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Abstract: Titanium aluminide (TiAl) turbine blades produced by isothermal forging have recently
been implemented in the low-pressure part of commercial aircraft jet engines. However, the slow
speed of isothermal forging, costly molybdenum-based dies and the required protective forging
atmosphere makes the process rather expensive. Currently, industrial forging is done by closed-die
isothermal forging processes with stationary dies. Idle time occurs when single parts are inserted and
extracted from the dies. As an interesting alternative for forging small parts, a new set-up is devised
and explored in this work, i.e., batch processing. Using a die set which allow for off-line preassembly
and preheating, multiple parts can be forged in one stroke. The design of the batch process was based
on a new material model, which was implemented into a finite element system to identify the forging
parameters. The setup of the press transport system for batch processing, as well as the results of the
simulations and forging experiments are presented. A cost comparison between the new process and
conventional forging with stationary dies concludes that for smaller parts such as compressor blades,
batch processing offers advantages regarding productivity and cost.

Keywords: batch processing; titanium aluminide; isothermal forging; material modelling

1. Introduction

Intermetallic titanium aluminides (TiAl) are promising lightweight materials for high-performance
components such as turbine blades in aircraft jet engines. These alloys are attractive due to the
combination of low density, high strength and oxidation/corrosion resistance [1,2]. Recent work
by Aguilar et al. [3] describes the set-up of an investment casting facility for low-pressure turbine
blades. In the jet engine of the Airbus A320Neo aircraft, the first series application of forged TiAl
blades has recently been accomplished [4]. To make forging of TiAl viable, alloys that solidify through
the B-phase were developed. The [-phase acts like a lubricant between the hard phases (y-TiAl
and o2-phase) during forging. Due to the high material cost and cost-intensive finishing operations
of difficult-to-machine TiAl alloys [5,6], near-net shape forgings are desirable. However, the latest
generation of alloys still exhibit poor workability and must therefore be shaped by isothermal forging
processes [7].

Isothermal forging at temperatures of roughly 1250 °C with strain rates of ~1072 s7!

is
time-consuming and demands for expensive molybdenum-based die materials, which are subject to
heavy oxidation at temperatures above 625 °C and require a protective atmosphere or even vacuum.

In order to compensate for the high process and tooling costs, the forging process has to be optimized
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for productivity while maintaining the necessary quality. Forging of TiAl is typically carried out as a
closed-die isothermal forging process with stationary dies, into which billets are inserted before forging
and extracted after forging. Manipulation of parts causes idle time for the forging press. The idle time
increases tremendously if a forged part sticks to the tool surface, which happens regularly due to long
forging strokes (~4-5 min) and relatively large glide distances between workpiece and tool.

The literature consists mostly of basic research on the isothermal forging of TiAl alloys. In addition,
studies on the modeling of flow stress and dynamic recrystallization of austenitic steels were transferred
to titanium aluminides. However, in-depth studies on the modelling and design of industrially viable
forging processes of TiAl alloys are missing from the literature. Depending on part geometry and lot
size, more cost-efficient production can be achieved by using innovative process designs. Small parts
(e.g., compressor blades) require moderate forming forces and can therefore be grouped together and
forged in a single die set as a batch. By preassembling and preheating the die set and billets outside
the press, idle time due to handling of single parts can be avoided.

Designing such a batch process requires knowledge of the process window. Depletion
temperatures of TiAl and the strength of the dies limit the lower temperature, while the two-phase
region o + 3 and the thermal loads on the dies bound the process window towards higher temperatures.
This results in a narrow temperature window, requiring precise temperature control and a priori
process design in order to avoid damage to the dies. In addition, the transition from the incipient yield
over the peak stress to the steady state is often not well represented in available material models.

This paper aims at introducing and investigating the feasibility of a batch process design for
the TiAl alloy TNB-V4. The batch process developed in this work consists of a transport system and
a transportable die set, which is preassembled and preheated, fed into a hydraulic press to forge
compressor blades, and finally extracted from the press. A previously developed material model,
able to accurately predict the flow curve of TNB-V4, was implemented into the FE program Q-Form
and validated using hot compression tests. Simulations based on the model and physical experiments
were then performed to determine the forging parameters, and assess the feasibility of the developed
transport and die design for batch processing. In addition, a cost analysis compares the economic
viability of batch processing to stationary die forging. Due to cost restrictions, the authors were only
able to produce dies able to forge 1 part per stroke. However, this investigation covers the ground work
of material modelling, design of a transport system and a preassembled die set, and cost analysis for
batch processing. Furthermore, scaling up of the process to forge 2 and 4 parts per batch is discussed.

2. Literature Review

Several studies on the forging process of TiAl-based alloys are reported in the literature.
Millett et al. [8] investigated a y-TiAl alloy with the nominal composition Ti-48Al-2Mn-2Nb.
The authors found an increase in flow softening behavior with increasing temperature and decreasing
strain rate (i.e., the opposite of the expected behavior), through examination of the produced
stress-strain curves. In order to analyze the flow stress data the authors used the model developed
by Blackwell et al. [9]. The alloy was shown to deform via Dynamic Recrystallization (DRX),
resulting in a nearly pure y-phase microstructure. This y structure has poor fracture toughness and
creep resistance, making post-process heat treatment necessary, which can result in very large grain
sizes, constraining the application of this alloy. Semiatin et al. [10] reported on isothermal forging of a
near y-titanium aluminide (Ti-46.6Al-2.7Nb-0.3Ta-0.20) and found similar results. The investigation
suggested that the flow softening was also a result of adiabatic heating. Tetsui et al. [11] investigated
hot forging and subsequent machining of a Ti-42Al-5Mn alloy with the aim of supplying large TiAl
components with complex shapes and high dimensional precision, expanding the application variety
of TiAl alloys. The authors verified that complex configurations were possible to fabricate using hot
forging and machining. The presence of 3-phase fractions was found to greatly improve both the
hot forgeability and machinability in comparison to conventional TiAl alloys. However, the 3-phase
reduces the high-temperature strength of the alloy.
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Furthermore, Finite Element (FE) analyses of the forging of TiAl alloys have been reported.
Brooks et al. [12] used two finite element codes (ABAQUS and FORGE 3) to model the forging of
a two-phase TiAl (Ti-47.9A1-2.06Nb-1.93Cr-1.07B) turbine blade, with the aim of defining a forging
window for isothermal deformation conditions, and comparing the results with isothermally forged
parts. The model produced reasonable predictions for load and strain, and showed good agreement
with the observed microstructure. The flow softening of the y-phase was found to be a function
of the y grain size and the degree of recrystallization. There have been many investigations on the
hot deformation behavior (Semiatin et al. [13], Schmoelzer et al. [14]) as well as on the constitutive
modeling of TiAl-based alloys, as these models are needed for accurate FE simulations of isothermal
forging processes. The flow behavior of TiAl-based alloys has been studied and a number of constitutive
relationships and processing maps have been proposed in the literature. Cheng et al. [15] investigated
the flow behavior in hot forging of a high Nb containing TiAl-alloy (Ti-42A1-8Nb-0.2W-0.1Y) and
applied the model proposed by Laasraoui and Jonas [16], which was developed for hot working of
steel in the austenitic range. The results revealed an easy onset of DRX, while the Dynamic Recovery
(DRV) was impeded. In addition, a low DRX rate as compared to conventional alloys was found.

Werner et al. [17] and Godor et al. [18] applied two phenomenological constitutive models for
the description of the hot deformation behavior of different TiAl-alloys, the Sellars-McTegart (ST)
model and the Hensel-Spittel (HS) model. Werner et al. [17] investigated the flow behavior of a
B-solidifying TNM (TiAl with Nb and Mo as the main alloying elements) alloy with the nominal
composition Ti-43.5A1-4Nb-1Mo-0.1B. Godor et al. [18] investigated two y-TiAl alloys with the nominal
compositions Ti-41A1-3Mo-0.55i-0.1B and Ti-45A1-3Mo-0.55i-0.1B. Both authors found that the ST
model gave good predictions for flow stress, however the model is only valid in the experimental
strain range from which the constitutive expression has been derived. The HS model was reported
to reproduce the experimental flow stress curves well, in addition to being able to extrapolate stress
data to strains outside the experimental range. In addition, both authors found that the calculated
Zener-Hollomon parameter could be linked to the dynamically recrystallized grain size through
a power law equation. Schwaighofer et al. [19] studied a modified TNM alloy, with the nominal
composition Ti-43A1-4Nb-1Mo-0.1B, which contains a small amount of C and Si (C + Si less than 1
at %). The authors also applied the Sellars-McTegar model and established processing maps with the
demonstration of stable and unstable deformation regions.

The presently available literature on the modelling of TiAl-alloys, specifically the descriptions of
the flow behavior, are based on empirical models which were derived originally for steels and do not
consider the presence of a multiphase microstructure. Therefore, most of the present models are not
able to predict the steep rise of flow stress from incipient yield to the peak stress, and the subsequent
drop to the steady state. Modeling the entire course of the flow curve is crucial in predicting material
flow in FE simulations, as only the points in the workpiece where local stress exceeds the flow stress
will deform plastically. Thus, the state of the art leaves open questions regarding the FE modeling of
titanium aluminides, and the design and implementation of new forging processes which make full
use of the press capacity.

3. Materials and Methods

3.1. FEA Development

The material model used in this work was developed and published by Cingara and McQueen [20].
The model accurately predicts the course of flow stress from incipient yield to the peak stress and
beyond. The model equations are summarized in Table 1. It uses separate DRX kinetics for the 3 and
v-phase, as indicated in Equations (8) and (9), where different parameters are used to model these two
phases. A wide range of hot compression tests were conducted in order to determine the parameters
used in this model.
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Table 1. Model equations for TNB-V4 alloy.

Zener Hollomon parameter Z=¢x exp(%) (1)
€ e \1¢

Strain hardening o(e) = op {—exp (1 - —) ] (2)

€p €p

Critical strain €or = AEp 3)

Peak strain ep = ap x dg? X Z® 4)

Steady state strain €ss = €1 X €m+ep X dg? X Z% )

Peak stress sinh(f; x op) = f; x ZP (6)

Steady state stress sinh(hs X op) =hy x zh (7)

DRX grain size dprx(y,B) = by (y,B) x Zb>2(v) (8)

£—eer q(v.B)

DRX kinetics Xprx (v, B) = 1-exp(k(y, B) (7‘7) )

€ss —Ecr
o0 ife<eéer
Flow stress oy = (1 ~(Xy + xﬁ))c0 +(Xy +Xg)oy ife> e (10)

The main feature of this model is the ability to show a right concave down course of the
strain hardening rate in the so-called Kocks-Mecking plot (Figure 1b), as observed experimentally.
Other models, which were derived in terms of dislocation theory, are not applicable to the TNB-V4
alloy since they cannot reproduce this right curvature in the Kocks-Mecking plots. An overview of
various dislocation-based models was presented in a previous work of the authors [21]. The model
was implemented into the commercial FE system Q-Form using the Lua programming interface.
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Figure 1. Model prediction vs. experimental data; (a) flow curve of TNB-V4; (b) Kocks-Mecking plot of
TNB-V4 [21].

To use the material model in the design of the batch forging process, it first needed to be validated.
Examination of the microstructure for comparison with the model was conducted with a deformation
dilatometer. The parameters were determined from the FE simulation study of a compressor blade
forging process. The tests were performed with various strain rates in agreement with data history
obtained from the simulations. The software used in this study was the FE program Q-Form. Figure 4
shows 3D FE model for compressor blade forging. The process was carried out in a single stroke from
a preformed billet. The upper and lower dies were modelled as rigid bodies. The temperature of the
billet was varied between 1150 °C and 1300 °C in increments of 50 °C. The forging speeds used was
0.01, 0.1 and 1 mm/s. The preform billet was meshed with 23,307 tetrahedral elements (5256 surface
and 18,051 volume elements), and the final part had 302,573 tetrahedral elements (51,294 surface and
251,279 volume elements). The friction between dies and billets along the contact surface was assumed
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to follow a Coulomb friction factor of 0.35. The simulation includes the preheating of the billet and
closing the cavity with the upper die.

3.2. Material and Workpiece

The TiAl alloy known as TNB-V4 with the composition given in Table 2 was used in this work.
The alloy was processed by VAR melting and hot isostatic pressing at 1260 °C for 4 h with a pressure
of 200 bar.

Table 2. Nominal composition of TNB-V4 TiAl (at%).

Al Nb Mo B
445 625 08 01

The maximum operating temperatures of coated TiAl alloys allows usage in two areas of the
jet engine, the compressor and the low-pressure turbine. Compressor blades are smaller and consist
of blade and blade root. Turbine blades typically consist of blade, blade root and shrouding band.
To limit the tooling costs, the smaller compressor blade was selected as the workpiece for the design of
the batch forging process.

3.3. Batch Process Design

Isothermal forging requires slow deformation with cross head speeds in the order of 0.1 mm/s.
In order to achieve this, a 17 MN hydraulic press (Oilgear/Presstec, Figure 2) was adapted by installing
a second hydraulic unit for isothermal forging in parallel to the standard unit, which allows for
controlled motion of the ram with velocities as low as 0.05 mm/s.

Lower die insert

Billet
Inductor
Lock valve
Pyrometer
Control panel
Frequency converter
Lock valve
Chamber cap . ‘
Transport manipulator Vertical gmqe
Transport gripper

Ceramic disc
Transport tracks

Chamber view

Figure 2. Forging center at KuF showing the batch processing system.

In order to protect the forging dies and billets, isothermal forging of TiAl has to be carried out
in a protective atmosphere or vacuum. To achieve this, the forging center was equipped with a
sealable double-walled, water-cooled cylindrical chamber, which encompasses the upper and lower
ram. The water-cooling makes it possible to keep the process heat away from the press ram, guides and
the frame. Based on this unit, the forging center can be configured to allow for batch processing
using preassembled die sets and forging with stationary dies. Figure 3 illustrates the lock and
transport system developed for batch processing which is connected to the cylindrical forging chamber.
The preassembled die set containing the billet was inserted cold and heated to forging temperature in
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the input/output section (a). This part of the lock system is connected to the press chamber (b) using a
hydraulic jack (c) to move the die set vertically, and a spindle-driven linear axis (d) to feed the die set
horizontally in and out of the press chamber. Using this setup, the forging press chamber was able to
operate in vacuum or a protective atmosphere.

1. Pre-Heating of Die Set 2. Transport to Press

==

= 5

Figure 3. Press and transport design: (a) input/output section; (b) press chamber; (c) vertical transport;
(d) horizontal transport.

3.4. Die Set Design

The die set for batch processing (Figure 4) consisted of 6 components including the insulation
mat. The upper and lower dies were designed as inserts, which were fastened to die bases. A sleeve
encompasses the die set and serves as both a thermal insulator and a mechanical guide for the inserts.
Both the sleeve and the die bases consist of commercial graphite TTK-50. The die inserts consist of
carbon fiber reinforced silicon carbide (C/SiC) [22]. The die set was insulated with a Fiberfrax Z mat.
The die set schematic and the die set with insulation mat is displayed in Figure 4. As indicated by the
blue square, only the upper and lower die inserts and the billet was modeled in simulations.

a)
Insulation mat
Insulation mat
Upper die base
Upper die insert
Billet Pyrometer window

Lower die insert

Lower die base
Modeled in simulations

Figure 4. (a) CAD of the die set; (b) physical die set with insulation mat.
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3.5. Forging Trials

Forging experiments were carried out using the batch processing transport system and die set.
The compressor blades were forged in one step using a 17 MN hydraulic press with a total stroke
length of 29 mm. The billets were lubricated with a boron nitride layer onto which a water-based
graphite lubricant was applied. The compressor blade was forged with a preheating temperature of
1340 °C determined from the heating trials (Section 4.4), and a ram speed of 0.1 mm/s determined
from the finite element analysis (Section 4.2), as the experiments and simulation study revealed these
conditions as suitable.

3.6. Heating Trials

The process window of the TNB-V4 alloy is from 1250 °C to 1280 °C. To determine a sufficient
preheating temperature which allows the die set to remain inside this window during forging, heat loss
experiments were conducted. The evolution of the temperature drop of the die set was measured
with a pyrometer, and compared to the transport times of the batch processing setup (Section 4.3).
Two separate experiments were conducted; one where the die set was kept stationary and one where
it was run through the transport system to the press. The temperature evolution was similar in both
cases, therefore only the stationary results are displayed.

4. Results and Discussion

4.1. Model Validation

Figure 5 displays the strain history, which was extracted from the FE analysis and implemented
into the dilatometer test. A cylindrical specimen was tested at 1260 °C, quenched after forming
and analyzed for microstructure evolution. This procedure was preferred for validation because the
forged blade could not be extracted from the die set and quenched sufficiently fast to conserve the
microstructure obtained after isothermal forming.

0.008 L 0.7
= Strain rate

0.007 = Strain
— 0.006
0.005

0.004

Strain rate [1/s

0.003

0.002

0.001 _J

0 0
0 20 40 60 80 100 120 140 160 180 200
Time [s]

Figure 5. Conditions for compression testing extracted from the FEA and implemented in dilatometer
tests to validate the model.

Figure 6 illustrates the comparison between the predicted grain sizes from the simulation and the
measured grain sizes from the compression experiments. The microstructure of TNB-V4 consists of the
fine recrystallized fractions of 3/Bg-phase (white), the y-phase (dark gray), and the a-phase (light gray).
The grain sizes were measured in the same point (P1 in Figure 6) in both the final forged part and
the FE model. Table 3 displays the calculated and measured grain sizes. As is evident, the model
predictions show good agreement with the experimental results.
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16
15
14
13
12
11

Grain size [pum]

Figure 6. (a) predicted grain sizes by simulation; (b) initial experimental microstructure; (c) final
experimental microstructure.

Table 3. Calculated and measured grain sizes.

Point P1 Calculated Grain Size [um] Measured Grain Size [um]

y—phase 12.71 10.37
B/Bo—phase 12.86 10.24

4.2. Simulated Die Stresses

By systematic variation of the forging temperature and ram speed, a contour map of the maximum
tool stress values for the top die was created, as shown in Figure 7a. The top die was the most critical,
as it underwent the highest stresses in all cases. The locations of the maximum top die stresses are
displayed in Figure 7b, they alternated slightly between two nodes as shown. In total 12 simulations
were run. The maximum tool stresses found ranged from around 120 MPa to around 870 MPa,
depending on forging velocity and temperature. The process window of the TNB-V4 alloy is from
1250 °C to 1280 °C, as indicated in Figure 7a. The maximum bearable stress of the die material (C/SiC)
has been reported to be around 350 MPa [23], which is roughly indicated by the red line in the contour
plot. Thus, the simulation results predicted that the combinations of forging velocity and temperatures
in the area under the red line were acceptable for the die material.

—
j—
ot
(=}

©

=3

S

200

—
w
(=
=]

100
0.1 1
Die Velocity [mm/s] b)

& Workpiece Preheating Temperature [°C]
b
2

Figure 7. (a) Contour plot of simulated max tool stresses; (b) max stress locations in the top die.
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4.3. Forging

Figure 8 illustrates the forging process chain. The workpiece and die set were assembled
and heated together by induction to 1340 °C (b) before being transported to the forging press (c).
The transport time from preheating to the press was around 45 s, including around 10 s for the press
make contact with the tool set. The forging time was around 290 s (d), i.e., nearly 5 min. Transport
time back was around 35 s.

00 |

Pre-heating Transport of die set Die set
(die set and billet) with billet in forging press

Die material: Carbon fiber
reinforced silicon carbide
(C/SIC).

e)

Lubricate: Boron nitride
and water-based graphite.

SES

Forging velocity: 0.1 mm/s

Billet in the lower

3 Final forged part
die‘insert Forging stroke: 29 mm e

Figure 8. Illustration of the process chain; (a) Billet in the lower die insert; (b) preheating; (c) transport
to press; (d) die set in press; (e) final forged part.

The maximum experimental forging force reached at the end of the stroke was around 360 kN,
which corresponded well with the simulated max force. Thus, the 17 MN press used in this
investigation is theoretically able to forge a large number of parts per batch. However, this number is
limited by technical as well as economic constraints, as a bigger die set requires a bigger and more
robust transport system with a more powerful inductor, increasing operating and energy costs.

4.4, Heat Loss

Experiments were run to assess the temperature evolution of the billet with varying preheating
temperatures, as displayed in Figure 9. In total 4 tests were run before the optimal preheating
temperature was found (blue line). From the end of preheating to the start of forging (around 45 s,
Section 4.3), the workpiece had cooled down around 5 °C, and continued to cool down during forging.
As indicated in the diagram, a preheating temperature of 1340 °C produced a forging temperature of
around 1250 °C at the end of the process. This is at the lower boundary of the process window for the
TNB-V4 alloy, however the material was overheated until around the 4 min mark as shown in Figure 9.
Overheating was considered the best alternative given the available equipment, as forging below the
process window can result in high stresses and risk of damaging the dies.

Jaffee et al. [24] mentions that the negative effects of overheating o + {3 titanium alloys are not
as detrimental as compared to other materials (i.e., steel alloys). However, specific studies covering
the impact of overheating on the microstructure evolution of TiAl alloys during forging are missing
from the literature. Thus, this issue needs to be covered in future research. Determining the process
windows of other TiAl alloys to assess their viability for batch processing is also an interesting topic
for future work. Measures to reduce heat loss (e.g., a better or thicker insulation mat) may resultin a
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slower temperature drop, allowing more of the forging process to occur inside the process window at
even lower preheating temperatures.

1340
— Forging End 4
1300 -

I P N 1280°C __ | _|
P1260] —
o et Sl Sl Ul 2
<

1220 ™~
) Forging Start
I~
1180
L L L \
0 1 2 3 4 5 6

Time [min]

Figure 9. Temperature drop of the billet.

4.5. Scaling Up of the Process

Due to cost restrictions, the authors were only able to produce a die set able to forge 1 compressor
blade at a time. Future research can aim at scaling up the process developed and presented in this
work to accommodate a bigger die set, and attempt to forge 2 or 4 parts per batch. One of the main
challenges is producing a die which distributes the stresses symmetrically and uniformly, as a die set
with more than one engraving will inherently have asymmetries and stresses removed from the die
center. Especially when forging slanted parts such as compressor blades, the torque and rotational
forces which may arise are important to consider. These can be counteracted with stiffer support
structures and stronger fastenings (e.g., bigger bolts). However, these will in turn cause more heat loss
from the die set and increase costs.

The material model presented in this work can be used in the design of dies with 2 or more
engravings. A proposed die FE model for batch processing of 2 compressor blades is displayed in
Figure 10. The simulation parameters and the billet as described in Section 3.1 for 1 compressor blade
were used. The results indeed showed residual torque stresses in the upper die, produced by the
geometry of the 2 engravings, indicating that this is an important topic for future work in the field of
batch processing.

a) b)

Figure 10. Dies for batch processing of 2 compressor blades; (a) bottom die; (b) top die.

5. Cost Analysis

Economic considerations are of crucial importance for industrial production of TiAl forgings.
In this section, a qualitative comparison of unit costs between isothermal forging of 1 and 2 parts
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with a stationary die, and isothermal forging of 2 and 4 parts using batch processing is presented.
The equations and parameters used for the cost analysis model are given, as well as the produced
results. For a lot size L, the unit costs C are

_ Cdie + Csetup

L + Cprocess + Chillet (11)

The costs for the dies (number ng;.) are

Cdie = Ndie (PdievdieCMo + Cmill) (12)

For production with stationary dies, at least two dies are needed to avoid idle time during die
maintenance. For batch processing, at least three die sets are needed which are circulated continuously,
and a fourth die set would avoid idle time of the press during maintenance of a die set. It is assumed
that the die engraving has to be re-machined after 1000 forgings. The process costs are

Csetup =t (CL + CE) (14)
Finally, the material costs per billet are

Chillet = PTiAl VbilletCTiAl (15)

The variables assumed for the cost model are given in Tables 4 and 5, and are based on the
experiences gained during the design of the press system and the forging experiments. They only
allow for a qualitative comparison of the two process routes. The main difference between the routes
are larger die investments for batch processing, and the long handling and setup times for die change
(approximately one working day) with the stationary die. The die volumes are scaled up when more

than one engraving is present.

Table 4. Cost comparison input data.

Cost Type Symbol Unit Value
Cost of die material CMmo USD/kg 140
Cost of TiAl Crial USD/kg 200
Density Mo PMo kg/m3 10,200
Density TiAl OTiAl kg/m3 4200
Labour cost per hour CL USD/h 175
Equipment hourly rate Cg USD/h 590
Forging ram speed \Y% mm/s 0.1
Handling time single part Thp s 10
Handling time die set Th,die S 35

Table 5. Size dependent part parameters.

Parameter Symbol Unit Small Part Large Part

Billet volume Vy, mm? 60,000 100,000
Die volume Vdie mm? 4,200,000 11,000,000

Chip volume Ven mm?3 1,000,000 900,000
Set-up time ts s 28,800 60
Forging time te s 310 380
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Figure 11 shows the ratio of unit costs for the stationary die process (Cgp) and batch processing
(Cgp) for small (a) and large (b) parts respectively. This diagram was created using the equations and
parameters presented. For the stationary die, 1 and 2 engravings were used, as more engravings would
increase the idle time of the press during part handling and increase the thermal load on the gripper.
For batch processing, 2 and 4 engravings were used. The solid line represents the ratio of Cgp/Cgp
for 1 part forged with the stationary die and 2 parts forged using batch processing, the dotted line
represents 2 parts forged with the stationary die and 2 parts forged using batch processing, finally the
dashed line represents 2 parts forged with the stationary die and 4 parts forged using batch processing.
As indicated, forging with the stationary die provides a cost advantage when the value of Cgp/Cgp is
below 1, while batch processing is favorable when the value exceeds 1. The comparison shows that for
small parts and large lot sizes, batch processing of 2 and 4 parts always offer a cost advantage. If the
number of engravings is equal, this advantage diminishes with increasing lot size. For large parts,
the stationary die is more favorable for smaller lot sizes. Thus, batch processing requires a large lot
size, which is a consequence of the fact that batch processing requires at least 3 die sets to avoid idle
times. If the lot size is small so that no die change is necessary (low tool wear), stationary die forging
with two engravings is still the most economical.
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Figure 11. Cost ratio of stationary die (SD) and batch processing (BP) for; (a) small parts; (b) large parts.

6. Conclusions

This work has provided the foundations for batch processing of TNB-V4 TiAl (Ti-44.5Al-
6.25Nb-0.8Mo0-0.1B). A new process design for transport and handling of preassembled and preheated
die sets has been developed and presented. Material modelling and experiments were performed
to determine and validate the forging parameters, and a cost analysis compares batch processing to
stationary die forging. The main conclusions drawn from this investigation are:

e A material model was successfully implemented into the FE program Q-Form, validated and
applied to identify the TNB-V4 process window, forging speed and die stresses. The grain sizes
predicted by the model showed good agreement with the experimental ones.

e Due to transport time and insufficient insulation, overheating the die set above the process
window was necessary. Future research should aim at investigating the potentially negative
effects of overheating TiAl alloys, and determining the amount of time overheating can be applied.

e Batch processing seems to offer cost advantages for smaller parts and large lot sizes,
while stationary dies are favorable for larger parts and smaller production lots.
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Abbreviations

The following abbreviations are used in this manuscript:

TNB  TiAl with Nb and B as the main alloying elements
TNM TiAl with Nb and Mo as the main alloying elements
DRX  Dynamic Recrystallization

DRV  Dynamic Recovery

VAR  Vacuum Arc Remelting

FE Finite Element

KuF Chair of Mechanical Design and Manufacturing
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