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Abstract
Coatings are a vital part of modern aero engines. Increasing demands 
placed on the performance and lifetime of components as well as on the 
capability of coating complex shaped parts have fostered the develop-
ment of new coating systems and sophisticated deposition techniques. 
The paper presents some recent results on the development of coatings 
for titanium aluminides and processes for erosion resistant coating 
deposition on compressor drums.

 
Introduction
Coatings are of great importance to improve performance and lifetime 
of aero engines. Today, components in different parts of the aero engine 
are protected by various types of coatings, e.g. against oxidation and 
corrosion, wear, erosion, fouling and heat. In recent years, new materi-
als and manufacturing processes have been developed for which new 
coatings and deposition processes had to be provided. For example, 
intermetallic structural materials (gamma titanium aluminides) have 
been developed for application in the high pressure compressor and the 
low pressure turbine of aero engines and will be used in the next gen-
eration aero engines. At service temperatures beyond 700°C titanium 
aluminides might need oxidation resistant coatings which are currently 
under development in a European research program [1]. The major 
challenge in the development of oxidation resistant coatings is long-
term stability of a protective oxide scale that forms during service for 
which purpose alumina (Al2O3) formation is essential. Furthermore, 
changes of coating chemistries at high temperatures must be controlled 
in order to avoid rapid degradation of the coatings due to diffusional 
losses into the substrate material and vice versa. In the first part of 
this paper the development of intermetallic coatings for titanium 
aluminides will be described. Moreover, recent work focussed on the 
use of thermal barrier coatings for enhanced thermal insulation of the 
intermetallic structural material from the heat in the engine will be 
highlighted. 

In aero engine fabrication there is a general trend towards higher 
integrated components to reduce the number of parts and save on fab-
rication costs. As an example, so called blisks (bladed disks) and even 
more complex disk assemblies (drums) have recently gained increasing 
attention. Since coating deposition is typically the very last manufac-
turing step of these geometrically complex components, much effort 
is currently being put into cost efficient deposition processes. Repair 
of these components can be fairly complicated and costly; therefore, it 
is a major goal of coating development to provide coatings with high 
resistance against environmental attack. The second part of the paper is 
devoted to recent developments in the field of erosion resistant coatings 
which are designed to protect compressor parts that may be particularly 
prone to this type of attack. 

Oxidation resistant coatings and thermal barrier 
coatings for gamma titanium aluminides 
Alloys from the Ti-Al-Cr system were reported to have good oxidation 
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resistance combined with reasonable mechanical properties when compo-
sitions are chosen from the two-phase region γ-TiAl and Ti(Cr, Al)2 [2]. 
When applied as coatings to Ti-45Al-8Nb by magnetron sputtering [3], Ti-
Al-Cr coatings provide excellent oxidation resistance at 750°C [4, 5] for up 
to several thousand hours. Compared with the uncoated reference material, 
at 900°C, the Ti-Al-Cr coatings improve oxidation resistance up to about 
1000 1-h cycles before rapid oxide scale formation occurs (Figure 1). 

Figure 1. Mass change vs. number of 1-h cycles of uncoated and Ti-Al-Cr-coated 
Ti-45Al-8Nb exposed to air at temperatures between 750°C and 950°C.

At 950°C, where the oxide scale on the uncoated reference sample 
readily spalls after a few cycles, Ti-Al-Cr coatings provide reasonable 
protection up to 350 1-h cycles before breakaway oxidation occurs. Good 
oxidation resistance of the Ti-Al-Cr coatings at temperatures between 750 
and 900°C is obviously caused by the two-phase microstructure of the 
coating with the Laves phase being most oxidation resistant. SEM cross 
section analysis after 2000 h oxidation at 750°C reveals that basically the 
initial microstructure consisting of γ-TiAl and Laves phase is maintained 
(Figure 2).

Figure 2. SEM cross section of a two-phase Ti-Cr-Al coating deposited by magne-
tron sputtering after 2000 h oxidation at 750°C. The chemical compositions of 
the relevant phases are given in Table 1.
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Table 1. Composition of the phases observed in the Ti-Al-Cr coatings was 
measured by EDS at 12 keV. Concentration is given in at.%.

Ti Al Cr Nb O

oxide scale 3.4 30.7 1.7 - 64.2
Laves phase 33.7 40.4 25.9 - -
-TiAl 45.3 52.3 2.4 - -
interface
precipitates

27.8 37.5 28.6 6.1 -

Compositions of the different phases are given in Table 1. The oxide 
scale formed under these conditions has a thickness of about 2 μm and 
consists of a continuous alumina layer providing excellent protection. 
EDS cross section analysis revealed [14] that in addition to alumina the 
outer oxide scale contained some TiO2 and Cr2O3, however, alumina 
was clearly the dominating oxide phase (see Table 1). The interdiffu-
sion zone is characterized by a zone depleted in Laves phase with the 
remainder being γ-TiAl and a more or less continuous zone of Laves 
phase interface precipitates that formed due to Cr inward diffusion 
from the coating into the substrate alloy. Neither cracks nor pores were 
observed in the interdiffusion zone. 

Experimental results clearly indicate that the sputtered Ti-Al-Cr 
coatings can improve oxidation resistance of γ-TiAl alloy Ti-45Al-8Nb 
up to a maximum temperature somewhat below 900°C. At higher tem-
peratures, the coatings tend to strong interdiffusion with the substrate 
alloy which obviously promotes the formation of less protective oxide 
scales. Once the continuous alumina scale is interrupted, titanium 
oxide rapidly forms and controls the rate of oxide scale growth (break-
away oxidation). Future Ti-Al-Cr coating development will consider 
this issue more stringently.

Thermal barrier coatings (TBCs) have been widely used on gas tur-
bine hardware to insulate thermally loaded Ni-based superalloy airfoils. 
This technology was recently successfully applied to γ-TiAl based alloys 
by some of the present authors [4, 5]. Due to the presence of a ceramic 
coating with low thermal conductivity (typically yttria-stabilized zir-
conia) a temperature gradient is established across the wall thickness of 
an internally cooled component such as a turbine blade or an actively 
cooled flat structure, leading to an increase in the useful surface tem-
perature of the component can be increased by up to 150K, depending 
on the thickness and the thermal conductivity of the ceramic coating, 
while the metal temperature is maintained low. Since the lifetime or 
the temperature limit of a γ-TiAl component is largely determined by 
its oxidation resistance and/or its mechanical properties at elevated 
temperatures, the use of TBCs on γ-TiAl might further push the useful 
service temperature limit of γ-TiAl components into a range which is 
still dominated by superalloys. 

Figure 3 shows mass change curves of four different TBC systems 
on γ-TiAl alloy Ti-45Al-8Nb exposed to cyclic testing at 900°C. The 
reference system (pre-oxidized Ti-45Al-8Nb substrate plus TBC top 
coating) shows reasonable performance up to a total number of 950 1-h 
cycles. Except for some edge chipping phenomena leading to occasional, 
small irregularities in the mass change curve, the TBC was well adherent 
to the substrate but then failed by sudden spallation. As known from 
earlier work [3-5], TBCs on γ-TiAl alloys can accept formation of fairly 
thick oxide scale (20-30 μm) without failure which is much more than 
allowable for TBC-coated Ni-base superalloys; the critical oxide scale 
thickness for the onset of TBC spallation is typically reported to be 
about 7 μm for Ni-base superalloys [6]. The current understanding for 
TBC on nickel-base alloys is that once the thermally grown oxide scale 
has reached a critical thickness, the stresses generated in this thin oxide 
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Although growth stresses have not yet been measured for thermally 
grown oxide scales on TBC-coated γ-TiAl alloys, the main reason for 
good TBC adherence to these intermetallics is thought to be the lower 
mismatch in thermal expansion coefficient compared with Ni-base super-
alloys which leads to lower stresses during thermal cycling. Therefore, 
thicker oxide scales can be developed on γ-TiAl alloys before oxide scale 
(and TBC) spallation occurs.

Lowest mass change was measured for an aluminide-coated TBC 
system on Ti-45Al-8Nb (Figure 3, TiAl3+TBC) which was tested up to 
1000 1-h cycles. Despite of the fact that aluminide coatings provide excel-
lent oxidation protection, their inherent brittleness is considered crucial 
with regards to practical applications. Even without external mechanical 
loading these coatings tend to crack formation just through stresses 
induced by thermal mismatch between the coating and the substrate 
which appears unacceptable for mechanically loaded turbine hardware.

The mass change curves in Figure 3 indicate that, at 900°C, the 
metallic Ti-Al-Cr coating provides reasonable protection while the Ti-
Al-Cr-Y-N tends to rapid oxidation which leads to early TBC spallation. 
Notably, mass change of the Ti-Al-Cr coated TBC is higher than that of 
the pre-oxidized reference system. This can be explained by the micro-
structure of the Ti-Al-Cr coated TBC system obtained after thermal 
cycling at 900 and 950°C. While after 120 1-h cycles at 900°C the oxide 
scale formed underneath the ceramic top coating is continuous, the Ti-
Al-Cr coating is already depleted in Laves phase and substantial interdif-
fusion with the substrate has occurred (see markers 1 and 2 in Figure 4). 
At 950°C, which is also representative for longer exposure times at 900°C, 
the coating is locally strongly oxidized which leads to considerable mass 
gain. Longer exposure times or higher temperatures lead to Al depletion 
below the oxide scale resulting in the predominant formation of fast 
growing non-protective titania. 
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layer during formation and growth (typically 3-4 GPa, [6]) promote 
spallation of the oxide scale, and along with it goes the TBC. Stress 
generation in the oxide scale is mainly due to growth stresses (approx. 
1 GPa in typical TBC systems) within the oxide scale and due to the 
differences in the coefficients of thermal expansion between the oxide 
scale grown at high temperatures and the metal substrate.

Figure 3. Mass change vs. number of 1-h cycles of TBC coated Ti-45Al-8Nb 
exposed to air at 900°C. TiAl3, Ti-Al-Cr and Ti-Al-Cr-Y-N coatings were used 
as bond coats. The reference material was pre-oxidized for 100h at 750°C 
only.
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Figure 4. EB-PVD thermal barrier coating deposited onto Ti-Al-Cr coated γ-TiAl 
alloy Ti-45Al-8Nb after 120 1-h thermal cycles at 900°C. (1) The Ti-Al-Cr 
coating is depleted in Laves phase and (2) a Laves phase interface precipita-
tion zone is formed.

The present work on TBCs for titanium aluminides indicates sig-
nificant potential for practical application on aero engine hardware. 
However, the key to successful application is to solve the oxidation 
issue of the TiAl structural material which might be overcome by the 
use of protective coatings that provide long-term stability of a protec-
tive alumina scale which serves as a bond coat between the substrate 
and the TBC. 

As a final note it should be mentioned that, from a technical stand-
point, internal cooling of components, such as airfoils, marks a major 
challenge which might not be mastered due to the inherent brittleness 
of titanium aluminides. However, once titanium aluminides have made 
their way into aero engine as airfoils, flat structures such as casings, 
cones, etc. might follow, and some of these structures could be actively 
cooled from the backside thus making the use of TBCs desirable.

Erosion Resistant Coatings for Aero Engine 
Compressor Components
Aero engines can be exposed to extreme environmental conditions, 
which can lead to a significant reduction in their lifetime. In desert 
areas, large amounts of sand and dust can be drawn into the engine 
during landing or takeoff causing erosion damages. Especially compres-
sor blades can be damaged severely by impacting sand particles. These 
particles typically cause a material loss at the blade tip (Figure 5), which 
can have a serious impact on the engine performance, as it leads to 
a reduction of the dynamic sealing between the rotor blades and the 
compressor casing. This results in lower compressor efficiency, higher 
fuel consumption, a reduced lifetime and an increased maintenance 
effort. 

Erosion is becoming an even more pressing issue, when compres-
sors are designed as blisks (bladed disks, Figure 6). Manufacturing 
blades and disks as a joint part offers a high potential regarding size 
and weight reduction, performance optimisation and the reduction 
of manufacturing costs compared to the conventional single-blade 
concept. However, damaged blisk blades cannot be exchanged easily. 
Therefore sophisticated repair techniques have to be available during 
maintenance, while an effective erosion protection is required during 
service.

Figure 5. Material loss and roughening of a HPC blade.

             Figure 6. Blisk compressor drum.

Filtration systems (particle separators) are only a partial solution 
in order to increase the engine lifetime, as they cannot totally inhibit 
erosive particles from entering the core engine. Furthermore, the appli-
cation of particle separators is not feasible for all engine types, such as 
turbofans. Manufacturing thicker compressor blades is a contradiction 
to the call for weight-reductions and reduces efficiency. As an alterna-
tive approach, different erosion resistant coatings for the application on 
aero engine compressor blades are either available on the market or part 
of research projects. In this context, several projects have focussed on 
the development of multilayer erosion resistant coatings. This group of 
coatings offers the possibility to combine metallic and ceramic material 
properties, which can have several advantages for erosion resistance, 
as these material groups differ significantly regarding their erosion 
behaviour.

Even though there is a large variety of parameters that influences 
the erosion behaviour of materials, the influence of the impact angle is 
probably the most significant. A totally different response to impacting 
particles can be observed between ductile and brittle materials, when 
the weight loss due to erosion is measured as a function of the impact 
angle: the minimum erosion rates for ductile materials are typically 
at steep impact angles, while brittle materials hardly erode at shallow 
impact [8, 9]. Sand particles hit compressor blades with a large variety 
of angles causing different grades of erosion: on the pressure side, most 
damages result from shallow impacts, while craters resulting from steep 
impacts can be found on the leading edge (Figure 5). As the approach 
of the multilayer concept is based on the combination of both ductile 
and brittle material properties, adequate material combinations have a 
high potential for an erosion protection. A W-TiB2 multilayer coating 
system, which has proven its high erosion resistance under various 
test conditions in earlier studies [10], was chosen by Rolls-Royce 
Deutschland (RRD) for further developments and optimisations. Total 
coating thicknesses of at least 20μm with a relationship of 1:1 between 
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W- and TiB2-layers are required for an effective erosion protection. 
Part of a joint research project between RRD and the Fraunhofer 

Institute for Surface Engineering and Thin Films (FhG IST) is the 
deposition of this multilayer system and a NixAly bond coat on the 
compressor blades of blisk drums (Figure 6). The erosion resistant 
coating is deposited via hollow-cathode gas-flow sputtering (Figure 7). 
Due to its convection-driven material transport, this technique is suited 
to coat shadowed areas like the blisk blades of a compressor drum. 
Furthermore, the hollow-cathode effect offers a high plasma efficiency 
and therefore comparably high deposition rates [10]. Recently, the 
capability to coat the blades of a four-stage blisk drum has been dem-
onstrated successfully (Figure 8).

Figure 7. Hollow-cathode gas-flow sputtering [4].

Erosion resistant coatings have the potential to significantly increase 
the lifetime of blisk components and compressor drums operating 
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under desert conditions. Especially multilayer systems appear to be a 
first class choice in this context due to the possibility to combine actu-
ally contrary material properties of metals and ceramics. Furthermore, 
hollow-cathode gas-flow sputtering has demonstrated its potential to 
coat a component with a complex geometry successfully. 
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Figure 8. Erosion resistant coating on the trailing edge of a blisk blade 
(~25-30μm).
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