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Due to the high generation of scrap in the process chain of y-TiAl semi-finished goods and products, a suitable recycling

process shows great potential to reduce production costs. Based on this circumstance, a closed loop recycling process for

titanium-aluminide scraps was developed. Resulting from this process, as a significant innovation for the titanium

industry, it is possible to recycle titanium-aluminide scraps and produce material with minimal oxygen content and almost

no observable difference to primary alloys.
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1 Introduction

In 2008, the global CO, emissions generated by aviation
were indicated by Clemens [1] with a new all-time high of
over 650 mio.ta " already. Since Boeing forecasts a rapidly
increasing global transport capacity with an annual 5%
growth of revenue passenger kilometers (RPK) in the next
25 years, the necessity of the substitution of heavy superal-
loys by structural intermetallic alloys to soften the likewise
increasing production of pollutant emissions as well as fuel
consumption is given. In spite of their high price and in
particular the high production costs of semi-finished prod-
ucts the group of preferred intermetallic alloys include the
y-Titaniumaluminides, which are characterized by eminent
properties like high specific elasticity modulus, high melting
point (about 1450°C), low density (3.9 -4.1 gcm'3), high
specific creep resistance (39 - 46 GPacm’g ") and good oxi-
dation resistance in subset temperature ranges [1 - 3].

The most common processing of y-Titaniumaluminides
consists of the very expensive double or triple remelting in
a vacuum arc furnace (VAR) of afore pressed electrodes of
primary materials. By the use of a subsequent spin-casting
process so called “master heads” are produced. They are
used in investment casting processes where a not inconsid-
erable amount of the material solidifies in runners and
feeders of the casting system or as a skull in the crucible
and is obtained as scrap. Furthermore, the fabrication of the
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semi-finished products is performed under a low material
utilization which results in an extremely high “buy-to-fly”
(BTF) ratio often exceeding 20 [4]. Due to this high genera-
tion of scrap in the production process; a suitable recycling
process shows great potential to reduce production costs.
Based on this circumstance; IME Process Metallurgy and
Metal Recycling (IME) developed a closed loop recycling
process for titanium-aluminide scraps. Extensive research
on the individual process steps has already been carried out
and was published by Stoephasius [5], Lochbichler [6]
and Reitz [7]. In cooperation with ACCESS Technology
(ACCESS) it was now possible to evaluate the entire process
from scrap material to finished precision cast low pressure
turbine (LPT) blades.

2 Background

2.1 TiAl Recycling Principles

While processing titanium and its alloys, the main obstacle
is formed by the strong affinity to oxygen. Furthermore, the
oxygen solubility in titanium can reach values over 30at %
O (Fig. 1) without forming oxide phase segregations. Since
the material properties like ductility are highly affected by
the presence of oxygen, liquid titanium has to be handled
with care and all melting processes require a controlled
inertgas atmosphere.

In matters of scrap composition and shape, using vacuum
induction melting (VIM) as initial consolidation step results
in a very high process flexibility. Furthermore, VIM offers
the possibility of online sampling and composition correc-
tions. In comparison to commercial pure titanium, Loch-
bichler [6] shows a remarkably decreased titanium activity
in TiAl alloys (Tab.1). Nevertheless, while using alumina
crucibles for VIM of TiAl, an oxygen pickup of 5000 ppm
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and N at all. By calculating the oxides’ standard
1 5 Gibbs free energy, only CaO, Y,O; and ZrO,
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K Ti-0 titanium. The most stable oxide can be named
2200 as CaO while it is also the best choice in terms
- of costs. The main disadvantage when using
2000 / pure lime is its hygroscopic nature. Therefore,
| mognetic phases the lime crucibles have to be handled with care.
4 Another handicap is the combination of high
1800 temperatures and low pressures during VIM.
The consequence is the dissolution of lime as Ca
1600 and O in the melt. As a result of its high vapor
I pressure, an evaporation of metallic calcium
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K C
(i) furna.ce cham.b.er..Hence, the reactions them.10-
gisk A chemical equilibrium cannot be reached which
12001/ A results in continuous dissolution of CaO and
155K 11,0, -& -—1 [ _|f—pTi-.0 subsequent oxygen enrichment in the melt. The
1000 ot wiN main influence on the reaction speed of the dis-

L i \—--*‘ T:EJ{ e solution steps is the temperature.

800 — & Via charging of alloying elements or reacting
/’TX{T‘?O)i agents, i.e., deoxidation agents, it is possible to
yd (Tuﬂl*\l influence the melt chemistry during vacuum
&0“" 10 20 0 0 50 50 1% 70 induction melting. The idea is the introduction

0——-—

of CaAl, (when using lime crucibles) or metallic

Figure 1. O-Ti phase diagram [8].

Table 1. Titanium activities and liquids temperatures of chosen
Ti-bearing alloys (Data: FactSage, ELEM).

Alloy Tiiq [°Cl ar
cp Ti 1668 ~1
TiAl6V4 [mass %] 1686 0.87
FeTi70 [mass %] 1109 0.56
TiAl50 [at %] 1517 0.24
FeTi30 [mass %] 1433 0.07

can be observed which exceeds the specs of approx.
1200 ppm by far.

In general, oxide or non-oxide-based refractories feature
a significantly higher solidus temperature than that of the
processed alloy, a sufficient thermochemical stability
against it, and almost no addiction for volatilization at
high temperatures. These mentioned attributes can be
expressed by the standard Gibbs free energy of refracto-
ries. Consequently, the chemical stability of oxide and
non-oxide refractories against titanium can be grossly
classified. An increase in temperature leads to a dramatic
reduction of the thermochemical stability of oxides and
non-oxides (except B,C, SiC and TiC). With regard to
non-oxides, TiC and TiN represent the most stable
phases, ie., titanium possesses the highest affinity to C
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Y (when using yttria crucibles) as deoxidation
agents to achieve the following reactions

(Eq-(D-(3)):

[TiO] 1y + [Calpyy = (CaO) + Ti (1)
[TiO]TiAl + {Ca} = (CaO)+ Ti (2)
3 [TiOlpig + 2 [Y]pia = (Y203) + 3 Ti (3)

where <> stands for solid, [] for dissolved, and {} for gas-
eous compounds.

Experiments show a sufficient deoxidation of TiAl to val-
ues below 700 ppm O when using CaAl,. Unfortunately, a
simultaneous formation and precipitation of Al,0;-CaO
spinel is favored. The application of Y metal as deoxidant to
TiAl has not succeeded. This can be explained by the higher
solubility product of Y,0; in comparison to CaO in the
melt. The thermochemical calculations of the Ca-O and
Y-O equilibria in TiAl melts as a function of temperature
are shown in Fig. 2. Oxygen and calcium pickup in TiAl is
much lower when melting in CaO crucibles than applying
Y,0; (i.e, Y and O) as refractory. Dissolution of CaO leads
to oxygen concentrations of 2600 ppm on average versus
3100 ppm utilizing Y,O3 (without deoxidation). For com-
pensation of Al-losses due to the low operating pressures, a
higher amount of aluminum can be charged from the start.

For final deoxidation of titanium aluminides, the electro-
slag remelting (ESR) process can be applied as an inter-
mediate step of the recycling process. Since the vapor pres-
sure of Calcium is very high, the deoxidation step of Ti and
Ti alloys by metallic calcium at typical VIM operating pres-
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©Ca(1550) OCa(1600) & Ca(1650) +Y(1550) MY (1600) AY(1650) homogeneous oxygen distribution with respect to
20 000 the full length of an ingot. Since the slag enriches
18000 in CaO during the melt and is being depleted in
16000 calcium, this will naturally lead to a shift of the
4 thermochemical equilibrium to the left side of
14000 0% Eq.(1) and therefore decreases the deoxidation
- 12000 R effect. As a consequence, the oxygen distribution
5 g 1000 > " —— " would vary over the ingot height. Considering the
8000 . o law of mass-action and assuming constant tem-
5 000 TS —m s A - peratures and concentrations with fixed activities
000 e, 8 " . a A a N of TiO and Ti (by alloy specifications), it becomes
4 s ., AR ! ! ! f obvious that a constant ratio faccording to Eq. (4)
0T o Y throughout the whole melting time is key to a suc-
0500 oo 7o o . o0 10m 1100 1500 1200 1400 1800 cessful deoxidation procedure. Therefore, the
0 fopmi activity of calcium has to be continuously in-
creased with rising CaO concentrations in the slag
Figure 2. Dissolved Caand Y in CaO and Y,0; saturated liquid TiAl versus dis- during the process for compensation. Further-
solved oxygen at three different temperatures. Note: a(CaO)a(Y,03) = 1[6, 9, 10]. more, the activity of CaO can be decreased by
diluting via charging of CaF, to the slag [12].
sures (~0.8bar) is not feasible experimentally. Thus, the
final deoxidation step is conducted under pressure to pre- _ a(CaOSlag) — const. (4)
vent violent Ca losses from the slag. For remelting, CaF,- a(caslag)

based slags exhibit the best combination of thermochemical
stability, stable processing conditions final ingot quality and
availability [11]. Due to its good solubility in the slag, high
oxygen affinity and availability of experimental datasets for
Ca-O equilibria in titanium melts, calcium is chosen as a
reactant. Based on thermochemical calculations of the
CaF,-CaO-Ca ternary system [5], it should be possible to
deoxidize even pure titanium by PESR using “active slags”
where metallic calcium is added to the flux as deoxidation
agent. The basic principle of Ti/Ti-alloy deoxidation by Ca
(Fig.3) is based on the reaction between oxygen dissolved
in the metal phase as TiO with calcium dissolved in the slag
which results in precipitation of CaO according to Eq. (1).

— | Ca and CaF,

Figure 3. PESR deoxidation of TiAl.

As a main characteristic of the ESR process only a partial
volume of the total metal is in the molten state at any time
of the process and backmixing is limited to this volume.
Thus, the major challenge during pressure electroslag
remelting (PESR) deoxidation of titanium is to achieve a

Final refining of TiAl alloys can be achieved by VAR. Well
known metallurgical advantages of the Ti-VAR process are
vacuum refining (e.g., Mg distillation from Ti sponge and
hydrogen degassing) and production of structurally homo-
genous and substantially macro segregation free metal. VAR
offers excellent metallic cleanness due to the removal of
small non-metallic inclusions (NMI), mainly by flotation
effects. In the presented case, due to the sufficiently high Ca
vapor pressure, Ca distillation according to Eq.(5) from
TiAl is possible by VAR. Even at low metal pool tempera-
tures, Ca contents less than 40 ppm are thermochemical
possible at 5 Pa pressure (Fig. 4).

(Ca)pyy = {Ca} (5)

with [ ] being dissolved, and {} being vapor compounds.

Pcy [mbar]

Ca[ppm] =0 0

Figure 4. Vapor pressure of Ca according to VAR pool tempera-
ture and Ca content iny-TiAl (FactSage; data: ELEM withyCa=1).
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2.2 Investment Casting

Investment casting belongs to the group of lost form casting
as the original pattern and mold are destroyed after casting.
Complex and thin-shaped components can be produced
with a minimal post processing since the surface quality is
at very high level. Therefore, this casting technology is suit-
able for production of net-shape or near net-shape cast
parts [13 - 14].

The investment casting process can be divided into differ-
ent steps. Fig.5 shows the process chain of the shell mold
manufacturing, materials procurement, followed by casting.
The first step is the preparation of the base material as
ingots. Even small variations in alloy composition or heter-
ogeneous microstructures can have a significant impact on
the characteristics and reproducibility of the cast parts.
Therefore, the tolerances of alloying elements for TiAl
alloys are typically lower than +£0.5at % [15-16].

The next step is the manufacturing of the wax patterns.
The patterns are typically produced by injection of wax into
a metallic die. In the metallic die all dimensional changes
such as contractions of the wax, the metal and the ceramic
mold are considered. Subsequently the wax patterns are
assembled into a cluster to increase the economic feasibility
of the process. The design of the wax cluster is based on
empirical as well as numerical simulation data [17]. By dip-
ping the wax clusters into ceramic slurries (a mass contain-
ing refractory powder and binders) adhered with refractory
sand, a layer of the shell mold is formed.

The ceramic mold is built up by repeated dipping and
sanding steps. Due to the high reactivity of TiAl alloys a

combination of yttria (Y,03) for the front layers and alumi-
num oxide (Al,Os3) has been proven to be useful. After
removing the wax from the mold in a steam autoclave, the
mold is fired at high temperature to receive the final
strength [18].

The casting process itself combines the shell mold and
the ingot production and is carried out under vacuum,
wherein the melting is usually done by a vacuum arc
remelting (VAR), plasma arc melting (PAM) or induction
skull melting (ISM). For casting of net shape or near net-
shape components, a pressure-assisted casting process
such as the centrifugal casting process is used. In the fur-
ther steps the ceramic shell is removed and the cast parts
are separated from the cluster by a water jet cutter
(17,19 - 21].

3 Experimental Work

3.1 Feedstock Material

Scrap produced during investment casting that meets the
specifications of the alloy GE4822 was provided by ACCESS
as feedstock material. The material was analyzed randomly
by ICP-OES (inductively coupled plasma optical emission
spectrometry) and CGHE (carrier gas hot extraction) to
determine the exact chemical composition. The results are
shown in Tab.2. To compensate any material losses that
may occur during the recycling process, primary alloying
elements may also be used. Due to the high melting point of
niobium, a Nb-Cr-Al master alloy is preferred.
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Figure 5. Process steps of investment casting process as developed for qualifying a process route for TiAl

components [21].

Chem. Ing. Tech. 2015, 87, No. 11, 1580-1588

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.cit-journal.com



1584

Chemie

Research Article Ingenieur
Technik

Table 2. Random analysis of investment casting scrap material.

Sample  Chemical composition [wt %]

Ti Al Nb Cr Fe C 0,
A-1 59.506 32.296 4.934 2444 0.105 0.003 0.0515
A-2 59.218 32.620 4.989 2452 0.047 0.003 0.1318
A-3 59.184 32.348 5.154 2.526 0.038 0.005 0.0746

Average 59.303 32421 5.026 2474 0.063 0.004 0.0860

3.2 Vacuum Induction Melting

3.2.1 Experimental Setup

The consolidation investigations were performed in one of
IME’s vacuum induction furnaces (PVA VSG100) with a
maximum melting power of 150kW and a frequency of
2kHz. The furnace chamber possesses a volume of 1090 L
and can be evacuated to a pressure of 10~ mbar. Therefore,
a gate valve vacuum pump and a roots pump are available.
Crucibles with a maximum volume of 14 L and CaO as cru-

cible material were used. The pouring takes place in a water
cooled copper mold using a pouring cup and a pouring
nozzle. Both the pouring cup and the pouring nozzle have
been coated with an Y,O; coating to prevent reactions with
the melt (Fig. 6). Furthermore, the pouring cup can be pre-
heated to up to 800 °C.

Figure 6. Vacuum induction furnace PVAVSG 100 with pre-
pared CaO crucible. The pouring nozzle as well as the pouring
cup is Y503 coated.

3.2.2 Experimental Procedure

At the beginning of each vacuum induction melt approx.
26 kg of the feedstock material is charged into the crucible.
After closing the furnace it is evacuated to a pressure of
below 8.0 - 10> mbar and backfilled with Ar to 500 mbar. To
remove possible oxygen residues in the atmosphere the fur-
nace is evacuated again to below 8.0- 107> mbar. The melt-
ing power is switched on and increased each 20 min to pre-
vent cracks in the crucible. When almost 50 % of the
maximum melting power is reached, the furnace is back-
filled with Ar to a pressure of 650 mbar to prevent evapora-
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tions. After the feedstock material is molten the pouring
cup is preheated and the melt is held at a temperature of
1560 °C for 10 min to obtain a good homogenization. After-
wards, the melt is tapped in a water cooled copper mold.
After several hours of cooling time the ingot is stripped.

3.3 Ingot Bonding

To use the consolidated material in a subsequent pressure
electroslag remelting process and perform a deoxidization,
it is necessary to combine two ingots to one electrode by
bonding. Due to the very strict specification, the ingots can-
not be welded by using welding additives. Furthermore, due
to the increased oxygen content in the material the elec-
trodes become very brittle what makes an electrode beam
welding difficult to implement. Therefore, a mechanical
bonding by a native thread rod is realized (Fig. 7).

Figure 7. Mechanical bonding of two VIM ingots with a native
thread rod.

3.4 Electroslag Remelting

3.4.1 Experimental Setup

The experiments were performed in the IME pressure elec-
troslag remelting furnace (Fig.8a) that is controlled by
means of computer-aided software. The furnace is capable
to remelt electrodes with a maximum diameter of 110 mm
and a length of up to 1340 mm. Water-cooled copper molds
with a height of up to 900 mm and a conical shaped inner
diameter of about 170 mm are available. The remelting is
performed in a chamber consisting of a closed system that
can be used at atmospheric pressure or pressures up to
50 bars. The power supply is carried out by a thyristor con-
trol, where an operating voltage of 66.6 V and a current of
6kA, 80V and 5kA can be tapped. Both cases result in a
maximum power of approximately 400 kW.

3.4.2 Experimental Procedure

Before the furnace is closed, the electrode with a diameter
of 105mm and a length of around 1125 mm is connected to
the electrode rod via titanium stub. A starting plate made of

Chem. Ing. Tech. 2015, 87, No. 11, 1580-1588
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starting phase a steady melting phase is per-
formed in which Ca residues and possible non-
metallic inclusions are removed. After perform-
ing a hot topping phase the process stops.

3.6 Investment Casting
The quality of the ingot was verified by the in-

vestment casting process. For this purpose a
cluster of six low pressure turbine blades (LPTB)

Figure 8. a) IME pressure electroslag remelting furnace with a remelting power
of 400 kW and a process pressure of up to 50 bar; b) ESR starter turret made of

Ti-50Al sputter targets.

Ti-50Al sputter targets (Fig.8b) is placed on the crucible
bottom to ensure electrical contact during the starting phase
of the process.

Afterwards, the crucible is filled with 4.0kg of process
slag that consists of the technically pure CaF, slag Wacker
Electrolux 2052 (> 97 wt % CaF,) including 124 g of metallic
calcium. The furnace is closed and, in order to avoid reac-
tions with oxygen from ambient air, the vessel is evacuated
to a pressure of 10™' mbar. Consecutively, the vessel is back-
filled with Ar gas to the desired process pressure of 20 bars
to avoid excessive Ca evaporations.

3.5 Vacuum Arc Remelting

3.5.1 Experimental Setup

During the experiments, a IMEs vacuum arc remelting fur-
nace ALD VAR L 200 with a melting power of up to 300 kW
is used and which is controlled by means of a computer-
aided software. The furnace has a melting capacity of
around 180kg of steel while electrodes with a maximum
length of 1140 mm can be used. The remelting process takes
place in water cooled copper crucibles with a diameter of
120, 160 or 200 mm while the vessel can be evacuated to a
pressure of 107> mbar. Therefore, a gate valve vacuum
pump, a roots pump as well as an oil diffusion booster
pump are available.

3.5.2 Experimental Procedure

As feedstock material two PESR ingots are connected to
one electrode via native rod (see Sect.3.3). The electrode is
put into the furnace and some native grindings are placed
on the bottom of the crucible to simplify the start of the
process. Analog to the previous PESR process, the VAR pro-
cess consist of a starting phase, a melting phase and a hot
topping. In the starting phase, the power is raised slowly
while the native grindings prevent a contamination of the
metal with copper from the crucible bottom plate. After the
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has been prepared and cast. The six blades were
assembled by wax soldering around a central
melt distributor on top to build up a cluster for
manufacture of the ceramic shell mold. The
cluster consists of a central rod and a gating sys-
tem at the bottom as connection between the blades and the
central rod for stability issues. From the wax cluster the
shell mold was made by usual dipping and sanding process-
es. The shell mold consists of front layers made from Y,0;
and several back-up layers based on Al,O;. After autoclav-
ing and de-bindering the shell molds were fired according
to the ACCESS standard procedure.

The casting of the blades was performed by centrifugal
investment casting using the Leicomelt TP 5 centrifugal cas-
ter available at ACCESS. In the Leicomelt caster the melting
of the alloy is performed by induction skull melting (ISM)
in a 2 L water-cooled copper crucible with a melting power
of up to 600 kW. After melting and a minimum holding
time the melt is cast under vacuum in the preheated ceram-
ic shell molds spinning with the predefined rotation speed.
The process relevant parameters are listed in Tab. 3.

Table 3. Process parameters of Leicomelt TP5 centrifugal cas-
ter.

Parameter Value
Mold temperature [°C] 1100
Rotation speed [rpm] 200
Vacuum [mbar] 0.1
Casting temperature [°C] 1620
Process duration [min] max. 15

After de-molding, the blades were hot isostatic pressed
(HIP) according to aerospace specifications in order to close
internal micro porosity. HIP is usually performed at ele-
vated temperatures between 1100 - 1200 °C and high pres-
sure between 160 — 180 MPa. Subsequently, all blades were
heat treated according to aerospace specifications in order
to develop a fully lamellar microstructure. For characteriza-
tion of the texture one blade was cut and prepared by grind-
ing, polishing and etching by Kroll’s reagent for metallo-
graphic analysis. Characteristic images were taken under
100x magnification.
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4 Discussion

After investment casting residuals of ceramic shell molds
can be found in the scrap. To avoid a contamination with
yttrium and silicon, the feedstock has to be cleaned prop-
erly. Furthermore, the feedstock analysis showed slight devi-
ations to the GE4822 specifications. Therefore and because
of material losses that may occur during the melting cam-
paign, the feedstock composition has to be adjusted by
using a mixture of scrap material and virgin material. As
forecasted, during VIM a reaction between the CaO crucible
and the melt takes place. This reaction results in a slight
oxygen pickup of around 400 ppm ending up with an oxy-
gen content of around 1100 ppm. Since previous experi-
ments have shown oxygen pickups of 5000 ppm while using
alumina crucibles, CaO crucibles show very good thermo-
chemical stability and are preferred. The low oxygen pickup
is also reflected in the calcium intake. With regard to Fig. 2,
calcium contents of 400 — 1400 ppm are expected depending
on the temperature. The analysis shows a calcium content
of around 400 ppm, confirming that even with low melting
times the thermochemical equilibrium is reached. There-
fore, it can be stated that the amount of oxygen and calcium
pickup depends heavily on the crucible material and the
temperature, which is why most stable crucible materials
and low melting temperatures are preferred.

Depending on the oxygen content of the VIM ingots the
amount of metallic calcium that is added to the process dur-
ing PESR melting phase has to be chosen carefully. Since
the oxygen content influences the mechanical treatment,
the oxygen content must be set accurately. Therefore, the
full chemical analysis of the electrodes and a thermochemi-
cal model to predict the necessary amount of calcium is
indispensable. The oxygen content can be set accurately to
values of 200 - 1200 ppm. However, it should be noted that

Table 4. Analysis results of a recycling ingot after VIM-PESR-VAR.

no thermochemical equilibrium of Ca and O is reached.
Therefore, it must be assumed that due to the high remelt-
ing temperatures during PESR, calcium evaporations are
favored. As a consequence, only small amounts of calcium
have to be removed by VAR, on the other hand, higher
amounts of deoxidant have to be used. Concerning contam-
inations that are traceable to the slag like fluorine, no
impact has been observed. However, due to the formation
of a slag skin on the PESR ingot, the ingot has to be grinded
to prevent carrying slag to the VAR process.

Since calcium residues will evaporate and condense at the
furnace walls during investment casting, the calcium con-
tent has to be reduced during VAR. The experiments have
shown that a high melting power in combination with a low
pressure should be chosen to boost calcium evaporations. It
must be ensured that this also boosts aluminum losses,
which has to be considered during feedstock weighing.

The analysis results of a recycling ingot (50 % scrap /
50 % virgin material) are shown in Tab. 4. It can be seen that
the recycling process was successful and that the average
composition is within the specifications. There is only mi-
nor excess of “Others” which might be explained due to
analysis tolerances.

During the melting and casting process no differences to
primary titanium aluminide alloy could be found. Fig.9

Figure 9. Investment casted LPT blade of secondary GE4822 al-
loy (50 % scrap / 50 % virgin material).

Sample  Chemical composition [wt %]

Ti Al Nb Cr Fe Y Ca C (0] N H Other
E-01 59.05 33.21 4.79 2.58 0.025 0.034 0.004 0.015 0.101 0.037 0.004 0.059
E-02 58.91 33.12 4.83 2.56 0.212 0.032 0.003 0.015 0.158 0.026 0.004 0.059
E-03 59.06 33.20 4.89 2.56 0.013 0.031 0.001 0.013 0.109 0.008 0.003 0.058
E-04 58.95 33.18 4.90 2.68 0.072 0.035 0.005 0.012 0.104 0.014 0.004 0.087
E-05 59.09 33.09 5.00 2.56 0.013 0.029 0.004 0.015 0.119 0.021 0.004 0.087
E-06 58.64 33.51 4.93 2.74 0.056 0.031 0.003 0.009 0.143 0.025 0.004 0.078
E-07 59.17 33.07 4.92 2.58 0.006 0.038 0.003 0.011 0.100 0.014 0.004 0.095
E-08 59.31 32.94 4.90 2.47 0.005 0.027 0.002 0.012 0.092 0.023 0.004 0.093
E-09 58.68 33.66 4.96 2.63 0.017 0.030 0.003 0.011 0.100 0.014 0.004 0.089
E-10 59.06 33.23 4.85 2.55 0.008 0.033 0.003 0.011 0.108 0.016 0.004 0.095
Average  58.99 33.22 4.90 2.59 0.043 0.032 0.003 0.012 0.113 0.020 0.004 0.080
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shows an investment casted blade from recycled ingot mate-
rial. The images of the microstructure of the cast part after
HIP and heat treatment are shown in Fig. 10. The metallo-
graphic analysis of the microstructure shows the typical
duplex structure for the GE4822 alloy. Since the microstruc-
ture is mainly responsible for the mechanical properties, it
can be assumed, that the material shows typical values for
elasticity modulus and creep resistance.

5 Conclusion

Due to material losses during the recycling process
(splashes during VIM, evaporations during ESR and VAR)
the exclusive use of scrap material is not advisable and will
results in a deviation to the specifications. Nevertheless, by
identifying weak spots of the process and an accurate
adjustment of the process parameters homogeneous ingots
within the specifications consisting of up to 50 % recycling
material can be produced. After investment casting, this
secondary alloy possesses a duplex microstructure. Hence, it
can be assumed that the mechanical properties of secondary
alloys show no significant deviations from primary alloys.
Thus, it can be stated that the recycling process is a rea-
sonably priced, reproducible process that provides material
within the required specifications. Therefore, the IME pro-
cess shows extremely high potential to become state of the
art in titanjiumaluminide recycling for aviation applications.
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the four year project E-BREAK funded by the Seventh
Framework Program of the European Commission
under grant agreement n° 314366. The authors want to
express their gratitude to the European Commission for
this financial support.
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I Abbreviations
BTF buy-to-fly
CGHE carrier gas hot extraction
ESR electroslag remelting
HIP hot isostatic pressing
IC investment casting
ICP-OES inductively coupled plasma optical emission
spectrometry
ISM induction skull melting
LPTB low pressure turbine blade
NMI non-metallic inclusion
PAM plasma arc melting
PESR pressure electroslag remelting
RPK revenue passenger kilometers
VAR vacuum arc remelting
VIM vacuum induction melting
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