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Abstract   

Gamma Titanium aluminides (γ-TiAl) will play an important role in designing future aero engine components such as turbine blades and blisks. 
Due to the high heat resistance and low densities these materials are highly suitable for replacing nickel-based alloys in the high pressure 
compressor and low pressure turbine. Electrochemical machining (ECM) is an attractive process for manufacturing these materials because of 
the capability of this process to machine materials independent of their mechanical properties. Major advantages of ECM are its process 
specific characteristics of high material removal rates in combination with almost no tool wear. A possibility to enlarge the field of operation is 
a heat and corrosion protection layer made out of ceramics for the electrochemical machined turbine blades. One way to produce such a layer is 
the plasma electrolytic oxidation (PEO). 
Aero engine components are subjected to static and dynamic stresses. Component life and failure is greatly affected by aspects of the surface 
integrity of stressed parts, such as surface roughness values. Precise electrochemical machining (PECM) is capable of producing excellent 
surface integrity qualities on γ-TiAl without thermally and mechanically affecting the rim zone. In this paper the impact of different processing 
strategies by ECM as well as by a combination of ECM and PEO on fatigue strength with regard to component life is investigated. 
 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 

Turbomachinery components, such as turbine blades and 
blisks, are highly stressed parts. Due to high temperatures and 
high mechanical loads, the materials used must be highly heat-
resistant. Nowadays, these materials are mostly nickel-based 
alloys like Inconel 718. Nevertheless, the turbomachinery 
industry pursues new materials, which can meet both higher 
combustion temperatures and lower component weight 
requirements, to increase the efficiency of modern aero 
engines. The outstanding material properties of Gamma 
titanium aluminides (γ-TiAl) such as high strength-to-weight 
ratio as well as oxidation and corrosion resistance at high 
temperatures, make them a promising class of material. 
Currently there are aero engines that include γ-TiAl blades in 

the low pressure turbine. The application of γ-TiAl in future 
aero engines is expected to increase significantly [1-4]. 

However, γ-TiAl entail some disadvantages regarding their 
conventional cutting behavior. Due to their low thermal 
conductivity and brittle nature, an economical manufacturing 
process via cutting is hardly possible [5, 6]. Therefore, 
electrochemical machining (ECM) represents an attractive 
manufacturing alternative. ECM could be a capable 
manufacturing technology for γ-TiAl as machining is 
independent of the mechanical properties of the processed 
material, in combination with high removal rates and no 
thermally or mechanically affected zone. Due to the non-
equidistant working gap the classical direct current DC-ECM 
process entails some challenges regarding tool design [2]. 
Further development of the precise electrochemical machining 
(PECM) enables higher shaping accuracy and excellent 
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surface integrities. Due to the higher secondary processing 
time of PECM, a combination of ECM roughing and PECM 
finishing could be an economical manufacturing sequence [3]. 

Aero engine components must withstand high static and 
dynamic stresses, see Figure 1. Aerodynamic excitations, 
mechanical vibrations, airfoil flutter and acoustic fatigue are 
several sources for potential high cycle fatigue (HCF) damage 
in turbine engines. Furthermore, HCF is the major source of 
component failure, especially blades that are subject to these 
stresses. Hence, lots of investigations for aero engine materials 
in general, in terms of the influence of manufacturing 
technologies in particular, on the HCF of component life have 
been performed [7-13]. 

 

Fig. 1. Left: jet engine component distress mode statistics. Right: distribution 
of HCF problems by component [7]. 

For aero engine materials the resistance to fatigue damage 
is crucial. New material classes like γ-TiAl must be analyzed 
concerning this matter. Studies on the general fatigue life of γ-
TiAl were already performed in the past [5, 14-16]. But only 
few have focused on HCF tests [12, 13, 17]. Voice et al. [12] 
have shown a higher HCF and defect tolerance for  
γ-TiAl alloy Ti-45Al-8Nb-0.2C % (TNB) compared to  
Ti-45Al-2Mn-2Nb XD and the existing nickel-based blade 
alloy Inconel 718. Jones et al. [13] analyzed γ-TiAl alloy  
Ti-47Al-2Nb-2Cr regarding the effects of conventional 
machining and electropolishing on HCF at 23 °C and 760 °C. 
At room temperature, the mean fatigue strength was not 
affected by the surface conditions. At 760 °C turning 
improved the average fatigue strength by 5 % compared to the 
electropolished specimens. This resulted from formation of a 
continuous, crack initiation resistant, recrystallized layer in the 
outer 30-50 µm of the samples. Sharman et al. [17] studied the 
influence of cracks, resulting from different manufacturing 
technologies using the γ-TiAl alloy Ti-45Al-2Mn-2Nb XD on 
HCF. Electrodischarge textured specimens with crack lengths 
from 10 µm up to 40 µm showed a substantially reduced 
fatigue life compared to ECM machined (ECMed) and turned 
specimens. Turned specimens exhibited the best fatigue life, 
possibly due to higher compressive residual stresses present in 
the machined surface. Finally Bannard [18] and Kozak [19] 
investigated the effect of ECM on fatigue life of titanium and 
nickel-based alloys. Both detected an influence of 
intergranular attack from ECM on the fatigue life of the 
investigated materials. 

The literature survey outlines the fact that no analyses on 
high cycle fatigue of PECM machined (PECMed) materials 
were performed in the past. Even if the physical process 
principles of ECM and PECM are similar, no analyzes of the 

effect of different machining strategies resulting in different 
surfaces integrities on the HCF behavior were executed. Due 
to the fact that blades are mainly affected by HCF (Fig. 1) and 
first aircraft engines, e. g. the GEnx engine, already contains 
stages with γ-TiAl blades [1], the knowledge of HCF behavior 
of PECMed γ-TiAl will become very important. Therefore, the 
aim of this paper is to analyze the effect of different 
processing strategies by PECM on fatigue strength with regard 
to component life. Furthermore, PECMed and afterwards 
plasma electrolytic oxidized (PEO), also known as microarc 
oxidation (MAO), specimens will be investigated concerning 
their HCF behavior. PEO is capable of enlarging the field of 
operation of the γ-TiAl turbine blades by a heat and corrosion 
protection layer. As the test material, the γ-TiAl Ti-48Al-2Cr-
2Nb (GE 48-2-2), which is one actual blade material of the 
GEnx aircraft engine, is chosen. 

 

Nomenclature 

ECM Electrochemical Machining 
EDM Electrodischarge Machining 
HCF High Cycle Fatigue 
HCFB High Cycle Fatigue Bending 
HIP Hot Isostatically Pressed 
MAO Microarc Oxidation 
Mb Failure moment 
N1 Limit Cycle Number 
PECM Precise Electrochemical Machining 
PEO Plasma Electrolytic Oxidation 
R Radius 
Ra Arithmetic Average Surface Roughness 
U Voltage 
f Oscillation Frequency (PECM) 
fb bending frequency 
pi Electrolyte Pressure Inlet 
po Electrolyte Pressure Outlet 
s Oscillation Stroke 
t Specimens thickness 
toff Interpulse Period 
ton Pulsetime 
vf Feed Rate 
x Profile 
αoff Angle-Off 
αon Angle-On 
γ-TiAl Gamma Titanium Aluminide 
κ Electrolyte Conductivity 
ν Poisson’s Ratio 
ρ Density 
σM Von Mises stress 

2. Test material and sample geometry 

The investigated γ-TiAl GE 48-2-2 was the first 
commercial application of γ-TiAl blades in an aircraft engine 
[1]. Table 1 shows the chemical composition of the material 
in weight- and atomic-percent. The material was cast in a 
vertical centrifugal process and afterwards hot isostatically 
pressed (HIPed). 
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Table 1. Chemical composition of the examined γ-TiAl GE 48-2-2 [20] 

Ge 48-2-2 Ti Al Cr Nb 

at.-% 48 48 2 2 

wt.-% 58.3 34.5 2.7 4.5 

For theoretical analyzes of the high cycle fatigue bending 
(HCFB), some mechanical properties of the material are 
summarized in Table 2. The literature gives different and 
varying mechanical data for γ-TiAl in general and for special 
materials, like GE 48-2-2 only few data are available. 
Therefore, Table 2 presents the most mentioned data for 
GE 48-2-2 from the literature survey. 

Table 2. Mechanical properties of GE 48-2-2 [12, 14, 20-25]  

 Density 
ρ / (g/cm3) 

Poisson’s 
ratio ν 

Young’s modulus 
E / (GPa) 

Ge 48-2-2 3.9 0.27 160 

For HCFB tests the geometry shown in Figure 2 was used. 
The raw geometry (Fig. 2a) has an overall dimension of 
55 mm x 10 mm x 3.5 mm. The specimens were produced by 
wire electrodischarge machining (wire EDM). The side faces 
were manufactured with a 3 cut-strategy and afterwards the 
12.5 mm radius was polished. The EDM surface (Fig. 2a) was 
produced with a main cut and afterwards both sides were 
PECMed resulting in a thickness of 3 mm ±10 µm. The 
rounded edge (Fig. 2b) is developed due to the compression of 
electric field lines at sharp edges, which leads to increased 
material dissolution in general. This behavior will be 
discussed in detail later on. 

 

Fig. 2. HCFB specimen geometry, raw material (a) and precise 
electrochemical machined specimen (b). 

3. Specimen production and experimental setup 

The shown raw specimens were machined on an EMAG  
Pt smart 400 ECM machine tool. For processing the HCFB 
specimens a special machining device was constructed, Fig. 3. 
The device consists of two parts, wherein upper part contains 
the rectangular cathode and is connected to the mask. Lower 
part consists of the pressure mask, insulation, specimen 
positioning, electrolyte in- and outlet and the clamping. The 
mask forms together with the insulation and specimen the 
electrolyte flow channel. The mask is fixed on the lower part 
by clamping. Due to a flexible connector the cathode can 
oscillate up to 2 mm. The oscillation stroke enables the 
plunging depth and the cathode oscillation, which is required 
for the PECM. 

The machining device was enabled to remove 250 µm 
from each side of the relevant areas of the specimens for the  
 

 

Fig. 3. PECM device for HCFB specimen. 

HCFB test (Fig. 2b). Specimens were produced within a 
tolerance of ±10 µm. The manufacturing of the specimens 
were performed with two different machining strategies, 
whereby the difference of the strategies consisted of a 
different feed rate. Different feed rates result in different 
current densities and, thus, in different surface roughness 
values. Lower current densities can occur for example during 
processing side gaps, like fillets of blades. Strategy 1 was 
determined to achieve best surface roughness in GE 48-2-2. 
The surface roughness of specimens manufactured with 
strategy 1 was Ra ≈ 1.3 µm. Due to different dissolution 
behavior of the phases better surface roughness are hardly 
achievable in typical (near-) lamellar or (near-) equiaxed γ-
TiAl microstructures [17, 26-28]. Strategy 2 achieved a 
surface roughness Ra ≈ 2.2 µm. Table 3 summarizes the 
applied machining parameters. 

Table 3. Machining parameters 

Unit Strategy 1 Strategy 2 

Electrolyte NaNO3 

Electrolyte conductivity κ 120 mS/cm at 20 °C 

Voltage U 17 V 

Electrolyte pressure inlet pi 3 bar 

Electrolyte pressure outlet po 1.5 bar 

Feed rate vf 0.113 mm/min 0.053 mm/min 

Angle-on αon 130° 

Angle-off αoff 220° 

Oscillation frequency f 50 Hz 

Oscillation stroke s 0.1 mm 

Pulsetime ton 0.6 ms 

Interpulse period toff 1 ms 

Rectangular cathode shape 10.5 x 18 mm2 

Machining depth 0.25 mm 

To investigate specimens with a ceramic layer for heat and 
corrosion protection, samples were manufactured with 
strategy 1 and afterwards PEO machined (PEOed). The PEO-
layer was applied by the company Meotec GmbH & Co. KG. 
The ceramic protection layer is still in the development phase. 
Therefore, the influence on the mechanical properties of the 
application material was investigated. The protection layer 
thickness was roughly about 10 – 20 µm. The process did not 
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deposit the whole layer, most of it was transformed base 
material. The PEO process increased the overall thickness of 
the specimens by less than 6 µm on each side. The surface 
roughness is strongly affected by the PEO process so that a 
roughness of Ra ≈ 4.1 µm was obtained. Further information 
about the PEO or MAO process can be seen in Kurze [29]. 

Figure 4a shows the set up for the HCFB tests. 
Investigations were conducted on a Rumul Cracktronic 160. 
The bending machine tool works at full resonance of the 
sample geometry. After installation of the specimen, a defined 
sinusoidal moment with an amplitude of Mb and a mean value 
of zero is applied to the oscillating clamping. All 
investigations were performed at room temperature. 

 

Fig. 4. HCFB test set up (a). Example of stair case and horizon method (b). 

For analyzing the HCF of the manufactured material the 
stair case method with an additional horizon method was 
chosen. Figure 4b illustrates this approach. A limit cycle 
number of N1 = 5 ·  106 cycles was set. If the specimen 
exceeded N1, the bending moment was increased by 
ΔMb = 0.125 Nm for the next specimen. If the sample 
ruptured, the bending moment was decreased by ΔMb. Such a 
combination of the stair case method and the horizon method 
enables a closer look to the transition zone and combines the 
specific advantages of both test methods. This method is 
qualified for high cycle fatigue tests to evaluate the 10 %, 
50 % and 90 % failure probability in the transition area [30]. 
According to the sample geometry the bending frequency 
occurs to 68 Hz < fb < 73 Hz. In total 25 specimens were 
investigated per series. In Welling [8, 9] and Klocke et al. 
[10] more information about this test setup and procedure can 
be found. 

4. Rim zone analysis and test results 

In order to analyze the influence of the manufacturing 
process and thus the surface integrity properties on the HCFB 
behavior, it is indispensable to have a closer look at the rim 
zones. Figure 5 shows the microscopy inspections of the 
machined and PEOed rim zones. As expected no thermal 
influence of the PECM process (Fig. 5a, b) can be seen at all 
[2, 27, 28]. PECMed and PEOed specimen (Fig. 5c) showed 
the γ-TiAl base material with the ceramic protection layer. 

Cross sections shown in Figure 5a and 5b were etched to 
illustrate the microstructure, whereas the cross section of 
Figure 5c was let untreated to clarify the PEO-layer.  

 

Fig. 5. Cross-sections of PECMed strategy 1(a), PECMed strategy 2 (b) and 
PECMed and PEOed specimen (c). 

The different surface roughness values of PECM strategy 1 
and 2 are hardly noticeable in the cross sections. Even the 
SEM pictures of the machined surfaces (Figure 6) hardly 
exhibit any differences between the two PECM strategies. 
Nevertheless, the inhomogeneous dissolution behavior of the 
GE-48-2-2 is clearly recognizable. The areas sticking out 
could have a notch effect on the HCFB behavior. 

The PEO-layer increased the surface roughness of the 
specimens, which is clearly visible in Fig. 5c and Fig. 6. 
Furthermore, the SEM analyzes of the PEO surface showed 
the typical properties of a PEO-layer with some pores. 
However, the ceramic-film is a continuous layer. As well as in 
the PECM surfaces the rough areas possibly affect the HCF. 

 

Fig. 6. SEM pictures of machined surfaces. 

In Figure 7a, the results of the HCFB tests are shown. 
These results have been statistically calculated by the  
SAFD-software [30]. The failure moment for all three series 
showed a high correlation for all failure probabilities. For 
safety critical parts, such as turbine blades, the fatigue limit 
with a failure probability of 10 % is more meaningful than the 
50 % or 90 % failure probability. The PECMed samples with 
strategy 2 exhibit the highest failure moment Mb = 2.14 Nm 
compared to PECMed strategy 1 Mb = 2.02 Nm and PEOed 
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Mb = 1.97 Nm. Only with respect to the surfaces roughness 
this result was not expected and is discussed later on. 
Nevertheless, Welling [8, 9] examined wire EDMed and 
broached Inconel 718 specimens and had a failure moment 
Mb = 2.2 Nm for 50 % failure probability. The γ-TiAl  
GE 48-2-2 machined with Strategy 1 withstands a failure 
moment Mb = 2.25 Nm for 50 % failure probability; machined 
with Strategy 2 correspond to a failure moment of 
Mb = 2.31 Nm. The PEOed specimens have an average value 
of Mb = 2.16 Nm. This means PECMed GE 48-2-2 is in 
principle at the same level of broached or wire EDM 
machined Inconel 718 concerning the failure moment. 

 

Fig. 7. Failure moment for different failure probabilities (a) and fracture 
surface of PECMed specimen (b). 

Figure 7b shows a micrograph of a typical fracture surface 
of a PECMed specimen. Corresponding to the brittle behavior 
of γ-TiAl the ruptured specimens show evidence of brittle 
fracture. During examining the fracture surfaces of the 
different machined specimen conspicuous feautures regarding 
the rounded edges were recognized. The specimens 
manufactured with the PECM strategy 1 exhibit an average 
rounded edge of 180 µm radius, whereas the specimens 
machined with strategy 2 exhibit an average rounded edge of 
220 µm radius. 

5. Theoretical analysis of the sample geometry 

In order to analyze the geometrical influence of the 
specimen’s radius on the failure moment, FEM-simulations  
 

 

Fig. 8. Distribution of Mieses stress on test geometry. 

were conducted. The impact of different radii on the Mises 
stress at the surface was studied. The material properties 
shown in Table 2 were set. On the cross section of the neck, 
mesh size was defined by 28 µm for each rounded edge and a 
max. of 50 µm mesh size on the flat surfaces. Two non-
deformable plates at one end of the specimen define the fixed 
clamping. A bending moment Mb = 2.2 Nm was applied with 
a third rigid plate on the opposite side of the specimen.  

Figure 8 shows the result of Mises stress at the whole 
specimen’s surface and in the cross section at the neck. 
Recognizable are the stress peaks at the rounded edges. To 
study these peaks, Figure 9 shows the Mises stress as a 
function of the radii along the cross-sectional profile. The 
stress at the edge increases with decreasing radius, but a larger 
radius corresponds to a higher stress in the middle of the 
profile. 

 

Fig. 9. Calculated von Mieses Stresses of different radii as a function of the 
symmetrical cross-section surface profile. 

These stress peaks could be crack initiators for specimen 
rupture. Due to the brittle fracture, the initiation point of the 
rupture cannot be readily located. This means that the 
influence of the radius size could mask the influence of the 
specimen’s surface integrity on the HCF. However, the 
specimens withstand the above mentioned failure moment 
while the fatigue stress limit is in the range of the calculated 
Mises stress (Fig. 9, σM = 280 – 318 N/mm2). Other sample 
geometries could enhance the measured failure moment 
respectively the measured fatigue stress limit, but the 
determined failure moment represents a minimum. For the 
ductile material Inconel 718, Welling [8, 9] has shown that 
the starting point of the crack was on the top of the surface 
and was not hence affected by the rounded edge.  

This behavior could explain the higher failure moment Mb 
of the specimens machined by strategy 2. In Figure 9 the 
different Mises stresses for 180 µm and 220 µm radii are 
shown. A slightly flattened peak of the 220 µm radius is 
recognizable, which could be the reason for the higher failure 
moment. 

6. Summary and conclusions 

In this paper investigations on the HCF behavior of 
PECM- and PEO machined GE 48-2-2 are presented. The 
production of specimens and their investigation regarding the 
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surface integrity are discussed. The specimens showed the 
typical thermally and mechanically non-affected ECM 
surface. Furthermore, HCF test procedure was described. The 
different specimens exhibited a roughly equal failure moment 
Mb ≈ 2.2 Nm for 50 % failure probability and, thus, showed 
an equal HCF as broached or wire EDM Inconel 718. For low 
pressure turbine and high pressure compressor γ-TiAl is in 
principle a possible replacement material for Inconel 718 in 
the turbomachinery industry. Regarding the low density of γ-
TiAl the specific HCF is higher than Inconel 718. The HCF 
behavior of GE 48-2-2 is not affected by representative PEO 
protection-layer. Nevertheless, studies on the sample 
geometry exhibited some disadvantages regarding the 
rounded edge size. Especially for brittle material, which does 
not allow the localization of the rupture starting point, this 
sample geometry must be critically reviewed. But due to the 
stress peak at the radius the determined fatigue moment can 
be seen as a minimum to withstand failure moment. These 
results can also be transferred to the automotive industry, such 
as turbocharger applications. 
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