformations according to the following scheme:   

 

PtAl (amorphous)  PtAl (crystalline)  TiPtAl2  Pt2Al3  τ4  τ3  τ2 

 

The transformations are depending on the exposure temperature and time and, therewith, on 

the diffusion rate of the elements involved.  

The formation of titania with a rutile modification started locally after 1000 cycles at 1000°C. 

Presumably, the continuously decreasing Pt-content due to the Pt inward diffusion, leads to a 

destabilization of the TiPtAl based phases and are a reason for this unwanted oxidation 

behavior. In addition, blister formation was observed after 500 cycles caused by fast titanium 

oxidation inside the bondcoat.  

 

Additionally, a Thermal Barrier Coating of 7YSZ was deposited on the PtAl bondcoat and 

tested at 1000°C successfully. The results, especially the phase formation and evolution 

during the test, are comparable to these without TBC at 1000°C. The TBC was still adhered 

after 1500 1h cycles without notable spallation, indicating an excellent adhesion and 

compatibility with this bond coat and the formed TGO.   
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Table I: Compositions of Ti-Pt-Al phases at 900°C; measured via EDS 
 

       number of phase concentration c [at.%] 

cycles   Al Ti Nb Pt 

10 PtAl 44 4 - 52 

 
TiPt2Al 25 26 - 49 

 
τ4-(Ti,Nb)PtAl 29 31 6 34 

100 PtAl 54 0,5 5 40,5 

 
Pt2Al3 54 11 3 32 

 
τ4-(Ti,Nb)PtAl 31 29 7 33 

1500 τ4-(Ti,Nb)PtAl 32 33 1 34 

 
τ2-(Ti,Nb)PtAl2 45 29 2 24 

 
τ4-(Ti,Nb)PtAl 31 34 1 34 

 
τ2 / τ3 39 28 8 25 

  τ2-(Ti,Nb)PtAl2 42 34 2 22 
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Table II: Compositions of Ti-Pt-Al phases at 1000°C; measured via EDS 
 

       temperature number of phase concentration c [at.%] 

1000°C cycles   Al Ti Nb Pt 

without TBC 10 Pt2Al3 55 11 3 31 

  
PtAl 54,5 1,5 3 41 

  
τ3 36 29 10 25 

  
τ4-(Ti,Nb)PtAl 30 31 5 34 

 
100 Pt2Al3 54,5 14 1,5 30 

  
τ2-(Ti,Nb)PtAl2 50 20 2,5 28,5 

  
τ3 38 32 8 22 

 
1500 τ2-(Ti,Nb)PtAl2 46 16 9 29 

  
τ3 43 30 2 25 

       with TBC as coated PtAl 54 2 2 42 

  
Pt2Al3 52 13 2 33 

  
τ4-(Ti,Nb)PtAl 29 33 5 34 

 
1500 τ4-(Ti,Nb)PtAl 31 31 3 35 

    Nb-rich TiAl  29 42 21 8 
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Figure captions 

Figure 1: Mass changes of Pt-53Al coating on γ-TiAl at 900°C 

Figure 2: XRD-diffractogram of PtAl coating after different cycles at 900°C 

Figure 3: Ternary phase diagram Ti-Pt-Al leaned on [35] including measured EDS-data 

Figure 4: SEM micrograph of Pt-53Al coating tested at 900°C 

a) 10 cycles 

b) 100 cycles 

c) 1500 cycles 

Figure 5: SEM micrograph of Pt-53Al coating tested at 1000°C 

a) 10 cycles 

b) 1500 cycles 

c) Formation of blistering after 1000 cycles 

Figure 6: XRD-diffractogram of PtAl coating after different cycles at 1000°C 

Figure 7: SEM micrograph of Pt-53Al + TBC coating tested at 1000°C 

a) After TBC deposition 

b) 1500 cycles 
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Figure 5c 

 

 

Figure 6 



27 
 

 

Figure 7a 

 

 

Figure 7b 

 

 


