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Abstract

To increase the competitiveness of the Swedish aero engine industry alternative
manufacturing methods for load carrying aero engine structures are desired, in
order to reduce product cost and enable weight reduction and thereby fuel
consumption. Traditionally, these structures mainly consist of large-scaled
single castings of e.g. titanium- and nickel based super alloys. By fabrication,
the structures are instead built from sheet metal parts, small ingots and simple
forgings which are welded together and heat treated. The alternative approach
implies the need for time and cost efficient evaluations of candidate
manufacturing techniques, early in the product development process. One
challenge in producing complete structures within shape tolerance lies in
accurate predictions of springback and compensation for shape deviation which
occurs in the different processes of the manufacturing chain.

Finite Element (FE) simulations are used extensively in e.g. the sheet metal
stamping industry where the technology has contributed to a better
understanding of chosen sheet metal forming processes and where the
prediction capabilities has significantly reduced the time consuming, inexact
and costly die tryouts. However, the reliability of the numerical simulations
depends not only on the models and methods used but also on the accuracy and
applicability of the input data. The material model and related property data
must be consistent with the conditions of the material in the process of interest.
In addition, creating as little deviance as possible between the FE model and
the experimental setup is a prerequisite for the correlation between predicted
and measured values. Naturally, difficulties regarding e.g. modelling and
estimations of friction arise, among others.

The objective of this thesis is to suggest possible hot and cold forming
concepts based on FE analyses for the production of sheet metal prototype
components in the titanium alloys Ti-6Al-4V and Ti-6242 together with the
nickel based super alloy Inconel 718, respectively. The research activities are
focused on material characterisation, evaluation of suitable constitutive models
and its calibration, virtual tool design and manufacturing of sheet metal
forming tools together with production of prototype components. The aim is to
perform a direct-hit research and development work in which the lead time is
short and the need for the manual die tryout can be kept at a minimum. The
forming tests functions as validation tests in which predicted responses of
global forming force, draw-in, temperature, strain localisation and shape
deviation are correlated with predicted responses. Different yield criteria which
include the anisotropy and strength differential (asymmetry in yielding
between tension and compression) of the titanium alloy Ti-6AI-4V are
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compared with an isotropic assumption. Special emphasises are made to
models and methods suitable for analyses in the medium temperature range, for
evaluations early in the product development process.

In paper A, compression tests on Ti-6Al-4V were performed at different
temperatures in order to study the mechanical behaviour and create
experimental reference data for identification of material model parameters of
constitutive equations. Inverse modelling was used as a method for the
parameter identification, in which three different equations were studied. At a
temperature of 500°C, none of the studied constitutive equations were found
able to satisfactory describe the flow behaviour. However, the method was
found suitable for the purpose of identifying model parameters. Later on, the
physically based constitutive equation developed by Nemat-Nasser et al.
(2001) [1] was found able to describe the flow behaviour of Ti-6242. In the
work by Nemat-Nasser et al. (2001) the model has been shown able to describe
the flow behaviour of Ti-6Al-4V at different temperatures and strain rates
accurately.

The equation was applied in FE analyses of a hot forming test, a U-bend test,
of Ti-6242. The experimental study of Ti-6242, including U-bend tests, at
different thermo-mechanical conditions performed in Paper B, revealed that the
formability is increased and that the springback can be decreased with
increasing temperature. However, it was also found that an increased
temperature alone does not necessary imply a reduced shape deviation.

In paper C, a short lead time methodology for the design, compensation and
manufacturing of deep drawing tools in the nickel based alloy Inconel 718 is
suggested. Rather than stating a new methodology, the work contributes to the
idea that it is possible to perform a virtual direct-hit development work for the
production of five different double-curved components within tolerance at an
extremely short lead time. Compensation for the predicted shape deviation was
performed for one of the components in which the tool surfaces were over
compensated by means of FE analyses.

In paper D and F, the short lead time methodology was applied for the
development of hot forming concepts to produce two different Ti-6Al-4V sheet
metal components. The material characterisation, presented in paper E,
provides with experimental reference data for calibration of three different
yield criteria. Predicted responses such as punch force, draw-in and shape
deviation show promising agreement with experimental observations when
applying anisotropic yield formulations. The shape of the yield surface was
found important for the prediction of shape deviation and the occurrence of
vi



strain localisation. Some issues of the FE-model suggest areas for further
development. An interesting extension to the present work would be to include
models for phase transformation and creep or stress relaxation and include the
effect of strain rate for sheet metal forming in the higher temperature range.
Further on, it is of interest to extent anisotropic yield criteria to function in
coupled thermo-mechanical analyses and to include orthotropic elasticity. This,
in order to increase the possibility to perform detailed studies of the
temperature as an important process parameter for the prediction of shape
deviation and studies of strain localisation limits.
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1. Introduction

1.1 Background

To preserve or increase the competitiveness of companies in the modern
industry, a prerequisite is to perform a direct-hit product development process
in which the lead time is short and the outcome is accurate. One key feature, in
the production industry, is to develop suitable manufacturing processes where
the tryout can be kept at a minimum. The industry of today has to decrease its
negative impact on the environment. Considering the vehicle industry such as
for transportation on the road, railway or in air, high performance and light
weight materials are desirable to reduce weight and thereby fuel consumption
yet with maintained performance.

The advanced numerical finite element (FE) technology and CAE-tools in
combination with existing computer capacity makes a completely virtual
process development possible. FE simulations are used extensively in e.g. the
sheet metal stamping industry where the technology has contributed to a better
understanding of chosen forming processes and where the prediction
capabilities has significantly reduced the time consuming and costly die
tryouts. Complex geometries in industrial applications with large deformations,
nonlinear materials and contacts can be treated effectively and quickly [2-6].
However, the reliability of the numerical simulations depends not only on the
models and methods used but also on the accuracy and applicability of the
input data. The material model and related property data must be consistent
with the conditions of the material in the process of interest.

To increase the competitiveness of the Swedish aero engine industry alternative
manufacturing methods for static load carrying aero engine structures are
desired, in order to reduce product cost and enable weight reduction and
thereby fuel consumption. Traditionally, these structures mainly consist of
large-scaled single castings of e.g. titanium- and nickel based super alloys. By
fabrication, the structures are instead built from sheet metal parts, small ingots
and simple forgings which are welded together and heat treated. This
alternative approach implies the need for time and cost efficient evaluations of
candidate manufacturing techniques, early in the product development process.
One challenge in producing such complete structures within shape tolerance
lies in accurate predictions of springback and compensation for shape deviation
which occurs in the different processes of the manufacturing chain.



The aerodynamic geometries of included sheet metal parts are generally
smoothly double-curved and the resultant geometry, thickness, residual stress
state and mechanical properties obtained in the forming process influence the
shape deviation of the complete structure upon welding and heat treatment.
Accurate predictions of and compensation for the springback obtained in the
sheet metal forming process by means of finite element (FE) analyses, may
therefore be considered as a key subject in fabrication of complete titanium
structures. A schematic illustration of load carrying aero engine structures are
shown in figure 1, consisting of titanium and nickel based alloys.

Load carrying aero
engine structures

Figure 1. Schematic illustration of load carrying aero engine structures consisting of
titanium and nickel based alloys.

1.2 Research question and aim
The research question which has been formulated within this thesis is:

To which extent can accurate and validated material descriptions be obtained,
in an optimal sense, by innovative methods for material testing and
characterisation and how is such material descriptions applied in virtual
product and process development?

The purpose of this thesis is to suggest concepts for hot sheet metal forming of
foremost the titanium alloy Ti-6Al-4V but also Ti-6242. Two prototype
components are studied within the research work, which functions as
demonstrators to evaluate the applicability of chosen methods and models in
the virtual tool development process. The thesis comprise studies of the
mechanical properties of Ti-6Al-4V and Ti-6242, identification of suitable
material models and methods for calibration and suggestions for concepts of
hot sheet metal forming based on FE analyses in which predicted values are
compared with measured by performing validation experiments.
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The focus has been on different levels of model complexity for numerical
predictions which are able to yield acceptable accuracy of hot titanium sheet
metal forming, in the concept phase of the product development process. The
research work is limited to studies of FE-models for conventional sheet metal
forming techniques in the medium temperature range. The computed resultant
springback obtained in a hot sheet metal forming process depend on the
produced level and condition of stress. The accuracy in the prediction of the
residual stress condition depends of a variety of factors. For example the
temperature, the material model, i.e. the description of the elasticity, yield
surface and hardening law along with the distribution and magnitude of
friction, stiffness of the forming tool and the ability to obtain equal conditions
in the numerical model as in the experiment.

This work includes the influence of the yield criterion and determination of
flow behaviour assuming isotropic hardening. In addition the elastic anisotropy
and the influence of plastic straining are studied. Considerable efforts have
been made to ensure the equality between the FE-model and the experimental
setups, as far as possible. Features such as tool geometries, draw depth, blank
holder forces, blank positioning, draw-in and temperature have been controlled
and measured.

The basic strategy within this research work has been to create an experimental
foundation, consisting of initial material and hot forming tests from which
observations are made and conclusions are drawn regarding formability and
springback behaviour. Models with a low level of complexity are studied and
compared with more advanced, e.g. in which the anisotropy of the studied
alloys are included. Tool concepts for the production of two sheet metal
geometries are developed and manufactured. FE analyses are used in the
development process, and the hot forming procedures functions as validation
tests. The aim has been to perform a direct-hit development work with short
lead times, in which the research activities are considered the basic driving
force.

The alternative fabrication process of interest for the aero engine industry
requires development of new manufacturing technologies and relations with
new sub-suppliers. It is desirable that sub-suppliers are able to deliver not only
sheet metal parts within shape and thickness tolerances, but also results from
FE analyses of the forming procedure for use in subsequent analyses of
welding and heat treatment. The scope of the research project was therefore
also to identify a few SMEs within the titanium or advanced material industry
with potentials to develop into future sub-suppliers of titanium sheet metal
3



parts for the aero engine industry. The research project gather competence from
research centres within numerical analyses of sheet metal forming, SMEs with
practical experiences of titanium forming and the aero engine industry. With
the support of academic research activities the aim was to perform an effective
development work of the companies by introducing advanced tools for
numerical analyses and material characterisation, in order for the companies to
take necessary technology steps. A process which has been initiated within the
project.

1.3 A brief literature review
1.3.1 The titanium alloys Ti-6A1-4V and Ti-6242

Titanium alloys are often used in aerospace applications such as for turbine
engines, airframe applications and space applications, mainly because of their
superior strength to weigh ratio. Ti-6Al-4V is the most widely used titanium
alloy and other applications can be found in medical prostheses and to some
extent in the automotive, marine and chemical industry. Ti-6Al-4V is a two
phase (a+f) alloy implying a variety of possible microstructures and property
combinations depending on different factors such as the thermo-mechanical
processing, chemical composition, interstitials (mainly oxygen) and impurities
[7-10]. The a phase has a crystal Acp-structure and the softer B phase a bcc-
structure. A variation in Young’s modulus is present mainly considered to be
due to the heat treatment, alloy concentration, interstitials/substitutional,
impurity levels and in case of textured sheets, the angle between the rolling
direction and specimen axis (anisotropy).

Titanium Ti-6Al-2Sn-4Zr-2Mo-0.08S1 or Ti-6242 was developed in the late
1960’s. It is a titanium alloy with high temperature stability for long-term
applications (up to 425°C) and is one of the most creep-resistant, often used
when the temperature range do not permit usage of Ti-6Al-4V. The alloy is a
near-alpha, alpha-beta alloy and the structures are typically equiaxed o in a
transformed B matrix or a fully transformed micro structure. The o phase has a
crystal Acp-structure and the  phase a bcc crystal structure, as of Ti-6Al-4V.

Typical flow behaviours of the alloys at elevated temperatures are illustrated in
figure 2, obtained from compressive testing on cylindrical specimens. The well
observed peak stress is followed by flow softening in the higher temperature
range. In published work by e.g. Ding et al. [10-11] and [12] with included
references, this behaviour is suggested to originate from temperature increases,
microstructural changes, break up of the grain structure, recrystallisation,
phased changes, shear band formation and damage during deformation.
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Figure 2. True stress-strain relations for Ti-6242 at indicated strain rate and
temperatures.

Both alloys have excellent corrosion resistance compared to other metallic
alloys and at low temperatures a very thin oxide film protects the surface.
However, at higher temperatures oxygen begins to dissolve from the oxide into
the underlying metal forming a so called alpha case, which causes
embrittlement. The oxide film grows inwards by diffusion of oxygen and the
corrosion velocity is strongly dependent on the temperature [7, §].

Typical physical properties of Ti-6Al1-4V and Ti-6242 can be found in table 1
and further information on the both titanium alloys in e.g. [7, 8, 12-14].

Table 1.

Summary of typical physical properties [7, 8, 13]

Property Ti-6AL-4V Ti-6242
Beta transus temperature 995°C 990°C
Melting point ~1655 £20°C ~1705°C
Density (a) 4.428 g/em’ 4.540 g/cm’
Young’s modulus (a) 115+ 15 GPa 113 GPa
Poisson’s ratio (a) 0.26-0.36 0.325
Thermal conductivity (a) 7 W/m*K 7 W/m*K
Specific heat capacity (a) 580 J/kg*K 460 J/kg*K
Thermal coefficient of linear 9.0¥10°%/°C 7.7%10°%/°C

expansion (b)

(a) Typical values at room temperature. (b) Mean coefficient from 0 to 100°C




1.3.2 Sheet metal forming of titanium

Generally, titanium alloys are considered more difficult to form and often have
less predictable forming characteristics than other metallic alloys such as steel
and aluminium. The literature states that titanium alloys can be formed in room
temperature or at lower elevated temperatures to some extent, yet also that the
obtained springback upon forming thin sheets are scattering and thus difficult
to predict. A high degree of springback is common in cold and hot forming
processes due to the high yield stress in combination with a low elastic
modulus. Further, the hexagonal crystal structure (4cp) of the a-phase has
anisotropic characteristics which implying consequences to the elastic
properties [7, 8]. Considering this, titanium components are commonly formed
at elevated temperatures often by overcompensating tool geometries and
performing multi stage forming with intermediate annealing or by applying a
second “hot sizing” operation. In the hot sizing process the part is allowed to
be creep formed into the final desired shape.

The formability of titanium and its alloys are fairly low depending on the
material grade. By increasing the forming temperature an increased formability
is obtained in which the springback and the scatter in yield stress can be
reduced. However, such techniques require heat resistant forming tools and the
commonly slow forming velocities with subsequent holding times implying
long exposure times at high temperatures and additional costs. As the
temperature exposure increases a higher degree of contamination occurs. Hot
forming should generally not be performed at temperatures higher than ~815°C
without a protective atmosphere to avoid deterioration of the mechanical
properties. When oxygen enrichment of titanium occurs, the material becomes
more brittle.

At even higher temperatures some titanium alloys exhibit super plastic
properties which make super plastic forming (SPF) applicable. The process
was originally developed due to the difficulties associated with conventional
sheet metal forming of titanium alloys. The super plastic forming procedure is
performed under high temperatures in the range of 870 - 925°C, still below the
B-transus temperature, and at very low strain rates (often at about 10 s™). Due
to the low flow stress, springback is not an issue. Initially, parts manufactured
by SPF were considerably expensive, but with experience the SPF setup has
become quite common and inexpensive. However, SPF is often used for
components with a high degree of complexity or when a substantial degree of
material stretching is necessary [7, 8, 15-17]. Due to the presented difficulties,
the lowest possible forming temperature that allow for the desired geometry is
normally chosen.



Titanium alloys are sensitive to the strain rate and a higher formability is
generally obtained when forming titanium alloys at lower strain rates in room
temperature. However, at elevated temperatures the profit of a decreased or
increased strain rate is determined by the alloy of interest. Titanium alloys are
also sensitive to the Bauschinger effect, which is reported to be most
pronounced in room temperature. Further information on sheet metal forming
in titanium can be found in e.g. [7, 8, 18-24]






2. Finite element modelling

Nonlinear analysis based on the finite element method (FEM) is one essential
component of computer-aided design (CAD/CAE). Manufacturing and testing
of prototypes is increasingly being replaced by the use of nonlinear FE
simulations because it provides a more rapid and less expensive way to
evaluate manufacturing and design concepts. However, the use of nonlinear
finite element technique requires an understanding of the fundamental concepts
which confronts the user with many choices and pitfalls. The intent of this
section is to shortly review some of the methods and features related to
nonlinear finite element analysis, without being complete in any sense.

2.1 Explicit time integration

Sheet metal forming includes nonlinearities due to material behaviour,
instabilities and contact constrains. Explicit solvers are widely used in forming
simulations with advantages such as convergence stability and fewer
computations per time step along with a less storage requirement compared to
implicit methods. This makes explicit solvers suitable for large scale problems.
However, the time integration is conditionally stable and thus requires a small
time step to guarantee stability. In this thesis, the explicit FE solver in LS-
DYNA [25] has been used. For a more extensive discussion on time
integration, see e.g. Belytschko et al. [2, 3].

The FE discretisation in space, based on the weak form of the equation of
motion results in

[MJa}={r} 2.1
where
U=t =1m 2.2)

In which [M] is the mass matrix, {a} is the acceleration vector and {°"y and
{f""} are the external and internal force vectors, respectively. The mass matrix
1s

[m]=3" [ p[NT [N]av (2.3)



where p is the density and [N] is the shape function matrix. The integral is
taken over the domain V and is summarised for all elements e. The internal
force vector is

= ZEZI[B]T lotav 2.4)

where [B] is the strain-velocity matrix and {c} is the Voigt vector of the
Cauchy stress components. The external force vector includes body forces and
resulting forces from boundary conditions according to

Ued= ZJ VT pjar 2 [IVT {ehas 25)

Where {b} is the body force vector and {t_ }is the traction vector acting on the

boundary S. The discretisation in time is accomplished using the central
difference scheme. In the current state n, the internal and external forces,
velocities {v}, and displacements {d}, are known. The acceleration in Equation
2.1 and 2.2 becomes

{a}, =1 ({r) - 1)) (2.6)

The velocity {v} 1 is evaluated at time ¢ | using the time step Af,
2

n+—
2

n+

t =t +—2 (2.7)

Wht =l + A, aj, (28)
2
The displacements {d}, , at time ¢,,, is found from

), =1d}, + A, v}, (2.9)

2

10



The stress state of the material is updated to find the internal forces, see e.g.
Belytschko et al. [2]. The largest allowable time step At, is determined by the
highest natural frequency of the system according to Equation 2.10 which is
related to the density and stiffness of the material.

At < L (2.10)
a)max
where
c
o ~2— 2.11
max L ( )

which yields the Courant’s stability criteria

ar<Le (2.12)
C

where c is the wave propagation velocity and L, is a characteristic length in the
structure such as the minimum distance between two nodes.

The shell element type used in this work is fully integrated. With this element
type it is assumed that the stress through the thickness in the blank is negligible
compared to the in-plane stress. The use of fully integrated shell elements is
CPU costly, but recommended when springback predictions are of interest. In
the performed FE analyses of this work, 9 integration points through the
thickness are applied in order to preserve high accuracy.

The contact modelling is defined by a master and slave formulation. The nodes
on the slave surface are checked to determine if penetration with a master
segment occur. If penetration occurs, contact forces are used to keep the
surfaces apart which depend on the penetration depth. The contact algorithm
can be based on a penalty formulation or a constraint algorithm.

2.2 Thermo-mechanical coupling

Considering hot sheet metal forming under isothermal conditions, the
mechanical properties at the desired temperature and the thermal expansion
occurring upon heating and cooling can be taken into account by performing
thermo-mechanical analyses. In specific, the cooling to room temperature
yields thermal stresses which has an impact on the springback.
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In simulations of thermo-mechanical forming procedures, the ability to use the
same geometric description in both the mechanical and thermal analysis is
desirable. In hot forming of titanium, the blank and the tool parts can posses
different temperatures. The blank may then be subjected to contact with the
tools on one side first and subsequently on both sides i.e. one-sided and
double-sided contact. To accurately capture the heat transfer, the thermal
element proposed by Bergman and Oldenburg [26] is applied. The thermal
shell element has a linear in-plane temperature approximation with a quadratic
approximation in the thickness direction.

The temperature dependant mechanical properties of the alloy are defined
trough the mechanical and thermal material definitions. Examples of
temperature dependant mechanical properties which can be included in
commercial available material models are e.g. initial yield stress and
hardening, Young’s modulus, Poisons ratio and the thermal expansion
coefficient. Examples of temperature dependant thermal properties are the heat
capacity and thermal conductivity.

In the thermal contact the heat transfer coefficient is defined, which generally
vary with pressure and temperature interval. A contact gap is defined, for
which the thermal contact is considered. If convection and radiation exchange
(including the emissivity) is assumed to be of importance, this has to be
included.

If a speed up factor is applied in the explicit analysis the thermal properties
such as the thermal conductivity, heat transfer coefficient and radiation factor
have to be scaled in order to yield the correct response. For further reading in
the area the reader is referred to e.g. [27 - 29].
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3. Constitutive modelling

The ability of the material model in combination with the model input to
describe the material behaviour in a process of interest is decisive to the
accuracy of predicted responses. Some of the features that constitute the
material model are the definition of elasticity, constitutive models for the
material hardening and criterion for yielding, the hardening law and e.g.
models for phase transformation, microstructural evolution and creep or stress
relaxation. In processes where the temperature is included, the material model
includes both the temperature dependant mechanical and thermal properties of
the material.

Among the various features that constitute the FE material model the elasticity,
hardening law and the shape of the yield surface are of major importance for
the accuracy in the predictions of strain localisation and springback [30, 31].
For more details, the reader is referred to e.g. Lubliner [32], Betytschko [2],
Ottosen and Ristinmaa [33] and Lewis et al. [27].

In order to delimit the scope of the research, constitutive models for the
hardening and yield surface are studied in which isotropic hardening is
assumed. This section presents the constitutive equation proposed by Nemat-
Nasser et al. [1] and the anisotropic yield criteria developed by Barlat et al.
(2003) [34] and Cazacu et al. (2006) [35]. These models are of interest for the
FE modelling of sheet metal forming processes of titanium alloys. Thus, the
used methods for and results of model calibration with applications to Ti-6242
and Ti-6Al-4V is presented. Finally, plastic instability in sheet metal forming is
most briefly discussed.

3.1 Elasticity

The basic behaviour of an elasto-plastic material upon loading can be described
by a linear elastic behaviour with a stiftness E, up to the initial yield stress oy
in which elastic strains, £°, are developed. When the loading exceeds the point
of initial yield stress, plastic straining occurs, €, cf. figure 3.
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Figure 3. Basic uni-axial response of an elastic-plastic material.

A basic assumption is that metals behave linearly isotropic according to
Hooke’s law in Equation 3.1, in one dimension

o =Es¢ (3.1)

where Young’s modulus, E, is dependant on the specific material and
temperature. Furthermore, the elastic modulus is independent of the rate of
loading (for non extreme values of the loading rate). A material that behaves
according to this in the elastic range is fully described by the two stiffness
parameters E and v (Poisson’s ratio). Hooke’s generalised law for isotropic
materials in Cartesian tensor form may be written according to Equations 3.2-
3.5 where 4 and u are the so called Lamé parameters, oy, 1s the stress tensor and
g;; 1s the Cauchy infinitesimal strain tensor.

0, = A&, 0; +2us; (3.2)
where
vE E
= 33
(1+v)i-2v) ’ H 2(1+v) (3-3)
and
E
G= 34
2(1+v) 34
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which yields

14

oy, = 26{6‘?}- + " 8,(,(5?]] (3.5

However, several experimental studies have observed that the elastic modulus
decrease with the level of plastic straining and that the stress-strain relation
during unloading is slightly non linear, see e.g. [31] with references there in.
Titanium alloys such as Ti-6Al-4V have also been observed, as mentioned
earlier, to posses anisotropic elastic properties [7, 8]. A test in room
temperature was performed to evaluate the change of elastic modulus with
plastic straining in room temperature, see paper E. The study indicated a slight
decrease with plastic straining. The description of the elastic behaviour upon
unloading is one important feature in predictions of the amount of springback
in sheet metal forming procedures.

3.2 Material characterisation and model calibration

Material characterisation and related model development and calibration are
areas in which considerable research efforts are made. This originates from the
fact that the reliability of the numerical simulations depends on the models and
methods used together with the accuracy and applicability of the input data.

The material characterisation performed in this thesis revealed many
interesting characteristics of the alloy. Based on these observations, necessary
model requirements are determined and a few selected models were chosen for
model calibration and evaluation.

3.2.1 Constitutive equation

The initial Gleeble compression tests on both Ti-6Al-4V and Ti-6242 revealed
a quite low formability at low temperatures and a flow softening behaviour at
high temperatures, see figure 2. Also, the plastic properties were found to
depend on the rolling direction and strain rate, which indicated plastic
anisotropy and strain rate sensitivity. See figure 4.

15



800°C 800°C
—~ 400 —
© ®©
o o
= = 0.
~ 300 ~
%) )
%] 7]
o o -
£ 200 £ 300f ——
g -~ Transverse S ook YT 005 (1)
— . . —
= - - -Longitudinal =
100 r e
— Thickness dir. 100
-+ 45° mode
% 0.1 02 03 04 05 06 07 % 0.1 02 03 04 05 06 07
True strain True strain

Figure 4. True stress-strain relations for Ti-6242 at indicated temperature, extraction
direction of tested specimens and strain rate. The strain rate in the first figure is 0.05 s™.

A constitutive equation of interest to describe the hardening is the model
developed by Nemat-Nasser et al. (2001) [1], cf. Equation 3.6-3.9. The
physically based model comprises eight model parameters that have to be
determined experimentally.

In the work by Nemat-Nasser et al. the model has successfully been applied to
Ti-6Al-4V compressed at high temperatures and various strain rates. The
model is a function of temperature and strain rate and is also able to describe a
flow softening behaviour in which the temperature rise due to deformation and
strain rate is included. The model was originally developed for metals with bcc
and fcc crystal structure, in the absence of dynamic strain aging, defined for
commercially pure tantalum and oxygen free and high conductivity (OHFC)
copper [36]. The flow stress, 7, is divided into two parts, one athermal and one
thermally activated part according to

T=1%+7, (3.6)

The first part, 7% 1is associated with the thermally activated crossing of
obstacles by dislocations and the other part, z,, due to the athermal resistance to
the motion of dislocations. The model was modified and 7* is assumed to
depend on both strain rate and temperature as well as on the dislocation
density, p, while 7, only depends on p.
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T(]/,]./,T)=TO 1- _GiT lnm f(}/,T)Jrrf;/” (3.7)
0
7o

where

fO@T):1+a{}(;;JJy (3.8)

and where the temperature is calculated from

T =T, +AT,
f T

AT = [——dy, 3.9
! 1.39¢,"7 -2)

C, = 0.56exp(T /2000)

Above, y denotes the effective plastic strain; y is the effective strain rate; 7 is

the temperature; 7’ is an effective stress to be determined empirically; & is
Boltzmann’s constant; Gy is the total energy barrier that a dislocation must
overcome by its thermal activation in the absence of an applied stress, yy is a
reference strain rate related to the density of mobile dislocations, initial (or
some reference) average dislocation spacing and attempt frequency of a
dislocation to overcome its energy barrier, 7,,is the melting temperature and ay
is a constant depending on the initial (or reference) dislocation density.

The function f{y,T) is defined for hcp Ti-6Al-4V where the parameters, p and ¢
are suggested equal to 1 and 2 respectively. The p and ¢ parameters define the
shape of the energy barrier.

The eight constitutive parameters (P;) that have to be determined are: P; = 7.”,
P2 = TO, P3 =n, P4 =D P5 =4q, P6 = k/G(), P7 = Y0, Pg = ayp. HOWGVCI‘, Nemat-
Nasser et al. [1] applied the constitutive equation for Ti-6Al-4V with three
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different microstructures by adjusting only the three parameters P;.3;. The
model predictions were found to be in good agreement with experimental
results and the initial microstructure (including grain size and their distribution)
only affects the athermal part of the flow stress.

In the present work, the term calculating the adiabatic temperature increase in
Equation 3.9 is neglected due to the rather low strain rate used in the
experiments. No adiabatic temperature increase was measured during the
Gleeble compression tests. Inverse modelling is used as a method to estimate
the three material model parameters for Ti-6242.

An in-house programming system designed for analysis of inverse problems
are used, INVSYS [37]. In this work, the experimental reference data consists
of the experimentally determined flow curve at 400°C. An error measure i.e. an
objective function, f{x;), is defined in a least square sense describing the
discrepancies between the experimental reference data, y, and the predicted
data, i.e. the flow curve generated by the constitutive equation upon different
parameter values z(xy). The objective is to minimise the error between the
model prediction and the experimental reference data according to Equation
3.10.

min f(x)=rnin%f:(yj—z()ck))2 (3.10)

where j = 1,...M is the selected number of experimental data points. The
optimisation algorithm used is the unconstrained subspace-searching simplex
method (SUBPLEX) [38] which is based on direct search of zero order to find
the minimum of Equation 3.10. The calculation of the gradient of f{x;) is not
required. The method is suitable for minimising very noisy and non-smooth
objective functions suitable in which numerical responses from FE analyses are
applied due to robustness rather than computational efficiency, see e.g. [39]. A
schematic illustration of the inverse modelling procedure is presented in figure
5, in which a set of sub-programs are used. The sub-programs consist, in this
case of fortran routines and Linux shell scripts to control, handle and manage
the data flow and data communication.
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Figure 5. Schematic illustration of inverse modelling.

The determined material model parameters yield the flow curve presented in
figure 6, in which the experimentally determined curve obtained by the Gleeble
test at 400°C also is presented.
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Figure 6. Experimental and optimised flow curve for Ti-6242 for the Nemat-Nasser et
al. (2001) constitutive equation.

3.2.2 Yield criteria

The Ti-6Al-4V alloy has different elastic and inelastic properties depending on
the choice of axis. The material is in other words anisotropic, as opposed to
isotropic in which the properties is equal in all directions. Typically, the
material becomes orthotropic in the cold rolling procedure to produce thin
sheets. The principal material directions are the rolling, transversal and
through-thickness directions. The difference in properties is characterised by
different yield strength and plastic flow for each direction. To determine the
anisotropy of thin sheets, material testing is performed in different in-plane
directions.
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The plastic anisotropy is often characterised by a difference in yield stress and
true plastic flow relative to the rolling direction, defined by the Lankford
coefficient, R,, assuming plastic incompressibility:

er gl
R, =— = plastic incomp. = ——*— (3.11)

g’ el —gf
where o is the angle from the rolling direction, w denotes the plastic strain in
the width direction, ¢ the thickness and, / longitudinal direction. In the isotropic
case, the Lankford coefficients become equal to unity.

Numerous anisotropic yield formulations which can account for plastic
anisotropy have been formulated the past decades. E.g. Hill’s yield criterion
(1950) [40], which contains four anisotropy coefficients in the plane stress
condition that have to be determined experimentally. Since only four
parameters are available, the criterion is not able to capture together the
observed anisotropy in yield stress and Lankford coefficients [41, 42]. Barlat
and Lian’s (1989) tri-component criterion, [43], presented a yield criterion for
plane stress conditions in which, as for the Hill’s criterion, four anisotropy
parameters are used to describe the yield surface. In this model the material
parameter m, is proposed. If a value of 2 is applied, the yield surface reduces to
the Hill yield surface, i.e. to the von Mises yield surface in the isotropic case.
With an increasing value of m, in the isotropic case, the shape of the Barlat tri-
component yield surface adopts the shape of the Tresca yield surface.

The anisotropic yield criteria developed for cubic metals by e.g. Hosford [44]
and Barlat and co-workers (2003, 2005) [34, 45] accounts for plastic
anisotropy with an increased number of parameters. The anisotropy
coefficients are determined from experimental reference data in order to
calibrate the yield criteria with respect to both yield stress and Lankford
coefficients. These models assume symmetry in tension and compression. The
physically based macroscopic formulation by Cazacu et al. (2006) [35]
describes both the anisotropy and the known asymmetry in yielding exhibited
by Acp materials.

In this thesis, an isotropic assumption is compared with the anisotropic yield
criteria proposed by Barlat et al. (2003) and Cazacu et al. (2006). The shape of
the yield surfaces are determined using a material testing and an identification
programme which minimise the objective function in a least square sense.
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The experimental reference data at different temperatures ranging from room
temperature up to 560°C consist of data obtained from uniaxial tension tests
performed in the 00 (along), 45 and 90 (transverse) in-plane directions, see
figure 7. The evaluation area, using ARAMIS™ strain measurement system
[46], is the facets where necking occurs in order to obtain true stress — true
strain values even after the occurrence of necking.

The uniaxial tensile test can be considered a useful test since it is simple, cheap
and robust, at least when performed in room temperature. It is also a standard
test, which make material data easy to obtain if not available. The drawback
with the occurrence of necking in the specimen, which traditionally makes
large strain data difficult to evaluate can be overcome by using the ARAMIS™
system.
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Figure 7. Flow curves at room temperature and at elevated temperatures, respectively.

The initial yield stresses for uniaxial compression is determined to evaluate the
asymmetry in yielding between tension and compression. Further, the initial
yield stress for a balanced biaxial stress state (oxx = Oyy) is also determined by
performing a viscous bulge test in room temperature. The ARAMIS™ strain
measurement system is used to continuously measure surface strains and
geometry (radius of the dome) during the test. The test setup is illustrated in
figure 8 where the pressure is continuously measured by a sensor in the bottom
of the silicone rubber punch to determine the biaxial stress according to
Equation 3.12.

b
2t,

o, =

(3.12)
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where p is the pressure, r, is the radius of the curvature and #, is the thickness
at the top of the dome. After the test is performed, the biaxial stress-strain
curve is determined using software as part of the ARAMIS™ system.

The balanced biaxial yield stress, o, is obtained using the experimental biaxial
reference point measured during biaxial tension in the viscous bulge test
according to

REF(c,-¢,) =(1136.0,0.075) (3.13)

where the biaxial R-value was determined to 1.02. The biaxial yield stress, oy,
is determined by -calibrating the considered yield criteria to obtain the
experimental reference point response in Equation 3.13 in a biaxial tension of
an element using FE analyses. The compressive and biaxial data are
transformed to 400°C assuming the same behaviour as in room temperature.
This, since no possibility existed to perform the tests at elevated temperatures
within the project.

Figure 8. Illustration of the test setup for the viscous bulge test.

Barlat et al. (2003) propose an anisotropic yield criterion which is composed of
two convex functions formulated as

m

f=® +®d -20,=0 (3.14)
where
o =[x - x,|" (3.15)
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and
® =X, - X[ +2x] + X" (3.16)

in which X’;, and X’ are the principal values of the linearly transformed
stress deviator matrices {s},

{x'}=[c'|is} (3.17)
xi=leis) (3.18)

The exponent m is the same parameter as in the Barlat’s tri-component
criterion, [43], which can be seen as a material parameter of its own. For an m-
value equal to two, the yield surface reduces to Hill yield surface, i.e. von
Mises yield surface in the isotropic case. With increasing value of m in the
isotropic case, the Barlat et al. (2003) yield surface adopts the shape of the
Tresca yield surface. The matrices C’ and C’’ can be expressed in terms of
eight anisotropy coefficients a;, which all reduces to unity in the isotropic case.

To determine the eight anisotropy coefficients a; to as, eight material tests
need to be performed. In this work, the initial yield stresses 6o, 645, G99, and
the Lankford coefficients Ry, Rs4s, Roo are determined from uniaxial tension
tests. The viscous bulge test is used to determine the biaxial yield stress, oy,
and biaxial R-value, Ry,. The yield stress data and Lankford coefficients used in
the calibration are presented in table 2 and the resulting anisotropy coefficients
in table 3. The rolling direction (00) of the Ti-6Al-4V blank is used as
reference in the calibrations.

The resulting yield surfaces at room temperature and at 400°C are shown in

figure 9 for different amount of shear stress ), /& . In figure 10 the predicted

initial yield stress oy and R are compared with measured values, assuming an
m-value of 8 for different angle directions (o) referenced the rolling direction

(0).
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Table 2.
Calibration data for Ti-6Al-4V at different temperatures. Initial yield stress, 6, in [MPa].

O 045 Oy Op Rpy Rys Ry Ry
RT 1000.0 972.0 1020.0 1093.8 0.4 1.19 0.61 1.02
400°C 681.0 591.0 691.0 744.9 0.6 1.26 0.512 1.02
560°C 545.0 461.0 560.0 596.1 0.65 1.325 0.63 1.02

Table 3.
Barlat et al. parameter values for Ti-6A1-4V at different temperatures and m = 8.
o A o3 oy os s oy ag
RT 0.7713 1.021 0.8272 0.9666 0.9889 0.7464 1.024 1.151

400°C 0.9828  0.8534  0.7874  0.9764  0.986 0.7878 1.132 1.426
560°C 0.9748  0.8883  0.8199  0.9647  0.9756  0.7851 1.162 1.486
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Figure 9. Titanium alloy Ti-6Al-4V yield surface at room temperature and 400°C
determined with 8 parameters for equal amounts of shear stress oy, /o , respectively.
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Figure 10. oy and R, predicted and measured with eight parameters at indicated
temperatures, respectively.

The orthotropic yield criterion proposed by Cazacu et al. (2006), consider both
the tension/compression asymmetry and the anisotropic behaviour of hcp
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metals and alloys. The authors introduced an isotropic yield criterion of the
form

(8, = &S, ) +(S, = kS, )" +(8,|-kS,) = F (3.19)

where S;, 1 =1,...,3 are the principal values of the stress deviator. The exponent
a, is a positive integer and k is a material constant. The ratio of tensile to
compressive uniaxial yield stress is given by

2 “ N “la

(1+k)j +2((1—k)j
Ir - [3 SR L (3.20)
e (2(1—1()) +2(1(l+k)j

3 3

or
Oc¢
k=——7—% (3.21a)
1+h£GTj
O¢
with

(3.21b)
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If £ =0 and a = 2, the criterion reduces to the von Mises yield criterion. From
Equation 3.21b, it follows that for different values of the exponent a, k is
restricted in order to be real [35]. The isotropic formulation is extended to
orthotropy by a linear transformation on the deviatoric stress tensor, S:

> = C[S] (3.22)

where C is a constant 4™-order tensor. Thus, the orthotropic criterion is
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(=52 + (2| 52, + (2| -kz,) = F (3.23)

For the 3-D stress condition the orthotropic criterion involves 9 independent
anisotropy coefficients together with a and k. For k € [— 1,1] and any integers a
> 1, the anisotropic yield function is convex in the variables X;, X, X3
(principal transformed stresses).

The yield stress data in tension, compression and for the balanced biaxial
stress state together with Lankford coefficients used in the calibration are
presented in table 5. The seven identified anisotropy parameters along with a
and k, for the plane stress condition, are presented in table 6. The resulting
yield surfaces at 400°C are shown in figure 11, for different values of a and
amount of shear stress 0,/ In figure 12 the predicted initial yield stress oy

and R-values are compared with measured values, for different angle directions
with referenced to the rolling direction (o).

Table 5.
Calibration data for Ti-6Al-4V at different temperatures. Initial yield stress, 6, in [MPa]
000 045 090 Op 0co0 Roy Ry Ry Ry
RT 1000.0 972.0 1020.0 1093.8 1106.3 04 1.19 0.61 1.0

400°C  681.0 591.0 691.0 744.9 753.4 0.6 1.26 0512 1.0

Table 6.
Cazacu et al. parameter values for Ti-6Al-4V at 400°C.

Ci Cyp Cy;3 Cpp Cz Csz Cy a k
400°C 1.7268 1.74 1.849 0.762 0.653 0.663 1.321 2 -0.255
400°C  1.959 1.837 1.955 0.684 0.48 0.451 1.88 8 -0.085

The elastic degradation i.e. the decreasing elastic modulus with plastic
straining, is accounted for according to table 7 when applying the Cazacu et al.
yield criterion in the FE analyses of the validation test at 400°C, presented in
section 4.3.
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Figure 11. Titanium alloy Ti-6Al-4V yield surface at 400°C determined with seven
anisotropy parameters together with £ and a = 2 and 8, respectively. The Cazacu et al.
criterion, for equal amounts of shear stress o, /5 .
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Figure 12. oy and R, predicted and measured with seven parameters and indicated
values of a.
Table 7.

Elastic degradation of Ti-6Al-4V in the (90) direction, determined at different true plastic
strain levels in room temperature.*Scaled from room temperature data.

Alloy Temperature [°C]  Direction Young’s modulus [GPa] at true plastic strain level [%]
0 0.71 1.21 2.2 3.1

2 RT (90) 120.8 120.7 119.3 116.7 114.2

2 400%* (00) 98.30 98.22 97.08 94.96 92.93

For the isotropic assumption, the Barlat et al. (2003) yield criterion is applied,
using the initial yield stress in the (00)-direction along with R-values equal to
1. The m-parameter is chosen to 2 and 8 obtaining the von Mises yield surface
and a more Tresca-like yield surface, see figure 13.
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Figure 13. Titanium alloy Ti-6Al-4V yield surface at 400°C determined with an
isotropic assumption for different values of the parameter m and equal amounts of shear
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3.3 Plastic instability
In sheet metal forming several failure modes exists, such as

1. Strain localisation
2. Fracture

3. Wrinkling

4.

Shape distortion

In this work, the failure modes that have been the main topics are strain
localisation and shape distortion.

When the force increases and it can not be compensated by hardening of the
material, this leads to strain localisation and fracture. Several studies have been
performed in which the phenomenon is described by plastic instability theory,
e.g. Hora et al. [47]. In material failure caused by plastic instability, diffuse
necking is followed by localised necking.
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Figure 14. Schematic illustration on the development of diffuse and localised necking
upon tension, respectively.

Diffuse necking is accompanied by strain localisation and a contraction of the
specimen width which is generally not visible. This can however be identified
trough an engineering measure, in which the force reaches a maximum value.
In the local instability, the strains localise in the thickness of the sheet referred
to localised necking. Beyond this point, the deformation is concentrated to this
area and the strain increases rapidly until rupture, see illustration in figure 14.

The yield criterion is one important part of the material model, considering
accurate predictions of the onset of strain localisation [30].
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4. Virtual tool development

Before sophisticated tools for construction and numerical methods in
combination with adequate computer capacity were available, the development
of products and manufacturing techniques were time consuming, expensive and
inexact processes. The tryout of new manufacturing processes was, and still is
to some extent, complicated in which the trial and error process are performed
using physical prototype tools. Considering sheet metal forming, new
components, new materials or even a different sheet thickness, often resulted in
that a loop of changes had to be made. In order to change responses obtained
in a forming process such as problems regarding springback, wrinkling, strain
localisation or even formation of cracks, major changes in the tool concept are
often required. In worst case, completely new tools are necessary. It is obvious
that a large amount of failed components and tools are produced in such
procedures. At the same time, modifications in already manufactured tools are
not always easy to perform.

Today, virtual product and process design is common in modern industries
with a developed technology level. Problem areas are identified and
improvements are made in an early stage. In e.g. the automotive industry, the
FE technique for analyses of product functionality and sheet metal forming
procedures is a valuable tool, for studies of crashworthiness and passenger
safety but also to improve tool designs for the production of car body
components and load carrying features. Further on, CAE tools for construction,
component assembling and machining are most useful tools.

In the aero engine industry, numerical analyses are applied in e.g. the field of
aerodynamics, life time analyses, fatigue and simulation of manufacturing
processes such as welding. The benefit of performing virtual development is
obvious, where the try out can be kept minimal and ideally the development
process should be of a direct-hit character. That is, a new component in a
previously not experienced material can be produced within tolerances and
where the need for any changes to be made in the manufactured tools or
techniques is minimal.

The direct-hit vision can be considered a long term goal. The predicted
behaviour or outcome considering sheet metal forming processes is a direct
result of used methods and models and their capability to describe the reality
such as, the material behaviour, tool geometries, contacts and friction,
boundary conditions and heat transfer, among others. At the same time there
always exists a deviation between the virtual FE model and the reality.
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Nevertheless, it has been shown in work by many, that accurate correlations
between calculated and measured responses can be obtained. The usage of
proper methods and models along with accurate model calibration, in
combination with the maintenance of similar conditions in the analysis and
experimental setup can be considered key features. Material characterisation
and constitutive modelling is an area of research focus, in order to include the
observed behaviour for different materials to increase the accuracy of predicted
responses. The temperature adds an extra dimension to the problem.

In the following sections some of the experimental observations and numerical
prediction of hot sheet metal forming of titanium and Inconel 718 are
presented. The initial U-bend tests on Ti-6242 are followed by a presentation
of the proposed short lead time methodology for tool design, compensation and
validation. The previously presented yield criteria are applied in two different
hot forming applications where two Ti-6Al-4V prototype components are
produced. The predicted punch force, draw-in, shape deviation and also strain
localisation is compared with experimental observations. Finally, some benefits
and aspects of performing coupled thermo-mechanical FE analyses in the
design of hot forming procedures for titanium are illustrated and discussed.

4.1 Experimental foundation and initial studies

To experimentally study the influence of process parameters, such as
temperature, punch speed and friction along with rolling direction on the
response during sheet metal forming of titanium, U-bend tests were performed.
The setup consists of heated punch and die geometries, designed with respect
to the minimum bend radius in room temperature [8]. Forming tests are
performed, with different starting temperatures and holding times where
rectangular sheet metal specimens are formed into a hat profile. Figure 15,
presents a forming case in which a room tempered sheet specimen of Ti-6242
is cold formed. Fracture occurred when forming was performed in room
temperature or when the blank had been exposed to temperatures over the beta
transus temperature.
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Figure 15. Fracture characteristics during forming sequence for the test with forming
velocity 5 mm/s, (L). Loading and first fracture, respectively.

The forming procedure was successful at elevated temperatures. Generally, an
increased deformation rate had a negative influence on the formability,
likewise for blanks extracted along (00) the rolling direction. Examples of the
measured forming force are presented in figure 16.
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Figure 16. Punch force vs. stroke displacement at indicated forming velocities and
extraction directions of sheet specimens. In the first figure forming take place in room
temperature and in the second figure at indicated initial temperatures (sheet specimen
start temperature/forming velocity/tool temperature).

The springback behaviour alters when the sheets are formed with a starting
temperature of about 700°C, compared to forming with a blank starting
temperature of about 400°C, cf. figure 17. The minimum springback was
obtained by hot isothermal forming at 400°C applying a subsequent holding
time of 15 minutes in heated forming tools (400°C).
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Figure 17. Schematic illustration of final shapes of formed sheet specimens with a
starting temperature of approximately 400°C and with a starting temperature of
approximately 700°C, respectively.

An FE analysis of the isothermal test performed at 400°C is conducted. The
FE-model and predicted punch force are presented in figure 18 and 19, which
show quite good correlations with measured values. The Nemat-Nasser et al.
(2001) constitutive equation is used to describe the material hardening,
assuming an isotropic von Mises yield surface and isotropic hardening. The
specimen in the Gleeble test and in the U-bend test is extracted transverse (90)
the rolling direction. Predictions of the springback, is presented in figure 20.
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Figure 18. Measured and predicted punch force assuming a friction coefficient of 0.3
and the Nemat —Nasser model.
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Figure 19. FE model of the U-bend tests performed isothermally at 400°C, effective
plastic strain distribution.

Springback across the blank

2| F ]
E | == Nemat-Nasser
£ | mmm Nemat—Nasser strain—rate dependent
é 1.5¢
0
g
5 1
ks
)
E 05f
=
(=] °
1]
=

O L L L

0 20 40 60 a0

Distance from the symmetry—plane (mm)

Figure 20. Measured (red dots) and predicted springback for the isothermal forming at
400°C [48].

4.2 A short lead time methodology

As discussed before, a successful development of forming techniques for new
materials in the modern industry must be time and cost effective, yet accurate.
The ability to realize successful projects with short lead times has become
increasingly important for the forming industry today. By chance of
performing a commercial development project, a systematic way of working
with the design, compensation and manufacturing of deep drawing prototype
tools generating high quality components at an extremely short lead time was
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suggested. Tool development for five different sheet metal components in the
nickel based alloy Inconel 718, were initiated by Volvo Aero Corporation.

The aerospace industry demands extremely high safety and reliability. Thus,
good knowledge is required regarding the effects of the manufacturing process
on the material and the influence on the resultant properties through the
complete manufacturing chain of the fabrication process. Analyses of sheet
metal forming can provide with information on formability, shape deviation,
resultant mechanical properties and residual stress state. Information which is
important input to analyses of subsequent manufacturing processes such as
welding and heat treatment.

When the lead time is of significant importance, finding time efficient and
functional solutions applicable to the process of interest is crucial. Concerning
sheet metal forming and prototype deep drawing tools, the design,
manufacturing and the test stamping procedure are the main time-consuming
activities. In order to keep the lead time short, the die tryout needs to be kept at
a minimum. Through material testing and virtual tool design, in which CAD
generated forming concepts are evaluated, secured and optimized by means of
FE analyses, the best starting position for the tool manufacturing were
obtained. Based on the chosen methods and models, the virtual components are
within shape and thickness tolerances. In contrast to the U-bend tests,
geometries of included sheet metal parts of complete load carrying aero engine
structures are commonly smooth and double-curved. In combination with the
anisotropic and high strength plastic properties of Inconel 718 in room
temperature, a different forming setup had to be considered. Hot forming was
not an option in the commercial project. See figure 21 for a schematic
illustration of the tool setup.

Punch

Drawbeads

Blank holder

Cornponent
Figure 21. Schematic illustration of the tool setup.

The suggested forming concepts were secured and optimized with respect to
sheet metal formability, material thinning and shape deviation. The springback
of each component were reduced by performing changes in the virtual tool

36



concepts, such as in the geometry of the punch and die, punch radii, draw bead
geometry and location, draw radii, draw depth and blank holder force.
Remaining shape deviation was compensated for, if necessary, with the FE-tool
using the *INTERFACE COMPENSATED NEW capability in LS-DYNA
v971. The BARLAT YLD2000 material model [34] was used with eight
model parameters to describe the yield surface, accounting for the anisotropy
of the alloy. The yield stress, the hardening and the Lankford parameters were
determined by uniaxial tensile tests and a silicon rubber bulge test for the
balanced biaxial stress state together with non-destructive dynamic tests on the
Young’s modulus. Forming limit tests (FLC) were performed to study strain
localization limits. The m-parameter was set to a value of 8, which is a typical
value for materials with an fcc crystal structure [34].

The design phase was divided into four main steps:

1. Drafting stage - generation of preliminary forming concepts.
it.  Evaluation stage - securing the forming concepts with respect to strain
distribution and strain localization limits.

iii.  Improvement stage - improving the forming concepts to minimize
springback and shape deviation. The target is virtual components within
thickness tolerance and if possible, also within shape tolerance.

iv.  Compensation stage - compensating for the remaining shape deviation,
if necessary. The target is virtual components within shape and
thickness tolerances.

Schematic flow charts of the complete design phase and compensation stage
are presented in figure 22 and 23.

The lead time associated with tool manufacturing is another important activity
to consider. The choice of tool material and aspects such as delivery time, the
need for subsequent through-hardening and the machinability is of importance.
Concurrently, the manufacturing phase was initiated parallel with the design
phase, in which certain dimensions were frozen early in the project to gain
time. During the tool manufacturing and assembly, certain check points were
included. Thus, features which were of special importance for the forming
procedure were checked and approved during the specific manufacturing
process or assembly stage associated to it.
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Figure 22. Schematic flow chart of the design phase.

The methodology comprises material characterization, tool design and tool
material selection, analyses of sheet metal forming (FE-analyses), springback
compensation, tool manufacturing, choice of lubricant, prototype stamping,
laser cutting and laser scanning for shape deviation determination. The
procedure is a completely CAE-controlled process, in which time consuming

and inexact manual die tryout could be kept at a minimum.
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Figure 23. Schematic flow chart of the compensation stage, the springback
compensation.

By working according to the presented methodology and paying special
attention to obtaining equal conditions in the analyses and the test stamping
procedure, all five sheet metal components were produced successfully in 15
weeks. No or minor modifications of the manufactured tools were required in
order to produce components within tolerance. The predicted and measured
shape deviations for a section of two of the five components (A and B) are
presented in figure 24 and 25. The tool surfaces for component B, were
compensated for spring back in which the shape deviation was predicted within
the sheet thickness. A value of 1.0 corresponds to 100% of the original sheet
thickness.
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Figure 24. Shape deviation generated by FE-analysis and laser scanning with best fit
CAD evaluation for a section of (A), respectively.
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Figure 25. Shape deviation generated by FE-analysis and laser scanning with best fit
CAD evaluation for a section of (B), respectively.

4.3 Tool development based on FE analyses

Based on the short lead time methodology, tool concepts for the two titanium
prototype components are presented. The material characterisation and yield
surface calibration of Ti-6Al-4V previously presented are used in the
development process in order to evaluate the applicability of chosen models.

Prototype geometry (2)

Prototype geometry (1)

Figure 26. Schematic illustration of the Ti-6Al-4V subcomponent with sheet metal parts.

The geometry of the components can be found in figure 26 and paper D and F,
respectively. The suggested hot forming concepts are based on hot inner tool
parts, with the capability of controlling the temperatures of the individual parts,
according to figure 27 and 28. Both forming procedures can be designated
stretch forming operations in which a minimal draw-in is desired. Flat binder
surfaces are compared with edge bending features. A large binder area, i.e. a
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large blank size, is chosen for both components due to limitations in available
blank holder force. The prototype tools are manufactured partly to investigate
the functionality of chosen materials and tool features, (including tool and
insulation material, regulation and temperature distribution) and partly to
compare predicted values of punch force, draw-in, shape deviation and the
occurrence of strain localisation with measured values. Further on, the titanium
sheet metal components functions as parts of a subcomponent in which the
sheet metal parts are welded together with small ingots and simple forgings at
Volvo Aero Corporation. The tool functionality was found satisfactory for
research and prototype applications.

OUTER INSERT -
PUNCH — .
BLANK HOLDER —

OUTER INSERT-— £ — PART

——INSULATION

Figure 27. CAD-illustration of the tool concept for hot forming of Ti-6Al-4V.
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Figure 28. Location of cartridge heaters and total power output in one of the hot forming

tools.

The shape of the yield surface was found important to the ability to predict
strain localisation and shape deviation accurately. Considering component (1),
the predicted punch force and shaped deviation correlates with acceptable
accuracy with measured values when the anisotropy is considered, cf. figure 29
to 31. The Barlat et al. (2003) yield criterion was applied with six anisotropy

coefficients and assuming isotropic hardening.
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Figure 29. Measured and predicted shape deviation [mm] of the prototype component
(1) formed at 400°C, using anisotropic data.
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Figure 30. Predicted shape deviation [mm] at 400°C of the prototype component, using

isotropic (90) or anisotropic data.
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Figure 31. Measured and calculated punch force at 400°C isothermal hot forming of
component (1).

During the hot forming of the double-curved prototype component (2) in alloy
2, strain localisation occurred, see figure 32.

Figure 32. Photograph of the strain localisation which occurred in the hot forming of the
Ti-6Al-4V sheet metal component (2).

The Barlat et al. (2003) yield criterion is applied for different values of the m-

parameter. FE-analyses applying the Barlat et al. yield criterion do not fully
capture the strain localisation observed in the validation test.

Applying the Cazacu et al (2006) yield criterion with a low a-value (a = 2)
gives a close prediction of the occurrence and location of the observed strain
localisation. A high value of the a-parameter does not result in any strain
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localisation. The predicted draw-in with a value of the a-parameter equal to 2
gives the closest match see table 8. Hence, a value of the a-parameter equal to
2 is assumed to be suitable cf. figure 33.
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Figure 33. Formability and FLC plot for the forming test performed isothermally at

400°C, with the Cazacu et al. yield criterion assuming a value of a equal to 2.

Table 8.

Measured and predicted draw-in [mm] for the validation tests (VT) at 400°C. The applied yield
criteria with different values of the m- and a-parameters, assuming a friction coefficient of

Predicted draw-in

Measured draw-in

0.25.
Yield criterion  Parameter
Barlat et al. m=2
Barlat et al. m=38
Cazacu et al. a=2
Cazacu et al. a=3§

1.61
1.63
1.97
2.39

2.0
2.0
2.0
2.0

Assuming an isotropic yield surface, strain localisation occurs much too early
leading to fracture, see figure 34. This was not experimentally observed.
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Figure 34. FLC plot for the forming test performed isothermally at 400°C, with an
isotropic yield surface assumption and an m-value of 8.
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The measured and predicted punch force is presented in figure 35, using the
different yield criteria with the a- or m-parameter equal to 2.
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Figure 35. Measured and predicted punch force for the studied yield criteria, m and a
equal to 2.

The measured shape deviations of the hot validation test (VT) for component
(2) and of a hot sizing test (HST) are presented in figure 36, respectively. The
measured maximum shape deviation is determined to (-0.626/+0.2) mm,
excluding the corner at the upper left hand side of +0.75 mm for the validation
test and to (-1.85/+1.74) mm for the hot sizing test. It is obvious that relaxation
occur with time during the elastic deformation in the HST performed at 560°C
with a holding time of 15 minutes. The shape deviation is however significant
compared to the nominal geometry.
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Figure 36. Measured shape deviation [mm] of the prototype component (2) formed at
400°C (VT) and crash formed at 560°C including a holding time of 15 minutes (HST),
respectively.
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The corresponding predicted shape deviations for the validation test (VT),
depending on the used yield criterion and values of the m- or a- parameters, are
presented in table 9. The effect of the cooling procedure in which the
development of thermal stresses is included in the FE analysis, was found of
importance for the magnitude of the shape deviation.

Table 9.

Predicted and measured shape deviation [mm] of the prototype component, neglecting or
including the effect of the cooling procedure. The applied yield criteria with different values of
the m- and a-parameters.

Yield criterion ~ Parameter  Predicted shape Predicted shape Measured shape
deviation deviation including the deviation
cooling procedure
Barlat et al. m=2 +0.15/-0.55/-0.13 +0.30/-0.54/-0.05 +0.20/-0.63/+0.05
Barlat et al. m=8 +0.07/-0.53/+0.15  +0.16/-0.52/+0.24 +0.20/-0.63/+0.05
Cazacu et al. a=2 +0.09/-0.63/-0.18 +0.17/-0.62/-0.10 +0.20/-0.63/+0.05
Cazacu et al. a=38 +0.20/-0.63/+0.00  +0.26/-0.60/-0.19 +0.20/-0.63/+0.05

The predicted shape deviation are comparative to the measured values,
considering the Barlat et al. (2003) yield criterion, with the exception of the
measured deviating corner on the upper left hand corner, see figure 37. The
predicted shape deviation is in close match with the measured values, using
the Cazacu et al. (2005) yield criterion, see figure 38. Note that the shape
deviation distribution correlates well with the measured, again with the
exception of the upper left hand corner.
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Figure 37. Measured and predicted shape deviation [mm], respectively. Barlat et al.
(2003) yield criterion (m=2).
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Figure 38. Measured and predicted shape deviation [mm] , respectively. Cazacu et al.
(20006) yield criterion (a=2).

4.4 Anisotropic elasticity — a parametric study

The elastic properties of Ti-6Al-4V were studied using the non destructive
excitation technique using the Resultant Frequency and Damping Analyser
(RFDA) system 23 by IMCE [49, 50]. The tests show different pronounced
elastic anisotropy in room temperature depending on the material batch of Ti-
6Al-4V, purchased from different suppliers, as presented in table 10.

Table 10.

Elastic properties of Ti-6Al1-4V. Temperature in [°C] and Young’s modulus in [GPa].
Alloy Test method Temperature  Young’s modulus

(00) (90) (45)

1 RFDA RT 109 130 116
2 RFDA RT 118.8 1199 1172
2 Trr RT 118.6 120.8 1199
2 RFDA 250 106.7 109.0 105.9
1 RFDA 400 - 97 -
2 RFDA 400 98.3 101.0 973
2 RFDA 560 90.0 92.5 89.0

For the weak elastic anisotropy of alloy 2, isotropic elasticity may be
considered as a valid assumption. However, the pronounced anisotropic
behaviour of alloy 1 may be important to consider. To evaluate the influence of
the elasticity on predictions of shape deviation, a rather straight forward
parametric study is performed. Isotropic elasticity with different values of
Young’s modulus is assumed. That is, Young’s modulus is altered with the
values of alloy 1 in the (00), (45) and (90) direction during the simulations of
the sheet metal forming and springback, respectively. The plastic behaviour is
held constant according to the properties of alloy 2 at 400°C. The parametric
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study is performed using the Barlat et al. (2003) yield criterion, using six
anisotropy coefficients for the hot forming concept of component (2).

The parametric study indicates that a pronounced anisotropy in Young’s
modulus has a clear impact on the predicted shape deviation. The predicted
maximum shape deviation is presented in table 11. The elastic part of the total
strain over the component area is quite large, see examples in figure 39. An
orthotropic description of the elastic properties may be justified when
considering alloys with pronounced elastic anisotropy.

Table 11.

Parametric study of the influence of anisotropic elasticity (alloy 1) on predicted maximum
shape deviation [mm].

Forming analysis, Analysis of trim and ~ Maximum shape  Deviation from
E (dir) springback, E (dir) deviation reference (90-90)
(00) (00) 0.7302 0.944

(00) (45) 0.6862 0.887

(00) (90) 0.6116 0.791

(45) (00) 0.8662 1.120

(45) (45) 0.8135 1.052

(45) (90) 0.7251 0.938

(90) (00) 0.9253 1.197

(90) (45) 0.8684 1.123

(90) (90) 0.7732 1.000

4.5 The temperature as a process parameter

The mechanical properties of Ti-6Al1-4V is characterised by anisotropic low
elasticity in combination with high strength anisotropic plasticity. This, in
addition with the asymmetry in yielding between tension/compression and the
quite low formability in room temperature imply difficulties considering sheet
metal forming of double-curved geometries. Conventional forming techniques
of such components often imply concentration of plastic straining within the
blank, such as over draw bead geometries, in draw radius and over the punch
geometry, see figure 39 for a couple examples.
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Figure 39. Illustration of the effective plastic strain distribution obtained by sheet metal
forming of smoothly double-curved components in titanium and aluminium,
respectively.

By increasing the temperature, the formability can be improved and the yield
stress decreased. However, in the higher temperature range the flow softening
behaviour may add to the strain concentration effect upon increasing
temperature. To be able to model such material behaviours in an accurate
manner, it is necessary to include models such as for phase transformation and
creep/stress relaxation including the effects of strain rate.

However, suppose that the possibility to control the temperature within the
forming tool are utilised. Then the global material responses caused by e.g.
flow softening which is initiated at certain strain levels, may be prevented by
applying a tailored cooling. Cooling in desired regions, such as in blank
holding areas or in other areas where concentration of plastic straining
naturally occur ought to be beneficial in combination with modifications of the
tool geometries and blank holding features. Likewise, the decrease in yield
stress and altered mechanical properties due to temperature and phase changes
may be taken advantage of. For example, by controlling the temperature, the
deformation can be directed to desirable regions such as in the component area,
see the first picture in figure 41, in order to obtain sufficient plastic straining
and thereby reduce the springback and its scattering characteristics of titanium
alloys.

Some of these features are illustrated using a forming procedure similar to that
of component (1), as described previously. See figure 40. By performing
coupled thermo-mechanical analyses and using a blank geometry which
naturally concentrate plastic straining in the component area, the desired and
directed strain distribution effect can be enhanced by applying a comparatively
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higher forming temperature of the punch. An increased level of plastic
straining, or an increased area which is plastically deformed, can be obtained
(Case I and II) in table 12.

170

_ DIE
N BLANK—L_, |
BINDER PUNCH
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Figure 40. Illustration of blank size with locations of the prototype geometries (1) in Ti-
6Al-4V and set up for the hot forming concept.

The initial blank and tool part temperatures are defined for four cases, I-IV,
presented in table 12 with reference to figure 27 and 40. The tool part
temperatures are considered homogeneous and constant during the forming
procedure due to the feedback control system in which the temperatures are
regulated with respect to desired temperature values. In the coupled thermo-
mechanical analyses the von Mises yield criterion assuming isotropic
hardening is applied. Young’s modulus, the yield stress and hardening used in
the temperature range of 20-560°C are the same as applied in the (00)-direction
of paper F. For higher temperatures, compressive flow data of Ti-6Al-4V
presented in [12] are applied. Thermal properties of Ti-6Al-4V regarding
Poisson’s ratio, coefficient of thermal expansion, specific heat and thermal
conductivity are found in the literature [7]. Extrapolated data are used for
temperatures out of range of those presented. A heat transfer coefficient of
2000 Wm™ K" is applied for the tool-blank interface, according to the
performed heat transfer test described in paper E.

Table 12.
Definition of temperature [°C] cases for coupled thermo-mechanical analyses.

Case  Initial blank  Tool part temperature

temperature  DIE | DIE 2 PUNCH  BINDER
I 560 560 400 560 400
II 800 800 400 800 400
111 400 800 400 800 400
v 400 400 800 400 800
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The predicted final temperatures and effective plastic strain distribution,
respectively for the different cases are shown in figure 41 and 42. The
calculated response shows that the shape deviation is reduced by locally
increasing the temperature over the component area, cf. figure 44 and 45. In
contrast to applying comparatively high temperatures in binder regions causing
strain localisation which lead to fracture (Case IV), a medium range
temperature in the binder area is found beneficial. Locking features would be
possible to form due to an increased formability compared to at room
temperature, and a reduction of the required holder force is obtained due to the
comparatively lower force requirement for plastic yielding to occur in the
component area. This would imply that the blank size geometry can be
optimised with respect to the available blank holder force, strain localisation
and resultant shape deviation.
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Figure 41. Predicted temperature [K] and effective plastic strain distribution at the end
of the forming procedure of the prototype component (1), formed with different starting
temperatures according to case I-III, respectively.
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Figure 42. Predicted temperature [K] and effective plastic strain distribution at the end
of the forming procedure of the prototype component (1), formed with different starting
temperatures according to case IV, respectively.

The corresponding FLC plots for case II and III are presented in figure 43.
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Figure 43. FLC plots for case II and III, respectively.
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Figure 44. Predicted temperature and shape deviation after forming, cooling and
trimming of the prototype component (1) formed according to case I, respectively.
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Figure 45. Predicted temperature and shape deviation after forming, cooling and
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When applying an elastic or plastic deformation to Ti-6Al-4V at elevated
temperatures, stress relaxation or creep occur. By considering models for
anisotropy, phase transformation and relaxation in coupled thermo-mechanical
analyses the benefit of studying the temperature — and time as process
parameters, would be most valuable.

In this section, the isotropic von Mises yield surface with isotropic hardening
was assumed in the performed coupled thermo-mechanical analyses. The
assumption was shown to predict failure too early in the forming procedure of
component (2).
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5. Summary of appended papers

5.1 Paper A

In this paper, an investigation of the use of inverse modelling for estimation of
material model parameters is presented. The compression tests are performed
on cylindrical specimens of forged Ti-6Al-4V, using the Gleeble test method.
The results indicated that initial material hardening was followed by specimen
cracking at lower temperatures while at 700°C and 900°C material hardening
was followed by flow softening. The alloy was also found to be strain rate
sensitive. The ability of three different constitutive equations to describe the
inelastic thermo mechanical hardening behaviour of Ti-6Al-4V has been
examined but none of them were found able to describe it satisfactorily.
However, it was shown that inverse modelling is a viable way to determine
relevant material parameters, if suitable functions are chosen. Changes in the
microstructure as a consequence of heat treatment and deformation were also
investigated. In general, it was found in cross sections parallel to the loading
direction, that the deformation was non-uniform and concentrated in bands
going diagonally from one corner to the other. The alpha platelets in the
Widmanstitten structure were increasingly broken up going from the less
deformed anvil contact region into the more deformed centre of the specimen.

5.2 Paper B

In this paper, the thermo-mechanical response of a Ti-6242 alloy has been
studied by elevated temperature compression tests together with cold and hot
sheet metal forming tests for evaluation of the suitability of different cold and
hot sheet metal forming processes. The compression tests were designed to
function as input for estimation of material model parameters such as the
parameters of constitutive equations. Furthermore, results from the forming
tests can be used for correlation of finite element (FE) models in predictions of
sheet metal forming. Experiments were performed at a broad range of
temperatures and strain rates. The compression tests are performed at
temperatures ranging from 400-900°C and strain rates of 0.05-1 s”. The
forming tests are performed at 20-1000°C in both isothermal and non-
isothermal forming, at forming velocities of 5 and 10 mm/s. The
microstructures of as-received material and deformed specimens were
examined using optical microscopy. Experimental results of the compression
tests show that initial material hardening was followed by specimen failure
where cracks have formed in deformation bands or by flow softening,
depending on the temperature. Compressive true strains of 10 to 50% were
achieved. The forming tests reveals that optimal forming conditions are a
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combination of forming velocity, temperature and holding time. Hence
increasing forming temperatures alone does not necessary imply better forming
characteristics. A change in springback characteristics occurred at elevated
temperatures. It can be concluded that, under the current conditions in this
study, Ti-6242 is suitable to form by hot sheet metal forming where the
minimal shape deviation occurred for isothermal forming at 400°C applying a
holding time of 15 minutes.

5.3 Paper C

This paper presents a systematic methodology for the design and
manufacturing of deep drawing tools generating high quality components at an
extremely short lead time. Prototype tools for five different sheet metal
components of the nickel based super alloy Inconel 718 were designed,
manufactured and tested in 15 weeks. Two of these prototype tools (A, B) are
the topics of this paper. The methodology is based on virtual tool design in
which the tool concepts are secured and optimized with respect to sheet metal
formability and shape deviation using FE-analyses. Tool surfaces are
compensated for springback, if necessary, using the
*INTERFACE _COMPENSATED NEW capability in LS-DYNA v971 (B).
The compensated FE tool surfaces are used as reference to generate high
quality surfaces suitable for the milling process. Laser scanning was used to
determine shape deviation. The CAD-evaluation revealed a minor shape
deviation within tolerance of component (A) and a small over-compensation of
the final geometry of component (B). The maximum shape deviation was
however in the order of the sheet thickness. Rather than stating a new
methodology, the work presented in this paper substantiates the idea that it is
possible to realize development projects for new applications in Inconel 718
accurately, which is of outmost importance when developing tools at a short
lead time. The key is consistent studies according to the systematic
methodology in which FE-analyses were used for the virtual tool design and
compensation.

5.4 Paper D

In the aero engine industry new manufacturing processes for load carrying aero
engine structures imply fabrication. The concept of fabrication involves simple
forgings, sheet metals and small ingots of e.g. titanium alloys which are welded
together and heat treated. In the concept phase of the product development
process, accurate evaluations of candidate manufacturing processes with short
lead times are crucial. In the design of sheet metal forming processes, the
manual die try out of deep drawing tools are traditionally a time consuming,
expensive and inexact process. The present work investigates the possibility to

56



design hot forming tools, with acceptable accuracy at short lead times and with
minimal need for manual die tryout, using finite element (FE) analyses of hot
sheet metal forming for production of a Ti-6Al-4V component. A rather
straight forward and inexpensive approach of material modelling and methods
for material characterisation are chosen suitable for evaluations in the concept
phase and validated by comparison with data from separate forming
experiments performed at moderate elevated temperatures. The computed
global force response is shown to be in acceptable agreement with the
experiments and the shape deviation is predicted within the sheet thickness.
Solutions for the hot forming tool concept regarding heating and regulation,
insulation, blank holding and tool material selection are evaluated within the
present study.

5.5 Paper E

Titanium alloys such as Ti-6Al-4V is commonly used in aerospace applications
with moderate operating temperatures, mainly due to the high strength to
weight ratio in combination with favourable creep resistance. In the virtual
design of suitable hot forming processes for titanium sheet metal components,
numerical finite element (FE) analyses are desired to secure forming concepts
and study shape deviation. The reliability of the numerical simulations
depends on the models and methods used as well as on the accuracy and
applicability of the input data. The material model and related property data
must be consistent with the conditions of the material in the process of interest.
In the present study a set of material tests are performed at temperatures
ranging from 20 to 560°C in order to characterise a sheet metal batch of Ti-
6Al-4V and generate necessary experimental reference data for calibration of
different yield criteria. The criteria are used in FE analyses of cold and hot
sheet metal forming of Ti-6Al-4V. This paper functions as a first part to the
work presented in paper F.

5.6 Paper F

In this work a tool concept for hot forming of a double-curved sheet metal
component in the titanium alloy Ti-6Al-4V is proposed. The virtual tool design
is based on finite element (FE) analyses of hot sheet metal forming in which
two different anisotropic yield criteria are evaluated and compared with an
isotropic assumption to predict global forming force, draw-in, springback and
strain localisation. The shape of the yield surface was found to be of
importance and by including effects of the cooling procedure, the prediction of
shape deviation could be improved. The predicted responses show promising
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agreement to the corresponding experimental observations using models which
account for the anisotropic properties of the material.

58



6. Conclusions and future work

Titanium and its alloys are advanced materials. The material behaviours of
different titanium alloys are complex in its nature with anisotropic low elastic
modulus and high strength plastic anisotropy, elastic degradation with plastic
straining, asymmetric yielding in tension and compression, sensitivity to strain
rate and reversed loading direction (Bauschinger effect), low formability at
moderate temperatures along with the high temperature behaviour including
flow softening. The significant impact of the thermo-mechanical history, initial
microstructure, impurities and chemical composition adds to the deviation
between different material batches.

However, it has been shown in many research studies that titanium alloys
definitely are possible to form into desired sheet metal geometries when
performed under favourable circumstances. The FE technique provides with
the possibility of performing detailed studies in the design of suitable thermo-
mechanical forming procedures for titanium components.

The work performed in this thesis has had multiple purposes and is of
multidisciplinary nature. The existing desire from the European aero engine
industry has been the driving concern in the research work, stating the alloys of
interest and component requirements. The desire concerns the identification of
possible sub-suppliers and the development of suitable techniques for
production of titanium sheet metal parts for use in complete load carrying aero
engine structures. In order to suggest possible forming concepts for the
demonstrator prototype components, the structure of the work was defined.

The mechanical properties of foremost Ti-6Al-4V but also of Ti-6242 and the
nickel based alloy Inconel 718 were studied to determine necessary model
requirements. Naturally, the work was delimited, in this case to include
anisotropy and the strength differential effect for Ti-6Al-4V at moderate
temperatures assuming isotropic hardening. The course of action in the project
has been to perform initial forming tests to experimentally study the forming
behaviour and the influence of different process parameters. Experimental
values were correlated with FE analyses assuming isotropic hardening and
isotropic or anisotropic yield criteria. Great efforts has been put into the short
lead time development process of the hot forming tools, performing FE
analyses and identifying practical concept solutions for the manufactured tools
presented in paper D to F. The predicted responses such as punch force, draw-
in, shape deviation and strain localisation show promising agreement with
measured observations when applying anisotropic yield criteria. The shape of
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the yield surface was found important both to the predicted shape deviation and
the occurrence of strain localisation. The isotropic yield surface assumption
was found not able to predict the springback distribution. Further, the predicted
strain localisation occurred too early in the studied forming concept in paper F.

The ideas for future research work are quite extensive. To be able to further
develop the suggested hot forming concepts to function in production, the
blank size has to be significantly decreased due to the high material cost. To
identify optimal forming procedures for smoothly double-curved geometries
with this in mind, several possible design concepts exist. A precise prediction
of strain localisation and failure is an area of further interest since it would give
the possibility to fully use the material with minimal safety margins. Further
on, the temperature is a powerful process parameter. By performing coupled
thermo-mechanical analyses the effect of temperature would be possible to
study in detail. As illustrated, the benefit from performing such analyses is
encouraging considering forming of titanium alloys. Instead of assuming an
isotropic yield criterion, anisotropic formulations need to be extended to
function in coupled thermo-mechanical analyses.

In order to study sheet metal forming in the higher temperature region,
modelling of phase transformations, creep and stress relaxation in which the
strain rate is accounted for are of interest. It was found in paper D and F that
relaxation occurs in both the elastic and plastic deformation region.
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Numerical and Microstructural Evaluation of Elevated
Temperature Compression Tests on Ti-6Al-4V

E.-L. Westman, R. Pederson, B. Wikman, M. Oldenburg

Lulea University of Technology, Luled, Sweden

Abstract

An investigation of the use of inverse modeling for estimation of material
model parameters, of a compression test of forged Ti-6Al-4V, is presented. The
compression tests performed on cylindrical specimens indicated that initial
material hardening was followed by specimen cracking at lower temperatures
while at 700°C and 900°C material hardening was followed by flow softening.
The alloy was also found to be strain rate sensitive. The ability of three
different constitutive models to describe the inelastic thermo mechanical
behavior of Ti-6Al-4V has been examined and none of them were found able
to describe it satisfactorily. However, it was shown that inverse modeling is a
viable way to determine relevant material parameters, if suitable functions are
chosen. Changes in the microstructure as a consequence of heat treatment and
deformation were also investigated. In general, it was found in cross sections
parallel to the loading direction, that the deformation was non-uniform and
concentrated in bands going diagonally from one corner to the other. The alpha
platelets in the Widmanstitten structure were increasingly broken up going
from the less deformed anvil contact region into the more deformed center of
the specimen.

1. Introduction

Ti-6Al-4V is a commonly used alloy in aerospace applications such as turbine
engines and airframes. In industrial applications it is often of great importance
to know the thermo-mechanical properties of the material and to be able to
predict and detect changes in these properties. Another need for accurate
material property data stems from the industrial requirement to perform
numerical analyses at different stages in the product development process. This
could be simulation of a manufacturing process such as welding or forming, or
it could be the function analysis of a component. In order to perform high
quality FE-analyses, accurate model input is crucial.
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Consequently, the development of appropriate constitutive models for Ti-6Al-
4V for various applications is a central issue. It is also essential to emphasize
the use of proper routines for efficient application of numerical modeling of
industrial processes.

Traditional methods to determine necessary property data in which the
material is characterized by several tension and/or compression tests at
different temperatures and strain rates is time demanding and expensive and
the results are often not in an appropriate form. An alternative route is to obtain
material parameters trough force and displacement by inverse modeling [1].
Inhomogeneous stress conditions can be taken into account, which is of great
benefit, in contrast to traditional methods where a homogenous stress
distribution is assumed. The idea is to create different deformation mechanisms
in one test. For the accurate modeling of processes such as forming inverse
modeling has [2,3] been shown to generate more accurate material data
compared to traditional experiments, and usually requires a reduced number of
experiments [2].

2 Experimental procedure

The starting material was in the form of cylindrical test specimens of Ti-6Al-
4V cut out from a forged jet engine compressor disc. Specimen dimensions
were & 4.0 x 5.5 mm or & 6.0 x 8.0 mm (Test 1), the dimensions depending on
the desired cooling rate. The microstructure was bimodal consisting of about
34 vol% equiaxed primary alpha (o) particles and 66 vol% of a
Widmanstétten type structure. The chemical composition of the alloy was (in
wt%): 6.20 Al, 4.10 V, 0.19 Fe, 0.04 Si, 0.01 Cu, 0.01 C, 0.18 O, 0.005 N,
0.0024 H, <0.001 B, <0.001 Y, and Ti balance.
A Gleeble 1500 thermo mechanical simulator with lengthwise strain control
was used to perform axial compression tests. The test specimens were placed
between two tungsten carbide anvils, coated with a film of graphite and
tantalum to minimize friction and prevent sticking between the anvils and the
specimen. Resistance heating of the specimen permitted high temperatures and
rapid heating/cooling rates. The temperature was measured using a Pt/PtRh-
thermocouple welded onto the surface and at mid height of the specimens. The
tests were performed in an evacuated chamber (0.1 torr). During the testing
sequence, the axial and radial displacements together with axial compression
force and temperature were measured continuously.

Two sets of tests were performed as described in section 2.1 and 2.2. Prior to
deformation, all specimens were heated up (10°C/s) to an equilibrium
temperature of 950°C and kept there for 20 minutes before cooling down to the
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desired test temperature. The main purpose of this heat treatment was both to
relieve residual stresses [4], caused by the machining used to produce the
specimens, and to reach an equilibrium fraction of alpha and beta phases and
thereby avoid time-dependent phase transformation [5]. A rather rapid cooling
rate of 25°C/s was chosen.

2.1 Isothermal compression tests at different temperatures

Six isothermal tests were performed, all heat-treated as previously described. A
schematic temperature history diagram for the isothermal tests is shown in Fig.
1. After the equilibration stage the specimens were cooled to the desired testing
temperature, e.g. 900°C (Test 1 in Fig. 1), which was held for 10 seconds (in
order to make a few adjustments of the control system). The specimens were
then compressed to a final lengthwise true strain of 0.693 at a strain rate of
0.05 s™'. Finally, the specimens were cooled down to room temperature (RT,
25°C). The same procedure was applied to Test 2-6, but at test temperatures of
700°C, 500°C, 300°C, 100°C and RT, respectively.

In order to detect strain rate sensitivity, further tests were performed at higher
strain rates (0.5 s and 5 s) and at a testing temperature of 500°C (Tests 7 and
8, respectively).

2.2 Compression and continuous cooling tests

To receive more information from one single test, compression and continuous
cooling tests (C-C) were performed, with the same strain rate and lengthwise
strain as in Test 1-6. Two tests were chosen with certain overlaps, Tests 9 and
10. Testing in the lower temperature regime was not conducted due to
problems with controlling the desired cooling rate and to fracture of specimens.
A schematic temperature history diagram with start and stop temperatures for
the C-C tests is shown in Fig. 2 (Test 9: 900-555°C, Test 10: 635-290°C).
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3 Experimental results

Experimental results for the isothermal tests are shown in Fig. 3. Initial
material hardening was observed followed by specimen cracking at the lower
temperatures (Tests 4, 5 and 6). Tests at 700°C and 900°C indicated material
hardening followed by flow softening while at 500°C the initial hardening was
followed by ideal plastic behavior.

The strain rate dependence of the alloy is shown in Fig. 4; repeated tests
were performed to confirm reproducibility of the experiment. It can be seen
that for small strains the stress level increased with increasing strain rate,
though only marginally from 0.05 to 0.5 s™. For the highest strain rate, flow
softening took place after a fluctuating material hardening behavior.

The C-C test results are shown in Fig. 5, which shall be applied in the
inverse modeling in future work. The results presented in Fig. 3 to 5 include
the elastic strain of the experimental equipment.
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Figure 3. True stress-strain curves for Figure 4. Influence of strain rate on stress-
isothermal tests, Tests 1-6. strain behaviour at 500°C, Tests 3, 7 and 8.
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Figure 5. True stress-strain curves for C-C Figure 6. Temperature rise during
tests, Tests 9 and 10.. deformation, Test 8.
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In order to understand the overall deformation of these samples, it was helpful
to examine etched cross sections of deformed samples using both optical
microscope and SEM. In general, it was found that in the cross sections parallel
to the loading direction, the deformation was non-uniform and concentrated in
bands running diagonally from one corner to the other. In three dimensions this
can be described as the surfaces of two cones, with their peaks in the center of
the sample [6]. The nature of the deformation can be seen in Fig. 7. The alpha
platelets in the Widmanstitten structure became increasingly broken up and the
primary alpha grains increasingly scattered in going from the less deformed
contact surface region into the more deformed center of the specimen. A
corresponding computed stress distribution, when going from the surface of the
sample into the center, is shown in Fig. 10. In work by others [6] it has been
seen that voids/cracks form at the edges of compressed samples and continue to
grow along the previously described deformation cone surfaces into the center
of the sample. This was also seen in this work, in which the fracture pieces of
broken samples were sheared in a diagonal mode to the loading direction.

Figure 7. Microstructure of sample isothermally compressed at 700°C (Test 2). Left column
micrographs are from the surface region close to the pressing tool, mid column is from the
region half way to the center of the specimen, and the right column shows the microstructure in
the center of the sample. The loading direction is horizontal in the figure.

Metallographic examination of the tested samples revealed a pronounced o
stabilized surface region, indicating that the pressure achieved in the chamber
was not low enough to avoid oxidation. Micro hardness testing of the cross
sections confirmed that the samples had a thin surface layer with an increased
hardness, compared to the hardness of the bulk material. This kind of a
stabilized structure is usually referred to as a-case, a hard and brittle alpha
phase with high concentration of oxygen. The deformed specimens were found
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to be non-uniformly recessed at the compression surfaces. A significant
temperature rise during the deformation, in Test 8, was also detected (see Fig.
0).

4 Numerical procedure

The numerical evaluation was designed to include the inhomogeneous stress
development in the specimen during the deformation. Moreover, the Gleeble
tests were performed in such a way that they involved simultaneously both
thermal effects and deformation mechanisms. By inverse modeling of the
actual experiment, material model parameters could be determined by
minimizing the difference between the FE-analyses (FEA) and experimental
reference data. The general idea of inverse modeling is shown in Fig. 8.

Optimization

Start Design variables x;

Stop

FEA

Comparison

Chjective function @i e—— gﬁ::::::g;ta

Figure 8. Schematic illustration of inverse modeling.

4.1 The direct problem

The direct problem consists of solving the FE-problem subjected to variations
of material model parameters. In this work the non-linear implicit FE-code
MSC.Marc has been used to set up an axi-symmetric model of the Gleeble
experiments. The FE-model consists of 150 lower order quadrilateral elements
and 176 nodes. Displacement boundary conditions are applied to the rigid
anvils corresponding to the desired strain rate and deformation. A homogenous
specimen temperature was applied in accordance with the experiment during
deformation. The contact between the anvil and the specimen was modeled as a
contact interface with a stick-slip friction model. The interface was assumed to
be flat with a constant friction coefficient of 0.1. The mesh is shown in Fig. 9.
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Three different constitutive models have been investigated, i.e. the models
developed by Johnson-Cook [8], Nemat-Nasser [9] and a polynomial relation
described in Reference [2]. In this work, Test 3 was chosen as reference data to
evaluate the ability of the material models to describe the inelastic behavior of
the alloy.

4.2 The inverse problem

The ‘Optimization’ box in Fig. 8 represents the program INVSYS [10], which
is a programming system tailor-made for analysis of inverse problems, the
optimization algorithm used is the subspace-searching simplex method [11].
The design variables, x;, the material model parameters, are given appropriate
initial values and constraints. The objective function ¢(x;) is an expression that
determines the discrepancy between the computed and measured response, in
this work in a least-square sense, normalized according to Equation (1) [7].

1&[(F-F'(x)) (Df-D/(x)Y
¢<x,>—5§[ = J{ = ] (1)

1 1

where 7 is the number of sampled values, F*; and Fr, are the compression force
from experiment and FEA, respectively. D and D'; are the radial displacement
from experiment and FEA, respectively.

In order to evaluate the constitutive models, an estimation of parameters for
the experimentally determined hardening function for Test 3 was performed. A
material parameter estimation of a reference FE solution was also carried out in
order to evaluate the functionality of the inverse modeling programming
system, which was found to be successful [7].



5 Numerical results

Results of the evaluation of the constitutive models with estimated parameters
are presented in Fig. 11. The optimization was performed several times using
different initial values of the parameters. It is important to examine the
behavior of the objective function in the feasible region in order to find the
acceptable minima.
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Figure 11. Evaluation of Johnson-Cook, Nemat-Nasser and the polynomial relation material
models, respectively.

The evaluation shows that none of the three constitutive models describes
the inelastic behavior of this specific alloy satisfactorily. The three constitutive
models, with estimated parameters, generate functions fairly similar to each
other; there are only small differences in the behavior. A mirrored plot showing
the von Mises stress of the deformed specimen, with the estimated parameters
of the Nemat-Nasser material model presented in Fig. 11b, is shown in Fig. 10.



6 Discussion and Conclusions

The samples compressed between RT and 300°C cracked during testing and
the cracks leading to fracture were seen to originate at the corners of the
samples and to grow in a diagonal mode to the loading direction. This is in well
agreement with the simulated stress field occurring in compressed samples
during testing (see Fig. 10). It is reasonable to expect that the resistance to
crack initiation is reduced because of the observed a-case found in the surface
regions of the tested samples.

The strain rate sensitivity was examined by applying three different strain
rates during isothermal deformation at 500°C, and the resulting stress-strain
curves are shown in Fig. 4. No clear difference could be seen between the
strain rates of 0.05 s and 0.5 s™', but at a strain rate of 5 s™' flow softening
seem to occur. This could be explained by heat generation during plastic
deformation. Indication of this was found in the recorded temperature during
the test (Fig. 6), where the temperature increased by approximately 70°C
during the deformation process. If this temperature increase is high enough to
cause flow softening is not yet certain, but it is possible that on a local scale
(some distance from the thermocouple) the temperature increase could well be
significantly higher than that recorded by the thermocouple, due to the
variation in the degree of plastic deformation through the sample. The
isothermal compression test conducted at 700°C with a strain rate of 0.05 s
(see Fig. 3) indicated a typical softening behaviour. Thus it is reasonably to
suppose that the test performed at 500°C, due to the higher strain rate of 5 s,
could have reached the softening regime observed at 700°C because of local
heating in the specimen during deformation. However, it should be pointed out
that no similar evidential results of local heating during the compression of Ti-
6Al-4V have been found reported elsewhere. Thus, the possibility of an
equipment error in the measured temperature rise cannot be ruled out. The
slope of the 5 s™! curve seems initially somewhat irregular and also steeper than
for the curves at lower strain rates. This serrated form of the curve closely
resembles serrated yielding, a phenomenon mainly known to occur in a
titanium alloys during plastic deformation at low (cryogenic) temperatures.
However, similar compression experiments performed with other materials,
with the same Gleeble 1500 equipment as was used in this work, produced
similar types of serrated curves when high strain rates were applied. Thus, the
serrated form of the curve observed here most likely stems from the equipment.



The three constitutive models that were studied in this work were not able to
describe the material hardening behavior satisfactorily. A remaining challenge
of future work is therefore to find alternative descriptions for the material
behavior. However the estimation performed to check the functionality of the
inverse modeling programming system described in Reference [7] shows that
inverse modeling is a viable way to determine material model parameters. It
shall be mentioned that different sets of parameters can describe the same
material behavior. Thus it is important that the error between the reference data
and the response generated by the FE-analysis is small. The existence of a
minimum for the objective function should be analyzed, since several minima
often exist. Another crucial issue to investigate is the stability of the achieved
solution. For instance, a flat minimum is considered non-unique, and for this
reason the solution may change substantially by even small changes in the data.
Thus, it is important to exclude misleading local minima by investigation of
different initial guesses. In future work results from the C-C tests are to be used
as reference data in order to achieve more accurate data with a reduced number
of experiments.

Regarding the FE-model, the friction coefficient between the specimen and
the anvils has not yet been investigated but is an important factor. It determines
the shape of the billet when deformed and influences the estimated parameters,
thus it should be investigated in future work. One possibility is to include the
friction coefficient as a design parameter or perform parameter estimations
with different friction coefficients. The foil and the recessed area at the
compression surfaces of the specimen will cause difficulties in friction
modeling. In order to take internal heat generation into account and to
determine its effects it may also be justified to perform coupled thermo-
mechanical analyses.
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Abstract

The thermo-mechanical response of a Ti-6242 alloy has been studied in elevated temperature compression tests (CT) together with cold and
hot sheet metal forming tests (FT) to evaluate the suitability of different cold and hot sheet metal forming processes. The CT are designed to
function as input for the estimation of material model parameters such as the parameters of constitutive equations. Furthermore, results from the
FT will be used in correlation of finite element (FE) models for the prediction of sheet metal forming. Experiments were performed in a broad
range of temperatures and strain rates. In CT at 400-900 °C and strain rates 0.05-1s~". In FT at 20~1000 °C in both isothermal and non-isothermal
forming, at forming velocities of 5 and 10 mm/s. The microstructures of as-received material and deformed specimens were examined using optical
microscopy. Experimental results of the CT show that initial material hardening was followed by specimen failure where cracks have formed in
deformation bands or by flow softening, depending on the temperature. Compressive logarithmic strains of 10-50% were achieved. The FT reveals
that optimal forming conditions are a combination of forming velocity, temperature and holding time. Hence increasing forming temperatures
alone does not necessary imply better forming characteristics. A change in spring-back characteristics occurred at elevated temperatures. It can be

concluded that, under the current conditions in this study, Ti-6242 is suitable to be formed by hot sheet metal forming.

© 2008 Elsevier B.V. All rights reserved.

Keywords: Ti-6242; Compression test; Sheet metal forming; Flow stress; Microstructure; Validation test

1. Introduction

Titanium alloys are extensively used in aerospace applica-
tions such as turbine engines, airframe applications and space
shuttles, mainly because of their superior strength to weight
ratio. Ti—-6Al-2Sn—4Zr-2Mo-0.08Si (hereinafter referred to as
Ti-6242) was developed in the late 1960s and is extensively
used in turbine-engine applications, mostly for gas turbine com-
ponents such as compressor blades, disks and impellers but also
in form of sheet metal parts, e.g. various “hot” airframe skin
applications and in engine afterburner structures. Ti-6242 is a
titanium alloy with high temperature stability used for long-term
applications and is one of the most creep-resistant titanium alloy,
often used when the temperature range do not permit usage of
the most widely used a—@ titanium alloy Ti-6Al-4V. Ti-6242,
sometimes categorized as a near-alpha alloy, has structures that
are typically fully transformed or have an equiaxed « in a trans-

* Corresponding author. Tel.: +46 454 975 45; fax: +46 454 921 21.
E-mail address: Eva-Lis.Odenberger@ltu.se (E.-L. Odenberger).

0921-5093/$ — see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.msea.2007.12.047

formed 3 matrix. The a-phase has a hexagonal close-packed
(hep) crystal structure and the B-phase has a body-centred cubic
(bee) crystal structure. The fraction of primary « in the struc-
ture of sheet products is often of about 80-90%, which tends to
be greater than in forgings. The size of the equiaxed o grains
in sheet products also tend to be smaller compared to those in
forged products. As for other titanium alloys, e.g. Ti-6Al-4YV,
the microstructure is strongly influenced by the processing and
heat treatment history and the mechanical properties are mainly
determined by the initial microstructure, the thermo-mechanical
loading history and the present impurities together with alloy
concentration [1-4].

Titanium alloys are often considered more difficult to form
and generally have less predictable forming characteristics than
other metallic alloys such as steel and aluminum. This can partly
be explained by their high yield stress, oy, and low elastic modu-
lus, E, which in combination yields a high degree of spring-back
when formed by cold- or hot-forming. The hexagonal crystal
structure of the a-phase also possesses anisotropic characteris-
tics that affect its elastic properties. However, if conventional
sheet metal forming is performed under favourable circum-
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stances titanium alloys can be successfully formed into complex
parts. If forming is followed by a so called hot sizing operation, in
which the part is allowed to creep into the desired shape, the dif-
ficulties with spring-back can be reduced or even overcome. At
the present, components manufactured by super plastic forming
(SPF) are available, though it is often reserved for components
with a high degree of complexity or when a substantial degree
of material stretching is necessary [1,2,5-8]. SPF is an area in
which great research efforts have been made. Currently, very
limited research is published in the field of direct cold- and hot-
forming of Ti-6242. However, research efforts have been made
in sheet metal forming of, e.g. Ti-6Al-4V, revealing many inter-
esting forming characteristics of this particular alloy including
forming limit diagrams (FLD) [9-14]. For example, Thomas
et al. [9] deals with material behaviour models to establish the
proper conditions for fabricating titanium alloys, more specifi-
cally Ti-6Al-4V, by conventional sheet forming processes. They
calculated FLDs and the results indicate that the most critical
formability index is the strain rate sensitivity of the material.
The forming limits increase with temperature for a given punch
speed and with decreasing punch speed for a given temperature.
The punch speed was found to be particular important at the
investigated temperatures 538 and 677 °C predominantly due to
the changes in the strain rate sensitivity of the alloy.

An effort to standardize the description of titanium sheet
formability has also been made where a dimensionless index
called the minimum bend radius Ty is defined as the ratio
between the die radius R and the sheet thickness H, such
that Tk = R/H. Furthermore, extensive experimental results on
the compressive deformation behaviour (mostly in the hot
forging range) for a broad range of strain rates and tempera-
tures of Ti-6Al-4V are available [3,4,15-19], revealing many
different characteristics of this particular alloy. Semiatin and co-
workers [20-24] studied the effect on the properties of Ti-6242
in isothermal and non-isothermal hot forging (816-1010°C).
Flow stress behaviour, occurrence of shear bands, chill zones,
deformation-induced microstructures and shear cracks were also
observed and discussed. For example, it was established that the
flow behaviour to a large extent is determined by the starting
microstructure. In hot compression it is stated that, for the alloy
with an equiaxed a structure, the deformation is stable with a
decreasing flow stress with straining due to adiabatic heating.
With a transformed {3 structure, unstable flow was observed and
the cause of flow softening was prescribed microstructural mod-
ification together with a small adiabatic temperature increase.
Criteria for the occurrence of shear bands were established.

In industrial applications it is often of great importance to
know the thermo-mechanical properties of the material and
also to be able to predict and detect changes in these proper-
ties. Further need for accurate material property data descends
from the industrial requirement to perform numerical analyses
in the product development process to obtain short lead times
and efficient manufacturing techniques resulting in high qual-
ity components. The computational capacity of today makes
precise analyses, such as finite element (FE) analysis, possible.
The knowledge of performing numerical analyses to develop and
improve industrial processes such as forming is becoming more

common. In order to perform high quality FE analyses, accurate
model input is crucial. Available material data is often not in an
appropriate format and traditional methods of obtaining data are
expensive and time consuming.

In the present work we seek to examine experimentally the
thermo-mechanical properties of Ti-6242 by elevated tempera-
ture compression tests. Sheet metal forming tests are performed
in order to determine suitable hot and cold sheet metal form-
ing processes for the alloy. Effects of the temperature, the strain
rate and the initial material state on the mechanical properties
are studied, spring-back characteristics are detected and met-
allographic studies are performed. The CT are also designed
to function as input for estimation of material model parame-
ters such as the parameters of constitutive equations. A method
for identification of material model parameters is inverse mod-
elling. This method, in which the raw data from compression
tests are used as experimental reference, has shown to be an
effective method requiring a reduced number of experiments
with improved accuracy of model parameters compared to tra-
ditional methods [25-29]. The experimental data consists of
the compression force and diametric displacement, the numer-
ical reference are generated by an FE-analysis of the actual
compression test. The improved accuracy in material model
parameters can mainly be prescribed (a) that boundary effects
can be included in the evaluation by means of FE-analyses, i.e.
no assumption of homogeneous stress/strain distribution in the
test specimen which the estimated flow curve as direct reference
data would imply, (b) compression tests facilitate an easier eval-
uation at higher strain levels compared to evaluation of tensile
tests, after the occurrence of necking, no extrapolation of tensile
flow curves for strain levels after necking are needed and (c)
compression tests under continuous cooling generate parame-
ters accurate in a desired temperature interval which means that
the introduced errors in interpolating between temperatures can
be avoided.

Furthermore, the resulting parameter values obtained from
the CT will be used in FE simulation for predicting sheet metal
forming in future work. The FT will functions as validation tests.

2. Experimental procedure
2.1. Materials

Specimens for the elevated temperature compression tests
(CT) and sheet specimens for the forming tests (FT) were
extracted from two different duplex annealed sheet metal plates
of Ti-6242. In the compression tests cylindrical specimens with
5 mm diameter and 7 mm height are used. One exception is made
for the specimen extracted in thickness direction of the sheet
where the height is 5.86 mm. The specimens were machined
from a documented alpha case free sheet with thickness 5.86 mm
purchased from Industrial Metals International Ltd. (IML), Heat:
G-7047. Sheet specimens were machined from a sheet with the
mean sheet thickness 1.95 mm purchased from RMI Titanium
Company, duplex annealed at 899 °C for 30 min then air-cooled
and subsequently at 788 °C for 15min then air-cooled. The
chemical compositions of the two sheet metals are given in



160 E.-L. Odenberger et al. / Materials Science and Engineering A 489 (2008) 158—168

Table 1

Chemical composition of Ti-6242 alloy (wt%)

Material Al Mo Zr Sn Si Fe (¢] N H Y Others Ti

CT 6.27 1.98 4.09 2.07 0.07 0.02 0.11 0.01 0.0065 0.005 <03 Balance
FT 5.88 1.95 3.93 2.01 0.084 0.04 0.09 0.004 24 PPM <50 PPM Balance

Table 1. The beta transus temperature of the alloy is typically
995 £ 15°C [1].

2.2. Compression tests

The axial compression tests were performed using a Glee-
ble 1500 thermo-mechanical testing equipment with lengthwise
strain control. The test specimens (extracted transverse (T),
along (L), in thickness direction or in a 45° mode to the rolling
direction) were placed between two tungsten carbide anvils
which were coated with a film of graphite and tantalum to pre-
vent sticking and minimize the friction. Resistance heating of
the specimens was used to attain the desired temperatures which
also permit rapid heating/cooling rates. The temperature in the
sample deviates slightly from a uniform distribution along the
sample. The AT is estimated to 45 °C at measured 950 °C and is
decreasing with temperature. This is based on the observations
discussed in Section 3.3.

Prior to deformation, specimens were heated at a rate of
10°C/s to the desired test temperature after which, in order to
make a few adjustments of the control system, a holding time of
approximately 15s was applied. After compression, the speci-
mens were cooled to room temperature at a rate of 25 °C/s. Some
isothermal tests, heat treated at 950 °C for 20 min before cooling
(25 °C/s) to the desired test temperature, were also performed.
Finally compression tests during continuous cooling were per-
formed at a rate of 25 °C/s. The temperature was measured using
a Pt/PtRh-thermocouple which was welded onto the surface
and at mid-height of the cylindrical specimens. The Gleeble
1500 equipment permits tests to be performed in an evacuated
chamber (0.013 kPa) or in a protective gas atmosphere. In the
experiments argon gas was used to minimize a-case formation.
During the testing sequence the axial compression force, the
axial displacement, the diametric increase at mid-height of the
specimen and the temperature were measured and logged. The
presented flow curves are evaluated using the lengthwise strain

gauge.
2.3. Forming tests

The sheet metal forming tests were performed using two
sets of forming tools. One set with a cold punch and die of
tool steel Uddeholm RIGOR, hardness 58—-60 HRC and another
set with a heated punch and die of tool steel Uddeholm HOT-
VAR, hardness 57 HRC with a 400 °C-maximum temperature
for long time exposure. Both tool materials where purchased
from Fr Ramstrom and heat-treated by Bodycote metal tech-
nology. The cold punch and die are illustrated in Fig. 1. The
heated punch and die are identical to the cold punch and die
except that the overall width is 10 mm less and that holes for

cartridge heaters are machined. The forming tools are con-
structed with respect to the theoretical minimum bend radius
in room temperature and mounted in a Universal Straining
Frame testing machine (DARTEC 250kN). In these experi-
ments the testing machine was stroke displacement controlled
before switching to load controlled displacement at the very end
of the forming sequence. The testing machine was calibrated
to within +0.2% of the measured value. Two types of spec-
imens were tested, one type extracted from along the rolling
direction (L), the other extracted transverse to and in plane of
the rolling direction (T). The dimensions of the sheet speci-
mens were 147 mm x 29 mm x 1.95 mm for tests performed in
the cold forming tool and 137 mm x 29 mm X 1.95 mm in tests
performed in the forming tool with heating capability. Sheet
specimens were ground with abrasive paper of fineness 320 to
remove oxide layers, cleaned with ethanol and sprayed with
Combat® Boron Nitride Aerosol CC-18 as lubrication, applied
in two thin layers.

The T and L sheet specimens were placed and centred in
the forming tool after which the forming sequence was carried
out. The lower die had a constant velocity of 5 or 10 mm/s. A
holding time of 5s was applied before unloading unless other-
wise specified. The sheet specimens were preheated in an oven
(NABER 2804 Mod. L51/SR) at temperatures ranging from 400
to 1050 °C before being transferred directly into the forming
tool. The temperature of the sheet specimens was continuously
measured and logged by three thermocouples (PENTRONIC
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Fig. 1. Mechanical drawing of the cold punch and die (mm). Tool thickness is
29 mm.
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Desired geometry

" Obtained geometry

1)

Fig. 2. Illustration of spring-back measurements and location of the three ther-
mocouples welded at the longer edge of rectangular sheet specimens.

type K) welded at the longer edge of the rectangular sheet spec-
imen, labelled (1)—(3), as shown in Fig. 2 (distances from the
shorter edge at unformed specimens are 8, 32 and 73.5 mm for
tests performed in the cold forming tool and 3, 27 and 68.5 mm
in tests performed in the forming tool with heating capability).
The temperature of the forming tool was measured by another
six thermocouples (PENTRONIC type K) mounted in the centre
and as close as possible to the contact surfaces of the forming
tool: three in the upper punch labelled a—c in Fig. 1 and three in
the lower die labelled d—f in Fig. 1 indicated by the small wholes
in the mechanical drawing. The temperature of the forming tool
with heating capability was accomplished by the use of three
cartridge heaters, one 3/8in., 250 W with an external length of
2in. and two 3/8 in., 315 W with an external length of 2.5 in., all
purchased from FARNELL. The power was regulated via a com-
puter steered automatic control system using a PID-regulator.
The smaller cartridge heater was placed in the centre section of
the upper punch and the other two in the centre section of the
lower die with an angle of 35° to the horizontal line. The heating
of the sheet specimens and the forming tests were performed in
laboratory atmosphere. Besides the temperature, the axial stroke
displacement and the axial compression force were continuously
measured and logged with the sampling frequency of 100 Hz.
Further, the spring-back behaviour as shown in Fig. 2 (where
a=15.0, b=13.05 and ¢=10.0mm) and the material thinning
at the sections by thermocouple no. 2 and 3 together with
the area just below thermocouple no. 2 of formed sheets were
measured.

2.4. Metallographic studies

The as-received microstructures of the two sheet metals, the
microstructures of specimens from the elevated temperature
compression tests and formed sheet plates from the forming
tests were examined using optical microscopy. For the as-
received microstructures, rectangular samples were extracted
in the rolling direction of the sheets. Typical samples of the
cylindrical specimens were taken from sections along the com-
pression axis, exact locations are stated with the figures, and
samples from the forming tests were taken from the centre
section ‘I” where the studies have been conducted. These are
labelled as ‘a—e’ where ‘a’ is at thermocouple (1), ‘b’ between
thermocouple (1) and (2), ‘c’ at thermocouple (2), ‘d’ between
thermocouple (2) and (3) and ‘e’ at thermocouple (3) in Fig. 2.
The specimens were polished and etched with Kroll’s reagent
(2% HF, 3% HNO3 and 95% H0).

3. Results
3.1. Material response observations, compression tests

InFig. 3, true stress—logarithmic strain relations are presented
at the indicated strain rates and temperatures. Fig. 3(a) displays
the isothermal stress—strain curves for the strain rate 0.05s~" at
various temperatures. Compression tests with prior heat treat-
ment (HT) for 20 min at equilibrium temperature 950 °C are
also presented for comparison. Initial material hardening was
observed followed by specimen cracking at the lower tem-
peratures 400—-600 °C. Tests at 700-900 °C indicate material
hardening followed by flow softening. Peak stresses at cer-
tain strains were also observed. The sudden peaks in the flow
curves at 600 and 900 °C are however an effect of the mea-
surements and are not related to the material. Flow softening is
a well-known phenomenon for Ti-6242 and similar behaviour
has been observed for the a—f3 titanium alloy Ti-6Al14V. At
lower temperatures or at high strain rates formation of micro-
cracks and voids evolve during deformation, see for example
[1,4,15,17,20,23]. Compression tests at 600 and 800 °C with the
prior heat treatment exhibited higher resistance to deformation
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Fig. 3. (a) and (b) True stress—logarithmic strain relations at indicated strain
rates, temperatures, heat treatment (HT) and directions to the rolling direction
(a) tests on (T)-type specimens.



162 E.-L. Odenberger et al. / Materials Science and Engineering A 489 (2008) 158—168

after heat treatment. The same response is expected at 700 °C.
If the cooling rate of 25 °C/s was sufficiently fast, the forma-
tion of fine alpha platelets would occur and if these platelets
have a smaller size than in the starting material a hardening
effect should be observed. The reverse behaviour was observed
at 900 °C. The curves in Fig. 3(b) displays the strain rate sensi-
tivity at 800 °C for strain rates from 0.05 to 1s~!. Pronounced
hardening due to higher strain rates occurred. However, no sig-
nificant temperature increase was measured during deformation
at any strain rate (a maximum of 7 °C at the maximum strain
rate 1 s™1). The material has anisotropic properties which also
are illustrated in Fig. 3(b), in which results from compression
tests on specimens extracted at the indicated directions to the
rolling direction are presented. Compressed specimens extracted
transverse or along the rolling direction of the sheet became
oval during compression due to anisotropy [19]. This was not
observed for specimens extracted in thickness direction or with
extraction direction in a 45° mode to the rolling direction, these
specimens remained circular.

Fig. 4(a) and (b) shows the compression forces versus dia-
metric increase corresponding to the stress—strain results without
heat treatment shown in Fig. 3(a) and for compression tests per-
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Fig. 4. (a) and (b) Compression force vs. diametric increase at indicated strain
rate and temperatures or temperature intervals.

formed under continuous cooling at a rate of 25°C/s, at the
indicated strain rate and start and stop temperatures. The data
presented in Fig. 4 provides additional information to the mate-
rial model parameter estimations by means of inverse modelling
[26-28].

3.2. Material response observations, forming tests

Cold forming tests, performed with room tempered (RT)
forming tool and sheet plates, could not successfully be per-
formed. The sheet plates broke during the forming process, see
Fig. 5(a) in which an abrupt dip in forming force correspond
to fracture. When a comparison is made between two form-
ing tests that were performed under identical conditions, with
a forming velocity (v) of 5 mm/s, except the extraction direc-
tion of the sheet specimens the fractures occurred at different
stages in the forming sequence. In the test with the extrac-
tion direction along (L) the rolling direction an abrupt fracture
occurred above the lower radius of the die, before the critical
radius had been reached. The fracture was due to a combined
stretching and bending load. The fracture was unsymmetrical,
probably due to a small out-of-line placement of the sheet plate
in the tool, but local defects such as scratches on the sheet could
also have influenced the fracture characteristics. A second frac-
ture occurred at the centre of the opposite lower radius of the
die at the very end of the forming sequence. In the other test,
where the extraction direction was transverse (T) to the rolling
direction, the first fracture occurred comparatively later in the
forming process implying that specimens extracted along rolling
direction exhibit a higher resistance to plastic deformation. This
was previously confirmed by the compression tests shown in
Fig. 3(b) and also indicated during the forming test, where a
slightly higher forming force was required to deform the sheet
plate some time before the first fracture occurred. A test per-
formed with the higher forming velocity 10 mm/s on a T type
specimen indicated strain rate sensitivity. When compared to
the test performed at forming velocity of 5 mm/s (T), fracture
occurred comparatively earlier in the forming sequence. Strain
rate sensitivity for Ti-6242 was also confirmed by the elevated
temperature compression tests, see Fig. 3(b). Measurements of
spring-back and material thinning could not be made due to
fracture.

Elevated temperature forming tests, performed with room
tempered (RT) forming tools and pre-heated sheet specimens,
were successfully performed as shown in Fig. 5(b). The desired
start temperatures for all elevated temperature forming tests were
400, 700 and 1000 °C. Forming tests with preheated sheet spec-
imens to a heating temperature of approximately 450, 750 and
1050 °C are presented in Fig. 5(b). The heating time in theses
tests was approximately 200 s. Air cooling and contact with the
room tempered forming tools imply somewhat lower starting
temperatures when formed and substantial lower final tempera-
tures after the 5 s holding time due to the room tempered forming
tool. Exact temperatures of the sheets given by the thermo-
couples labelled (1)-(3), in Fig. 2 and the tools given by the
thermocouples labelled ‘a—f’, in Fig. 1 are presented in Table 2
and for one selected test in Fig. 6. The forming tests preheated
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Fig. 5. Compression force vs. stroke displacement (a) at room temperature
and extraction directions of sheet specimen (b) at indicated initial tempera-
tures/forming velocities (c) at indicated initial temperatures/forming velocities
and extraction directions of sheet specimen/tool temperature.

to about 1050 °C yielded similar magnitudes of forming forces,
occasionally even higher, despite the higher forming tempera-
ture compared to the other tests shown in Fig. 5(b). Further on,
fracture occurred at the end of the forming sequence indicating
material embrittlement, caused by an alteration of microstruc-
ture into transformed beta with a basket weave structure and
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Fig. 6. Temperature history during forming sequence for indicated test and
thermo couples.

formation of alpha case, see Fig. 13 which is taken from the
outer surface of section ‘d’.

Elevated temperature forming tests, with heated forming
tools to 400 °C and pre-heated sheet specimens, could success-
fully be performed. Forming tests are presented in Fig. 5(c) and
appertaining temperature history in Table 2. Isothermal forming
of asheet specimen with the extraction direction along the rolling
direction indicated noticeable higher resistance to deformation
when compared to a sheet specimen with the extraction direction
transverse the rolling direction. The strain rate had less influence
than extraction direction under isothermal forming at 400 °C, for
the tested forming velocities. Forming preheated sheet plates,
to approximately700 °C, yielded a slightly decrease in forming
force compared to isothermal forming at 400 °C. The repro-
ducibility of the forming tests was confirmed by three repeated
tests to within 3.7%.

The use of boron nitride as a lubricant in the forming pro-
cess was found to be of great importance. When forming in room
temperature without lubricants, the friction coefficient increases
causing fracture to occur earlier and more abrupt compared to
forming with lubricants, see Fig. 5(a). When sheet specimens
were pre-heated to 750 °C and room tempered forming tool
was used, the forming was successful. However, the evenness
and smoothness of the tool surfaces became even more impor-
tant since existing roughness caused the sheet plate to be more
adhesive on one side compared to the other. This caused the
sheet plate to slide or stick during the forming process, result-
ing in a considerable out-of-line placement during forming. No
significant material sticking was however observed.

Some material thinning occurred due to material stretching
in the forming sequence as can be seen in Table 3. The high-
est degree of material thinning was observed in the area just
below thermocouple no. 2, i.e. between thermocouple no. 2 and
3, for tests with specimens pre-heated to approximately 700 °C
and formed with room tempered tools. The higher values than
the initial sheet thickness at thermo couple no. 2 is due to a
slight bend of the sheet plate which makes accurate measure-
ments with the micrometer precision instrument difficult. The
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Table 2

Current temperatures (°C) for hot sheet metal forming tests (temperature sheet/tool velocity (mm/s)/temperature forming tool)

Test Thermocouple no.

Heating temperature Starting temperature Final temperature (including 5 s hold time)

1 2 3 1 2 3 1 2 3
400/5 447 441 436 312 314 340 70 85 69
400/10 388 401 409 335 332 338 141 154 148
700/5 697 692 665 553 560 - 128 128 -
700/10 767 758 705 604 605 587 125 172 110
700/10-ht2 736 729 709 453 497 560 40 41 41
400/5/400 456 458 447 415 425 382 378 396 385
400/5-L/400 466 469 443 422 432 412 378 401 399
400/10/400 465 457 454 412 420 389 379 401 394
700/5/400 720 714 688 594 608 604 396 421 451

Holding time in forming tool is marked by ht followed by the no. of minutes.

Table 3

Sheet thickness (mean value from five measurements, mm) and spring-back measurements (mean value from six measurements, mm) for forming tests (temperature

(°C)/tool velocity (mm/s)/tool temperature (°C))

Test Sheet thickness, thermocouple no. Spring-back distance
2 Below 2 3 y X1 X2

400/5 1.95 1.93 1.95 0.61 —0.30 —0.44
400/10 1.96 1.93 1.94 0.47 —0.06 0.18
700/5 1.96 1.91 1.93 0.60 —0.09 —1.40
700/10 1.97 1.92 1.94 0.68 —0.84 —1.24
700/10-ht2 1.98 1.95 1.95 0.71 —0.49 -0.79
400/5/400 1.96 1.94 1.95 0.37 0.24 0.42
400/5-L/400 1.98 1.95 1.95 0.28 0.04 0.18
400/5-ht5/400 1.97 1.94 1.94 0.20 0.15 0.25
400/5-ht15/40 1.97 1.94 1.95 0.25 —0.04 0.00
400/10/400 1.97 1.95 1.96 0.34 0.27 0.45
700/5/400 1.97 1.94 1.96 0.47 —0.66 -1.19
700/5-ht5/400 1.99 1.95 1.95 0.48 —0.64 —1.08

Holding time in forming tool is marked by ht followed by no. of minutes.

spring-back characteristics of Ti-6242 can be divided into two
typical behaviours, schematically illustrated in Fig. 7. Form-
ing with the higher start temperature yields over all a higher
degree of spring-back compared to forming conducted at the
lower start temperature at the measured sections, see Table 3.
The spring-back behaviour in Fig. 7(B), is present in all tests
with a start temperature of the sheet greater than the tool tem-
perature. This behaviour can be traced to the thermo-mechanical

Fig. 7. Schematic illustration of final geometry of formed sheet plates: (A)
isothermal test at 400 °C and (B) tests with starting temperature higher than the
tool temperature.

process, i.e. due to the varying temperature history and cor-
responding mechanical properties through the thickness in the
sheet plate, e.g. the more rapid cooling on the surface area in
contact with the tool, in the lower radius of the punch. Similar
behaviour has been observed in press hardening of boron steel
[27]. The isothermal forming at 400 °C is similar to forming
materials at room temperature, where this thermo-mechanical
effect is absent, see Fig. 7(A). The degree of spring-back can be
reduced by the application of a holding time in the forming tool
at the end of the forming sequence. The optimum final geometry
was obtained by hot isothermal forming at 400 °C followed by
a holding time of 15 min.

Inhomogeneous temperature distribution existed in preheated
sheets when formed by room tempered or heated forming tools,
except in the isothermal test at 400 °C where the temperature dif-
ferences were approximately zero. The temperature field varies
throughout the sheet and its magnitude therefore depends on
location, forming velocity, forming temperature and time. For
example in test (700 °C/5/400 °C), the magnitude of the temper-
ature changes vary from only 5 K/s up to 82 K/s (for short time
intervals). The rate of temperature change can be even greater
in tests with preheated sheets and room tempered forming tools
(cooling rates locally up to 200 K/s). This implies that formed
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sheet plates have different thermo-mechanical loading histories
compared to the compression tests. However, further investiga-
tions into this phenomenon was not carried out in the present
work.

3.3. Microstructural observations

As-received microstructures of the two sheet metals are pre-
sented in Fig. 8(a) and (b). The rolling direction is vertical in
Fig. 8(a) and horizontal in Fig. 8(b). The microstructure contains
alpha grains with some transformed beta in between, typically
referred to as the o+ 3 microstructure, see for example [22].
The microstructures were oriented containing regions of grains
which are highly deformed. The microstructures of the two sheet
metals differ with respect to grain size. The sheet metal used in
the forming tests possesses a finer structure.

During compression, performed in the temperature range
400-600 °C specimen failure occurred and the fracture pieces
of broken samples were sheared diagonal to the loading direc-
tion. In the study by Wagoner et al. [15] on compression tests at
lower temperatures in Ti—-6Al-4V, it was concluded that voids
occur in the shear bands which form during the compression. The
amount of voids increases with deformation. The voids form in

Fig. 8. As-received microstructure of (a) sheet metal for CT, rolling direction are
vertical in the figure and (b) sheet metal for FT, rolling direction are horizontal
in the figure.

Fig. 9. Microstructure of isothermal compression test at 500 °C, with a strain
rate of 0.05s~!. Picture taken from the border of the sample.

the corners of sectioned specimens and grow into the centre of
the specimen, the voids link up to form cracks. These cracks
were responsible for the fracture and it was additionally stated
that significant crack growth occurred only just before failure
occurred. In Fig. 9 shear bands of isothermal compression at
500 °C is presented. Cracks have formed within a shear band in
the test conducted at 600 °C.

In parallel work it has been found that, for Ti-6A1-4'V, heating
rates of less then ~50 K/s results in close to equilibrium alpha-to-
beta transformation up to the beta transus temperature [30]. This
means that the applied heating rates in the current work, 10C°/s,
should lead to close to equilibrium fraction alpha-to-beta phase
for all specimens. The samples tested at temperatures of 600 °C
and lower will not have any significant phase transformation at
all.

Fig. 10 presents the microstructure of the compression test
isothermally deformed at 700 °C, transverse rolling direction, at
a strain rate of 0.05 s~ and to a true strain of 0.5. The small sub

L ———
1868 pm

Fig. 10. Microstructure of isothermal compression test at 700 °C with a strain
rate of 0.055", to a true strain of 0.5. Shear bands are present in the specimen.
Compression direction is horizontal and the rolling direction is vertical in the
figures.
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Fig. 11. Microstructure at the free edge of cross-sectioned specimen. Isothermal
compression test at 800 °C, prior heat-treated, at a strain rate of 0.05 s1.

figure in Fig. 10 is from within the marked area. The structure
becomes more and more deformed going from the anvil con-
tact region into the centre of the specimen. A dead zone exists
in the contact region with the anvil in which the structure is
visually undeformed. Deformation bands were observed in the
structure. The material, when compressed at the higher temper-
atures 700-900 °C, seems to flow towards the free bulge surface
which is observed trough the wave-like deformation bands c.f.
Fig. 10. No indication of alpha case was observed, in non-heat-
treated specimens. As can be seen in Fig. 11 the microstructure
of the heat-treated isothermal compression test at 800 °C was
considerably affected. The alpha grains or platelets in the struc-
ture have increasingly been broken up and the primary alpha
grains increasingly scattered when going from the less deformed
contact surface region into the more deformed centre of the
specimen. According to Semiatin et al. [3] this breakdown of
the microstructure can cause flow softening. Indication of alpha
case formation at the free surface of heat-treated specimens,
see Fig. 11, indicates that the procedure in which argon gas
was supplied to the testing chamber is not sufficient. Leakage
occurred in which the specimens were subjected to the laboratory
atmosphere. Sheared grains/deformation bands were observed
in the structure. In and close to contact regions the microstruc-
ture is visually unchanged. The formation of fine alpha platelets,
due to the cooling rate, observed in heat-treated compression
tests, have a smaller size than in the starting material which
probably causes the overall hardening behaviour as previously
discussed, in these tests compared to non-heat-treated tests, see
Fig. 8(a) and 11. The microstructure of non-heat-treated tests
is not visually affected. The pictures are taken from the cen-
tre of the sample. The target temperature of the heat treatment
was 950 °C. From the metallographic studies of the specimen
heat treated for 20 min at 950 °C and compressed at 900 °C it is
obvious that the temperature has been at or just above the beta
transus temperature, see Fig. 12. The microstructure in the area
in contact with the platens consists of fully transformed beta. In
the middle of the sample primary alpha grains still exists indi-
cating that the temperature has not exceeded the beta transus

Fig. 12. Microstructure of heat-treated test compressed at 900 °C. The strain
rate is 0.05s7!.

temperature, at least not long enough for complete transforma-
tion from alpha phase to beta phase. Examination of heat-treated
test compressed at 800 °C does not show this fully transformed
beta close to the contact region.

The microstructure of formed sheet plates was in general not
considerably affected, i.e. no significant phase transformation
occurred in the sheet metal forming tests conducted at tempera-
tures up to 700 °C, and thereby no significant microstructural
changes exist. However, streaks with grains subjected to a
higher degree of deformation were observed. Complete trans-
formed beta microstructure was obtained in the sheet preheated
to 1050 °C, see Fig. 13 taken from the outer surface of the sheet
at section ‘d’ in Fig. 2. High and varying temperature changes
occurred in the sheet upon cooling by contact with the room tem-
pered forming tool and due to air-cooling. This implies that the
sheet was subjected to large temperature variations during the
forming process. The microstructure was changed and a trans-
formed beta with a basket weave a-structure was obtained which
in combination with the formed alpha case imply less ductility of

i
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Micro.cracks -

Fig. 13. Forming performed with pre-heated sheet specimen to 1050 °C with
room tempered forming tools at section ‘d’.



E.-L. Odenberger et al. / Materials Science and Engineering A 489 (2008) 158—168 167

the alloy. Itis obvious that alpha case has formed in which micro-
cracks form upon loading, especially in bending, which grow
with increasing load. The temperature at the fractured section of
the sheet may also have been lower compared to other critical
sections, implying even less ductility of the material. This, in
combination, caused failure to occur during the forming despite
the fact that the overall temperature during forming was equal or
even higher compared to forming sheet specimens preheated to
approximately 700 °C, where the forming was successful. The
most frequent and largest micro-cracks could be found at the
outer edge in section ‘b’, close to where fracture occurred and at
the outer edge at section ‘d’. Indications of micro-cracks were
also found in section ‘c’, but no micro-cracks are visible at sec-
tion ‘e’. The sections labelled ‘a—e’ are described in Section 2.4.

4. Discussion and conclusions

In the present work, the thermo-mechanical response of
Ti-6242 was studied in a set of tests with a broad range of tem-
peratures and at different strain rates. By elevated temperature
compression tests and sheet metal forming experiments cold
and hot sheet metal forming processes for the alloy were evalu-
ated. In future work the experimental data will be used to obtain
material model parameters such as those of constitutive equa-
tions. Furthermore, results from the hot sheet metal forming tests
will be used for correlation of numerical (FE) models in which
estimated material model parameters are used for the prediction
of sheet metal forming of Ti-6242. Major conclusions from the
present work are as follows:

1. Experimental results show that initial material hardening is
followed by specimen failure when the alloy was compressed
at the lower temperature interval of 400-600 °C and by flow
softening when it was compressed at the higher temperature
interval 700-900 °C. The fracture pieces of broken samples
were sheared diagonal to the loading direction. The mate-
rial has anisotropic plastic properties. Higher resistance to
deformation, with falling magnitude for compression in a
45° mode, in the thickness direction, along and transverse
to the rolling direction were observed. Flow curves can be
estimated using both a lengthwise strain gauge and a dia-
metrical strain gauge attached to the mid height surface of
the specimen. However, the presented flow curves are eval-
vated using the lengthwise strain gauge which means that
mean temperature/strain/stress values are presented. In com-
pression of isotropic materials evaluation of the diametric
measurement would imply more accurate values avoiding the
temperature and friction effect [31]. However, in compres-
sion of anisotropic materials, such as this, the cross sections
of the specimens become oval [19]. Since the increase of
the diameter is measured at one location only this would
introduce an error using the transversal measurement. The
study of anisotropic conditions and inhomogeneities are not
evaluated in the present work.

2. Microstructural examination reveals that shear bands were
formed at the lower temperatures in which cracks may form
which as the load increases link up to form macroscopic

cracks responsible for the failure. These results correspond to
those found by Wagoner et al. [15] and Satishetal. [17]. In the
higher temperature interval the structure becomes increas-
ingly deformed from the anvil contact region to the centre
of the specimen. A dead zone, at the contact region with the
anvil was observed. Deformation bands were observed in the
structure, where the material tends to flow towards the free
bulging surface. To obtain accurate material model param-
eters, the inverse modelling technique is suitable since the
inhomogeneous stress state can be taken into account [32].

. Compression tests, that were subjected to the prior heat treat-

ment, exhibit higher resistance to deformation as compared
to non-heat-treated isothermal tests at temperatures of 600
and 800 °C. The reverse behaviour is observed at 900 °C.

Microstructural examination of compression tests, that
have been subjected to prior heat treatment, show that the
microstructure has been affected. The formations of fine
alpha platelets observed in the compressed specimens have a
smaller size than in the starting material. This is the main rea-
son for the overall hardening at temperatures below 900 °C,
see Fig. 8(a) and 11.

Since the area close to the platens has been fully trans-
formed into beta phase during the heat treatment, in the test
compressed at 900 °C, excessive growth of the prior beta
grains has occurred. The temperature has been over the beta
transus temperature in this area of the test. It is most likely
these large prior beta grains which leads to the decrease in
strength compared to the non-heat-treated test. It is obvi-
ous that the material deforms and flows in these regions.
The material has due to this also flown out and around the
edges of the platens. See Fig. 12. This is the main reason for
why the strength is slightly lower for the 900 °C specimen as
compared with the 900 °C specimen not heat-treated.

. Sheet metal forming of Ti-6242 at room temperature (cold

forming) could not be successfully performed with the
present tool geometry. At elevated temperatures, forming was
successful. However, when a sheet specimen was subjected
to temperatures as high as 1050°C (above the B-transus
temperature) and with high cooling rates, a transformed
beta basket weave structure was produced. The structure
implies a lower ductility of the material. This, in combi-
nation with the brittle alpha case, caused failure to occur
during forming. Similar anisotropic behaviour in longitudi-
nal and transverse directions as that seen in the compression
tests were observed in the forming tests, i.e. tests with sheet
specimens extracted along the rolling direction exhibit higher
resistance to deformation. Hardening behaviour was also
observed when forming at the higher deformation rate. The
examined strain rate had however less influence than extrac-
tion direction under isothermal forming at 400 °C.

. The microstructures of formed sheet plates were not signif-

icantly affected. However, streaks with grains subjected to
a higher degree of deformation were observed. Pre-heated
sheet plates, to 1050 °C, caused failure during the forming
despite the fact that the overall temperature during forming
was equal to or even higher compared to forming sheet plates
pre-heated to about 700 °C.
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6. Forming with the higher start temperature (700 °C) yields
overall a higher degree of spring-back compared to form-
ing conducted at the lower start temperature (400 °C), in
the measured sections. This behaviour can be traced to the
thermo-mechanical process, i.e. due to the varying tem-
perature history and corresponding mechanical properties
through the thickness in the sheet plate. In isothermal form-
ing this effect is absent. The degree of spring-back could be
reduced by application of holding times at the end of the form-
ing sequence. A minimum in shape deviation was obtained
by hot isothermal forming at 400 °C followed by a holding
time of 15 min.

7. The material thinning was minute in formed sheet plates due
to the process itself in witch no binder was used to induce
plastic straining. However, the maximum value of material
thinning was observed in the test with pre-heated sheet spec-
imens to about 700 °C and formed with room temperature
tools.

8. The use of boron nitride as a lubricant in the forming process
was found to be important in preventing sheet plates from
sticking or sliding causing out of line placement.

9. It can be concluded from the experiments carried out in this
study that Ti-6242 is suitable to be formed by hot sheet metal
forming. Forming isothermally at 400 °C is to be preferred
since it yields a smaller degree of spring-back, especially
when holding times are applied. The Gleeble test method is
suitable to obtain experimental reference data for estimation
of material parameters in constitutive equations by inverse
methods. If proper material models are chosen and accurate
material model parameters are obtained, FE analyses can be
used for the prediction of hot sheet metal forming of Ti-6242.
Process parameters and tool geometry can then be studied
by means of FE analyses. The final material state can be
determined by including the models for phase transformation
and microstructure evolution.

However, it is important to ensure that the data are repro-
ducible. It was found that the procedure, in which the
protective atmosphere was generated, is not sufficient to pre-
vent alpha case formation at 950 °C with a holding time of
20 min. The AT at 950 °C also tends to vary which caused
different changes in the microstructure and mechanical prop-
erties of the alloy.
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ABSTRACT. This paper presents a systematic methodology for the design and
manufacturing of deep drawing tools generating high quality components at an extremely
short lead time. Prototype tools for five different super alloy Inconel 718 sheet metal
components were designed, manufactured and tested in 15 weeks. Two of these prototype
tools (A, B) are the topics of this paper. The methodology is based on virtual tool design in
which the tool concepts are secured and optimized with respect to sheet metal formability and
shape deviation using FE-analyses. Tool surfaces are compensated for springback, if
necessary, using the *INTERFACE COMPENSATED NEW capability in LS-DYNA v971 (B).
The compensated FE tool surfaces are used as reference to generate high quality surfaces
suitable for the milling process. Laser scanning was used to determine shape deviation. The
CAD-evaluation revealed a minor shape deviation within tolerance of component (4) and a
small over-compensation of the final geometry of component (B). The maximum shape
deviation was however in the order of the sheet thickness. The work presented in this paper
substantiate the idea that it is possible to realize development projects for new applications in
Inconel 718 accurately, which is of outmost importance when developing tools at a short lead
time. The key is consistent studies according to the systematic methodology in which FE-
analyses were used for the virtual tool design and compensation.
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1. INTRODUCTION

A successful development project in the modern industry can be characterized by “direct
hit” development work, in which the accuracy is high and the lead time is short. The ability to
realize successful projects with short lead times has become increasingly important for the
forming industry today. To increase the competitiveness of Swedish aerospace industry,
alternative manufacturing processes for static load carrying aero engine structures are desired,
see Figure 1 for an illustration. Currently, these components are mainly manufactured from
large single-part castings delivered by only a few companies. New manufacturing processes
imply in this case fabricated components, which mean that components are instead built from
simple forgings, sheet metals and small castings. The aerospace industry demands extremely
high safety and reliability. Thus, good knowledge is required regarding the effects of the
manufacturing process on the material and the influence on the resultant properties through
the complete manufacturing chain.

In the design of new products and corresponding tools, considerable costs often arise from
the traditional product development process. This is a process which often includes prototype
manufacturing and die tryout. If the product fails to fulfill the requirements, the tools have to
be re-worked or even re-designed. Today’s advanced Finite Element (FE) technology and
computer capacity makes precise analyses possible, assuming that proper material
descriptions are used. The reliability of numerical analyses depends on chosen models and
methods as well as on the accuracy and applicability of the input data. Analyses of sheet
metal forming can provide information on formability, shape deviation, resultant mechanical
properties and residual stress state. This is important input to analyses of subsequent
manufacturing processes such as welding and heat treatment. Numerical methods such as the
finite element method are often employed in simulations of manufacturing processes and
component functionality, see e.g. [1-5].

Component (A)

Figure 1. lllustration of location for static load carrying aero engine structures.

This paper presents a systematic methodology, a systematic way of working with the
design and manufacturing of deep drawing prototype tools generating high quality
components at an extremely short lead time. Two of these prototype tools (A, B) are the
topics of this paper. The presented methodology comprises material characterization, tool
design and tool material selection, analyses of sheet metal forming (FE-analyses), springback
compensation, tool manufacturing, choice of lubricant, prototype stamping, laser cutting and
laser scanning for shape deviation determination. The procedure is a completely CAE-
controlled process, in which time consuming and inexact manual die tryout can be kept at a
minimum. In this work, traditional methods to obtain necessary model input data for Inconel
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718 were used, i.e. uniaxial tensile tests and a silicon rubber bulge test together with dynamic
tests on the Young’s modulus. Forming limit tests (FLC) were performed to study strain
localization limits.

Rather than stating a “new” methodology, the presented paper contributes to the idea that it
is possible to realize development projects for new applications, in this case cold forming of
double-curved Inconel 718 components, accurately at a short lead time. In the modern
industry, e.g. the automotive industry, long experience using CAE-controlled processes exists
and numerous papers are published in the field, see e.g. [6-11] and in references therein.

2. MATERIALS

When the lead time is of significant importance, finding time efficient and functional
solutions applicable to the process of interest is critical. Concerning sheet metal forming and
prototype deep drawing tools, the design, manufacturing and the test stamping procedure are
the main time-consuming activities. In order to keep the lead time short a “direct hit”
development work is crucial to avoid extensive die tryout. Through material testing and
virtual tool design, in which CAD generated forming concepts are evaluated, secured and
optimized by means of FE analyses, the best starting position for the tool manufacturing were
obtained. Based on the chosen methods and models, the virtual components are within shape
and thickness tolerances. Forming concepts are secured and optimized with respect to sheet
metal formability, material thinning and shape deviation. The springback of each component
are reduced by performing changes in the virtual tool concepts, such as the geometry of the
punch and die, punch radii, drawbead geometry and location, draw radii, draw depth and
blank holder force. Remaining shape deviation is compensated for, if necessary, with the FE-
tool. See figure 2 for a schematic illustration of the tool setup.

Die
Punch

Drawbeads

Blank holder

Component

Figure 2. Schematic illustration of the tool setup.

The design phase can be divided into four main steps:

i.  Drafting stage - generation of preliminary forming concepts.

ii.  Evaluation stage - securing the forming concepts with respect to strain distribution
and strain localization limits.

iii.  Improvement stage - improving the forming concepts to minimize springback and
shape deviation. The target is virtual components within thickness tolerance and if
possible, also within shape tolerance.

iv.  Compensation stage - compensating for the remaining shape deviation, if necessary.
The target is virtual components within shape and thickness tolerances.
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See Figure 3 for a schematic flow chart of the complete design phase and Figure 4 for the
compensation stage.

The lead time associated with tool manufacturing is also of great importance. The choice
of tool material was therefore made with respect to delivery time, the need for subsequent
through-hardening and the machinability. Concurrently, the manufacturing phase was initiated
parallel with the design phase, e.g. were certain dimensions frozen early in the project to gain
time. During the tool manufacturing and assembly, certain check points were included. Thus,
features which were of special importance for the forming procedure were checked and
approved during the specific manufacturing process or assembly stage associated to it.

ii. Evaluation stage

i. Drafting stage

Generation of
preliminary
forming concepts

CAD modeling of
tool geometries

Modification of
tool concept

!

f

Simulation of
deep drawing

Evaluation of the
forming process

iii. Improvement stage l

Simulation of
trimming and
spring back

Modification of tool
concepts to reduce
spring back

|

Evaluation of
shape deviation

iv. Compensation stage l

Shape deviation
within tolerances?

Shape OK!

—[1—

Spring back
compensation

Shape OK!

Figure 3. Schematic flow chart of the design phase.

2.1. Material description of sheet material

A material of interest addressing aero engine structures at high operating temperatures is
super alloy Inconel 718. The alloy is an austenitic stainless steel, with an FCC crystal
structure [12], which is regarded as advanced high strength steel. The ductile alloy has
generally, in sheet metal form, anisotropic properties in combination with high yield strength
implying springback characteristics similar to those of high strength steels. Springback is well
known to be an issue concerning sheet metal forming in high strength steels. Typical chemical
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composition of the alloy together with typical mechanical properties can be found in Table 1
and 2, AMS 5596K [13]. Two different sheet thicknesses were used, a thinner sheet (62.9 %
of the thickness for (A)) was used for (B) compared to (A).

Table 1. Typical chemical compositions of the sheet and the tool material (wt-%). For TOOLOX 44
the phosphorus, sulphur and boron are given in ppm.

Material Chemical composition
Inconel 718 C Mg Si P S Cr Ni Mo Nb
0.08 035 035 0.015 0.015 21.00 55.0 3.30 5.50
Ti Al Co Ta B Cu Fe
1.15  0.80 1.00  0.05 0.006 030 reminder
TOOLOX 44 C Si Mn P S Cr Mo \% B
0.32 1.1 0.8 90 15 1.35 0.8 0.14 20

Methods for the material characterization are described in section 3.
2.2. Material description of tool material

The tool material used for the prototype tools was TOOLOX 44. The material is trough-
hardened in its delivery condition with hardness of 450 HBW, in combination with ESR-
properties [14]. The milling process of the material could be performed fairly time effective
with standard milling equipment. Furthermore, the delivery time was short. Typical chemical
composition and mechanical properties of TOOLOX 44 can be found in Table 1 and 2.

Table 2. Typical mechanical properties of the sheet and the tool material.

Material Mechanical properties

p [kg/m3] E [GPa] v  Hardness  Rpy, [MPa] R, [MPa]
Inconel 718 8200 200 0.29 102 HRB 552 965
TOOLOX 44 8000 210 0.3 450 HBW 1300 1450

2.3. Numerical procedure

The tool design, e.g. punch and die geometry, punch radii, binder geometry, drawbead
geometry and location, draw radii, and draw depth were designed and optimized to secure the
forming process and reduce springback. To obtain components within the specified shape
tolerance, springback compensations were performed for one of the components (B). Based
on chosen models this procedure implies the best possible starting point for the manufacturing
of the tools.

The forming processes in this work are a combination of deep drawing and stretch
forming, i.e. moderate draw-in occur during the forming process. The tool concepts were
modeled and analysed using LS-DYNA v971 [15, 16]. The general simulation setup consists
of a die with physical drawbeads, blank, binder and a punch. Fully integrated shell elements
with 7 integration points through the thickness were used. An h-adaptive method of mesh
refinement was used to locally increase the mesh density where needed. The tool surfaces
were modeled as rigid with a prescribed velocity profile and the contact between the tools and
the specimen was included and modeled as a contact interface with a friction model assumed
to follow Coulomb’s friction law. The friction coefficient was set to 0.125. For the springback
analyses, the implicit solver in LS-DYNA was used. Also, the constrained nodes were altered
to insure that the obtained shape deviation was not affected by the choice of nodal constraints.
See Figure 5 and 6 for definition of shape deviation and the constrained node set (translation).
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Simulation with
original tool geometry Compensated ool

* shape
Desired part
— | crave V
l Compensation I | Deepdrawing simulation |
Shape after
Springback | ——» springback *
Compensated shape JV
deviates from desired «4— | Springback

part shape l

Shape OK!

Figure 4. Schematic flow chart of the compensation stage, the springback compensation.

The BARLAT YLD2000 material model [17] was used with eight parameters to describe
the yield surface. The yield stress, the hardening and the Lankford parameters were
determined in the material characterization by uniaxial tensile tests and a silicon rubber bulge
test for the balanced biaxial stress state. The m-parameter was set to a value of 8, which is a
typical value for materials with an FCC crystal structure [17].

Negative Desired part
deviation shape

Positive Obtained part
deviation shape
3 ¥

Figure 5. Schematic illustration of the definition of shape deviation.

The tool surfaces were compensated for springback, if necessary, using the
*INTERFACE_COMPENSATED NEW capability in LS-DYNA v971 (B). The springback
compensation method involves calculation of the deviation from desired part shape and
compensating the tool surfaces by a scale factor of the deviation. A scale factor of 1.0
corresponds to a compensation of 100% of the shape deviation. The problem is non-linear.
Thus several iterations might be required to obtain a component within shape tolerance. In
this case a scale factor of 1.0 was applied for (B) which yielded an FE-component within the
specified shape tolerance. The compensated FE tool surfaces were used as input to generate
high quality surfaces suitable for the milling process using Tebis Optimizer [18].
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# Original constraints
* Modified constraints

Zy
Cx
Figure 6. Schematic illustration of alteration of the nodal constraints for springback analyses.

3. EXPERIMENTAL PROCEDURE
3.1. Material characterization

To determine the Young’s modulus, dynamic tests were performed using the non
destructive impulse excitation technique which is based on the analysis of the vibration of a
test sample after excitation by a physical impulse. Using the Resultant Frequency and
Damping Analyzer (RFDA) system 23, version 6.3.0, developed and manufactured by IMCE
[19], the Young’s modulus is determined through the known relationship between the elastic
properties of a test specimen and its mechanical resonance frequency. A more detailed
description of the procedure can be found in e.g. [19, 20]. Specimens were extracted
transverse, along and diagonal to the rolling direction.

Uniaxial tensile tests in three directions to the rolling direction (transverse, along and
diagonal) were performed to determine initial yield stress, material hardening and Lankford
parameters. A silicon rubber bulge test using ARAMIS optical strain measuring system [21]
was performed to determine material hardening and anisotropy in a balanced biaxial stress
state. Also, forming limit tests (FLC) using ARAMIS were included in the material test
procedure to study strain localization limits.

3.2. Test stamping

Test stamping of the prototype tools producing prototype components were performed in
order to evaluate shape deviation and compare with predicted values. The area of impact
between the punch and the blank was also studied. Two different presses were used for the
test stamping due to requirements in blank holder force. For tool (A) a Wemhoner hydraulic
press, with a stamping/blank holder force capability of 13000/2000 kN, was used and for tool
(B) a Fjellman hydraulic press, with a stamping/blank holder force capability of 7500/3200
kN, was used. Special care was made to, as far as possible, maintain the same conditions in
the test stamping procedure as in the simulations. For example, the blank holder force was
measured to a maximum of approximately 1850 kN for (A) and to 3.6% higher for (B) of the
force used in the simulation. The draw in was measured during the forming and used as an
early indicator to observe deviations between obtained and predicted values. Blank materials
were coated with a Houghton 500 dry lubricant to reduce friction and prevent wear and
scratches to occur, especially in drawbeads.

3.3. Evaluation of shape deviation

After forming, addendum material was removed by laser cutting, reference points enabled
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laser cutting at correct locations. The reference points were produced at the end of the
forming stage. To evaluate shape deviation and material thinning, 3D laser scanning of both
sides of the components were made. Best fit evaluations were used as a method to determine
the shape deviation from the nominal part geometry. The same definition of shape deviation
as in the analyses was used, see Figure 5.

4. RESULTS

Measurements revealed an isotropic Young’s modulus. The hardening was substantial in
Inconel 718. The tensile tests and the bulge test revealed a fairly isotropic behavior in stresses.
Figure 7 presents normalized hardening curves for one of the sheet thicknesses in the different
directions to the rolling direction, along (L), transverse (T) and diagonal (D).

. — 0o
] —90(T)
l —45(D)

True stress

True plastic strain
Figure 7. Normalized hardening curves.

The uniaxial tensile tests and the balanced biaxial test revealed anisotropic strain
properties. The Lankford parameters varied within 69% between the different directions to the
rolling direction including the balanced biaxial state. In Figure 8, the shape of the FLC for one
of the sheet thicknesses is presented. Five normalized values are presented.

epsl

eps2

Figure 8. Shape of the normalized forming limit curve.
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The draw-in was measured with a Vernier caliper during the test stamping to verify the FE-
predictions. The measurements revealed values within 12.4-13.2% in one direction and 9.0-
20.8% in the other for (A) and 3,3% in one direction and 6,6-18,5% in the other for (B)
compared to the calculated ones. See Table 3 for predicted and measured values. It can be
concluded that the draw-in was smaller than predicted.

The difference in draw-in can mainly be explained by the friction condition and small
differences in draw depth and blank holder force between the FE-models and the
manufactured tool setups. The sheet thickness for (A) was 2% larger than then the thickness
used in the simulations, which is expected to yield an increased force in the drawbeads that
may contribute to a smaller draw-in.

Table 3. Predicted and measured values of the draw-in during forming (mm).

Component Predicted draw-in Measured draw-in
Draw-in direction X X, Y, Y, X, X, Y, Y,
A 12.1 10.5 11.1 10.1 10.5 9.2 10.1 8.0
B 12.4 12.2 176 185 10.1 11.4 18.2 -

Results from the laser scanning and best fit evaluation revealed a minor shape deviation,
within tolerance, of component (A). After compensating tool surfaces (B) using the
*INTERFACE_COMPENSATED NEW capability in LS-DYNA v971, measurements
revealed a small over-compensation of the tool geometry for component (B). See Figure 9 and
11 for sections of the components. The values in the figures are normalized with respect to the
sheet thickness in which a value of 1.0 would imply a shape deviation equal to the sheet
thickness. The maximum shape deviation was however in the order of the sheet thickness for
component (B) and within tolerance for component (A). The material thinning of prototype
component (A) is presented in Figure 10, indicating a measured maximum material thinning
of 11.9%. The corresponding predicted maximum material thinning was 10.9%. A value of
1.0 corresponds to 100% of the original sheet thickness.

. 0.124

— 0.062

I 0.000

- -0.062

'-0.124

(a) b)
Figure 9. Shape deviation for section of (4) generated by (a) FE-analysis and (b) laser scanning.
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(a) b)
Figure 10. Material thinning for section of (4) generated by (a) FE-analysis and (b) laser scanning

+0.437
- ' 0.590

0.197
] 0.394
ﬁi 0.118 —— 0479
1 t - 0.197
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0.000
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/ -0.118 -0.327 0.394
-0.197 AT
(2) b)

Figure 11. Shape deviation generated by (a) FE-analysis and (b) laser scanning for section of (B).

S. DISCUSSION AND CONCLUSIONS

The work presented in this paper substantiates the idea that it is possible to realize
development projects for new applications in Inconel 718 accurately and with minor (B) or no
(A) need for modifications of the designed tools. No further need for modifications of the
tools for the other three double-curved components not presented here were required. Tool
(B) yielded a slightly overcompensated component. The differences in predicted and
measured draw-in affect the springback. The shape deviation ought to be improved by
obtaining a slightly smaller draw-in according to the measured values and reducing the tool
compensation for the springback. A proper choice of compensation magnitude is not straight
forward to determine in advance, since it depends on the geometry, the material and the
forming process, see e.g. [8, 9]. For one case a compensation which exceeds 110% can be
optimal but for other materials much less compensation is applicable, see e.g. [10, 16].
Therefore, test stamping and accurate shape deviation determination is necessary to correlate
springback predictions and adjust the tool compensation. The chosen compensation of 100%
for (B) was in this case too high. The commercial FE-code, LS-DYNA, in combination with

10
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software to generate high quality surfaces, Tebis Optimizer, were used for the tool
compensation in the industrial applications. Despite the simplicity of the method it works
remarkably well. The tool was compensated in only one iteration which yielded a virtual
component within shape tolerance, see Figure 11 (a). For a more thorough discussion of the
possibilities and limitations concerning methods of springback prediction and compensation,
see e.g. [6-11] and references therein.

Minimizing the die tryout is of outmost importance when developing tools for short lead
times. The key is consistent studies according to the presented systematic methodology in
which FE-analyses are used for the tool design and compensation. To obtain equal conditions
in the stamping procedure as in the simulation, equal tool geometry and process parameters,
correct boundary conditions and proper material descriptions have to be applied. In the design
of deep drawing tools for new materials and/or new processes, the FE-technique is a helpful
tool in avoiding undesirable effects and improving the tool design which increases the chance
of a successful initial tool design.
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Abstract

In the aero engine industry new manufacturing processes for load carrying aero engine
structures imply fabrication. The concept of fabrication involves simple forgings,
sheet metals and small ingots of e.g. titanium alloys which are welded together and
heat treated. In the concept phase of the product development process, accurate
evaluations of candidate manufacturing processes with short lead times are crucial. In
the design of sheet metal forming processes, the manual die try out of deep drawing
tools are traditionally a time consuming, expensive and inexact process. The present
work investigates the possibility to design hot forming tools, with acceptable accuracy
at short lead times and with minimal need for costly die try out, using finite element
(FE) analyses of hot sheet metal forming of the titanium alloy Ti-6Al-4V. A rather
straight forward and inexpensive approach of material modelling and methods for
material characterisation are chosen, suitable for evaluations in the concept phase and
validated by comparison with data from separate forming experiments performed at
moderately elevated temperatures. The computed global force response is shown to be
in acceptable agreement with the experiments and the shape deviation is predicted
within the sheet thickness. Solutions for the hot forming tool concept regarding
heating and regulation, insulation, blank holding and tool material selection are
evaluated within the present study.

1. Introduction

Titanium alloys are often used in aero space applications due to their high strength to weight ratio. For
static load carrying aero engine structures titanium alloys are used with running temperatures up to
about 350°C. A common alloy for this type of applications is Ti-6Al-4V. Traditionally, these
structures mainly consist of large-scaled single castings. Alternative manufacturing processes for static
load carrying aero engine structures are developed in order to take advantage of the possibility to
reduce weight, and thereby fuel consumption and also product cost. The alternative fabrication process
involves simple forgings, sheet metals and small ingots which are welded together and heat treated.
Complete titanium structures are often located in the forward part of the aero engine, see figure 1. The



subcomponent consists of sheet metal components (i), ingots (ii) and parts manufactured by metal
deposition (iii) which are welded together.

In the chain of manufacturing, the resultant geometry, material thinning and mechanical properties
of the parts obtained by sheet metal forming influence the final shape deviation of subcomponents and
complete structures upon welding and heat treatment. If results obtained from finite element (FE)
analyses of sheet metal forming can be included in analyses of subsequent welding and heat treatment,
in an early stage of the product development process, an increased understanding of the incremental
shape deviation and suitable methods for compensation can be obtained.

Load carrying
titanium structures

Prototype geometry (i)

Figure 1. Schematic illustration of an aero engine, in which titanium structures often are
located in the forward part and a Ti-6Al-4V sub-component with locations of sheet metal
components (i).

Sheet metal forming of Ti-6Al-4V is often performed under high temperatures at low strain rates,
typically at about 875°C with rates in the order of 107 t010™ s, referred to as super plastic forming
(SPF) [1-5]. In the SPF process, the super plastic properties of the alloy are utilized which imply large
formability with minimal springback. SPF is however an advanced process often used for forming of
complex geometries. Cold forming or forming at lower elevated temperatures can be applicable for
simple geometries, but is limited due to the low formability together with the significant and scattering
spring back characteristics of titanium alloys [1, 6-9]. Sheet metal parts in static load carrying aero
engine structures have aero-dynamically shaped geometries, which are smoothly single or double-
curved. Compensation of significant springback is therefore often not applicable, the forming process
benefit from tool designs which minimize the shape deviation. Compensation for the minor remaining
springback can be performed by modifying the tool geometries by means of FE analyses, as performed
ine.g. [10-12].

The mechanical properties of titanium alloys are mainly determined by the thermo-mechanical
loading history, initial micro structure, alloy concentration and existing impurities [1, 2]. In the lower
temperature range, Ti-6Al-4V has a hexagonal close packed crystal structure with anisotropic
properties and asymmetry in tension and compression. Yield criteria and applications for FE analyses
of sheet metal forming in titanium have been proposed by e.g. Cazacu et al. (2006) [13, 14].

In the concept phase of the product development process, accurate evaluations of candidate
manufacturing processes at short lead times are crucial. This paper presents an alternative approach to
SPF and traditional cold forming or bend-forming. The alternative approach is based on conventional
techniques for sheet metal forming, designed for the mechanical properties of Ti-6Al-4V at
moderately elevated temperatures. The present work investigates the possibility to design hot forming
tools with short lead times and acceptable accuracy were the manual die try out can be kept minimal,
by using modelling and FE simulation of sheet metal forming in the titanium alloy Ti-6Al1-4V. A
rather straight forward and inexpensive approach of material modelling and methods for material
characterisation is chosen suitable for evaluations in the concept phase and validated by comparison
with data from a separate forming experiment to produce the prototype component at 400°C, see
figure 1. The tool concept, material selection and temperature regulation of the hot forming
experiment are discussed regarding functionality and suitability for production like conditions.



2. Experimental procedures

This section presents the sheet material along with the experimental procedures used in the present
work. Test procedures of performed material tests in the characterisation of Ti-6Al-4Al are described,
followed by experimental setups for the initial forming tests and a hot forming test performed at
400°C. The hot forming test is used to compare experimental observations with numerical results of
punch force and shape deviation.

2.1. Material
Specimens for material testing and the forming experiments have been extracted from annealed or
duplex annealed sheet metals of Ti-6Al-4V, all documented alpha case free [1]. A test designation is
presented in table 1.

Table 1. Test designation.

Test designation Type of test Temperature range

E Test on Young’s modulus RT

TT Uniaxial tensile test Elevated temperature 400°C

TTAgt Uniaxial tensile test RT
evaluated with ARAMIS™

TTAgr Uniaxial tensile test Elevated temperatures
evaluated with ARAMIS™  400-560°C

IFT Initial forming tests Elevated temperatures

RT-1050°C
HFT Hot forming test Elevated temperature 400°C

A specification of the material used for the different tests, i.e. tests on Young’s modulus (E), the
uniaxial tensile tests performed in room temperature (RT), (TTAgt), elevated temperature tensile tests
(TT and TTAGgr) together with initial forming tests (IFT) and hot forming tests (HFT) can be found in
table 2. The chemical compositions are presented in table 3. The beta transus temperature of the alloy
is typically 995+15°C [15]. The chemical composition of the tool material, Toolox 44 (TLX), is
presented in table 3.

Table 2. Specification of Ti-6Al-4V used in the different tests. Thickness in mm.

Sheet thickness Heat treatment Supplier
TT/E 1.98 To AMS 4911, HEAT 8-12-4289-2  AirCraft Materials UK
TTARr, e15 2.00 To AMS 4911, PROD. ANN. RTI International
HFT 1450°F, 30 MIN A.C. Metals, Inc.
IFT 2.03 - -

Table 3. Chemical composition of Ti-6Al-4V and TOOLOX 44 (TLX). The phosphorus, sulphur and boron are
given in ppm, other elements in weight per cent [wt%].

Al O N Fe C \4 Y Mn S P Si B Mo Cr Ti
TT/E 6.27 .15 .008 .15 .005 3.90 <.001 - - - - - - - Bal
TTA/HFT 6.10 .15 .006 .17 .009 3.80 .005 - - - - - - - Bal
TLX - - - - 32 032 . 8 15 9 1.1 20 .8 135 -

2.2. Material characterisation

The material characterisation is performed to investigate temperature dependent plastic properties and
generate experimental data such as initial yield stress, hardening and Lankford parameters, for use in
FE analyses of cold and hot sheet metal forming in the temperature range of 20 to 560°C. Elevated
temperature compression test data [16] are used in analyses of hot forming where the temperature
exceeds 560°C. The material test procedures are described in the following subsections.



2.2.1. Tensile tests. Tensile tests at room temperature, denoted TTAgrt, are performed in three different
directions referenced to the rolling direction, along (L), transverse (T) and diagonal (D). The tests are
performed according to SS-EN 10 002-1 using an MTS tensile test equipment with load capacity 100
kN, at a strain rate of 0.003 s™ up to 0.2% engineering strain followed by a strain rate of 0.009 s, The
tests are performed until rupture. During the test procedure the force, the axial and width
displacements (using video extensometers) are measured and logged. The tests are also continuously
evaluated using ARAMIS™ optical strain measuring system. The evaluation is performed locally
within the localised zone to obtain true stress - true strain curves at strain values even after the
occurrence of necking. A more detailed description of the procedure can be found in e.g. [17].

2.2.2. Elevated temperature tensile tests. Tensile tests at elevated temperatures have been performed
using two different setups and evaluation methods, denoted TT and TTAgr. Specimens are extracted
from different material batches of Ti-6Al-4V according to table 2 and 3. The specimen for the test, TT,
is extracted transverse the rolling direction (T) and in two more directions (L) and (D) for the TTAgr
tests. The tensile test, denoted TT, is performed at 400°C according to SIS10002-5 using an MTS
tensile test equipment with a load capacity of 100 kN, at a strain rate of 0.05 s™" (class 1 accuracy).
Heating of the specimen to 400°C is accomplished using inductive heating, 400 kHz inductance coil,
applying a holding time of 40 seconds [18]. The test is performed until rupture. During the test, the
force, lengthwise displacement (strain extensiometer class 1) and temperature were measured and
logged. The temperature was measured using a feedback control system with a thermocouple, type S
and axial accuracy of £5°C.

The conductive hot tensile tests, TTAgr, have been carried out at the Chair of Manufacturing
Technologies (LFT) of the University of Erlangen-Nuremberg by using a modified Gleeble 1500
system (Dynamic Systems Inc., USA). For a more detailed description of the experimental setup the
reader is referred to [19, 20]. The tests are performed at 250, 400 and 560°C at a strain rate of 0.05 s
following the guideline of the DIN EN 10 002 Part 5. Within the tensile tests the samples have been
imposed to the following test program: heating up to the target temperature within 30 seconds,
maintaining the samples at the test temperature for additional 10 seconds before subsequently the
tensile tests have been carried out. The specimen’s geometry is chosen according to the recom-
mendation of EN482-2. To evaluate the direction dependency of the plastic properties, samples with
an orientation in, diagonal and transverse to the rolling direction are tested. The deformations of the
specimens were observed and computed using the optical measuring system ARAMIS™ by applying a
50 Hz CCD-camera recording images of the progressive elongated samples. Therefore an appropriate
stochastic pattern was applied on the samples surface, which is capable to resist high temperatures up
to 950°C. The temperature was measured and controlled using Ni/Cr-Ni thermocouples (type K) spot
welded onto the sample at half of the length.

For the determination of Lankford parameters as a function of equivalent strain during the hot
tensile tests, the analysis of the required strain was followed by [21, 22]. Hereby the optical
deformation system calculates the 2-dimensional strain distribution for each facet and node of the
rectangular grid drawn by the ARAMIS™ software on top of the taken pictures, respectively.
Regarding the final evaluation of the Lankford parameters as function of elongation, only the
computed anisotropy values for the column of nodes in the centre of necking area, where the highest
strains are localized are taken into account, obtained by averaging the values along this column to
reduce the impact of local effects. For an efficient handling of the data a visual basic macro-function
was programmed. Following DIN 10130 valid for room temperature characterisation, the Lankford
parameters are determined at 20 % homogeneous plastic deformation or at the point of uniform
elongation.

2.2.3. Tests on Young’s modulus. Tests on Young’s modulus (E) in room temperature are performed in
order to receive elastic data and to study the dependence of rolling direction. Specimens are extracted
along (L), transverse (T) and diagonal (D) to the rolling direction. The impulse excitation technique is
used, which is based on the analysis of the vibration of a test sample after excited by a physical
impulse. Using the Resultant Frequency and Damping Analyzer (RFDA) system 23, version 6.3.0,
developed and manufactured by IMCE [23], the Young’s modulus is determined through the known
relationship between the elastic properties of a test specimen and its mechanical resonance frequency.



A more detailed description of the procedure can be found in e.g. [23, 24]. The main principle of the
measurements with the RFDA system is to introduce a small mechanical impulse to the test specimen,
the energy of the impulse is dissipated by the material into a vibration. The frequency of this vibration
has a spectrum according to its resonant frequencies which depends on the elastic properties of the
material, the density and the geometry of the specimen. The vibration is detected by a transducer
producing an electrical signal analysed by the signal processor. Each frequency will damp according
to the energy absorption of the material. Specimen dimensions are 70x20x1.98 mm, extracted from the
same sheet material as for one of the tensile tests (TT).

2.3. Forming experiments

Initial forming tests (IFT) at different temperatures are performed with an existing forming tool not
originally developed for the purpose of forming titanium sheet metal components with aero engine
applications. The tool setup is presented in this section which is used to experimentally study forming
and spring back characteristics of the titanium alloy together with alpha case formation and
microstructural changes.

Based on the experimental observations, possible forming concepts are virtually generated (CAD).
The different forming concepts are then evaluated regarding formability and shape deviation based on
numerical FE analyses of hot sheet metal forming. The suggested hot forming concept is
manufactured, the hot forming test (HFT), which is used to produce two prototype components. The
HFT also provides with measured responses used for correlation with predicted values such as the
global forming force, draw-in, temperature and shape deviation. The subcomponent are illustrated in
figure 1 (black components) and the prototype geometries in figure 2 and 4, (i) and (ii).
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Figure 2. Illustration of the prototype geometry.

2.3.1. Initial forming tests. The initial forming tests are performed at different temperatures, ranging
from RT up to 1050°C. The setup is schematically illustrated in figure 3. The geometry is double
curved with the main shape resemble a section of a cylinder. The maximum forming depth at front and
back edges, denoted w;_, respectively in figure 3, is 90.8 mm and 82.2 mm. The blank, with length 500
mm, width 250 mm and thickness 2.03 mm, is heated in an oven to the desired test temperature
applying a holding time of 5 minutes, transferred to and located in a room tempered forming tool.
During the crash forming operation the punch travels downwards (in negative z-direction) towards the
die, without blank holding. The temperature was measured using a thermocouple type K. The punch
force, punch velocity and temperatures during forming were not measured whereas the tests provides
only with estimations on springback behaviour, alpha case formation and microstructural changes.
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Figure 3. Illustration of the forming setup for the initial hot forming tests (IFT).

2.3.2. Hot forming tests. The hot forming tests (HFT) are performed at 400 to 560°C, where the
isothermal test performed at 400°C is used to correlate experimental values with FE predictions of
punch force, draw-in and shape deviation. The tool design and manufacturing was a completely CAE-
controlled process, performed using numerical FE analyses of suggested forming concepts are
performed to secure the forming concept and minimise springback according to the short lead time
methodology described in [10]. The locations of the two prototype components on the blank with size
579x235 mm are illustrated in figure 4, which is smoothly curved.

Termocouples

Figure 4. Illustration of blank size with locations of the prototype geometries in Ti-6Al-4V.

The final tool concept is illustrated in figure 5, three quarter of the tool is presented for illustrative
purpose, which is based on hot inner tool parts assembled inside and insulated from outer inserts. The
different inner tool components i.e. the punch, the die parts (1) - (2), and the binder (blank holder) are
heated to the desired forming temperatures. The elevated temperature tool parts can individually be
regulated in the range of RT to 580°C, which is the limit operating temperature for the tool material
recommended by the supplier. The tool material used for the prototype tool is TOOLOX 44 (TLX).
The material is trough-hardened in its delivery condition with hardness of 450 HBW [25]. The milling
process of the material could be performed fairly time effective with standard milling equipment.
Typical chemical composition and mechanical properties of TLX can be found in table 3 and 4.
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Figure 5. CAD-illustration of the tool concept for the hot forming test (HFT) of Ti-6Al-4V.

The heating and maintenance of the temperature in the inner tool components is accomplished by
using electrical cartridge heaters, inserted in each component, and regulated via a feedback control
system. The control system is based on four compact controllers with program functions, JUMO
dTRON 316, one for each inner tool part and six Thyristor units for analogue control, Type TYA-
110/3 50A, purchased from JUMO Mit och reglerteknik AB. The location of the cartridge heaters,
purchased from Backer BHV, and related power output are presented in figure 5. The temperature is
continuously measured at two points in each elevated temperature tool part using mineral-insulated
thermocouples (type K) according to DIN 43 710 and EN 60 584. One is used for temperature
feedback and regulation, the other is logged during the forming process. The insulation material, rigid
laminate micanite (white components in figure 5 and dashed in figure 6, ensure a good insulation
which prevent heating of outer inserts and components which facilitate an even distributed tool
temperature. Micanite can withstand high compressive loads at high temperatures and is purchased
from Elisolation HTM AB. Boron nitride was used as lubricant locally in regions with material
transport, such as in the draw radii and over the punch.
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Figure 6. Location of cartridge heaters and total power output in the hot forming tool (HFT).

To ensure laser cutting at the correct locations of the prototype components, six reference points are
produced in the blank at the end of the forming procedure using fix centre punch geometries mounted
in the upper die (1), indicated by the six “dots” in figure 4. A fixture is used for a correct placement
during the laser cutting. Laser scanning and best fit CAD evaluation is used as a method to evaluate
the shape deviation. The definition of shape deviation is illustrated in figure 7. Two thermocouples,
type K, are used on the edge of the blank to measure the temperature during heating, transportation
and forming, see figure 4.



The hot forming procedure can shortly be described by the steps below:

i Tool heating to desired temperatures.

ii. Furnace heating of the blank to desired temperature.

iil. Rapid transportation of the blank to the forming tool at an exact location on the binder,
using an ASEA-ERB3000-S3 industrial robot. The binder (blank holder) is placed above
the punch.

iv. Hot sheet metal forming of Ti-6Al-4V. The die moves towards the blank holder at a

speed of 5 mm/s. A blank holder force of 1850 kN is applied to ensure minimal draw-in
during the stretch forming process.

v. A holding time of 15 minutes is applied for one of the tests.

vi. After forming the die moves upwards releasing the formed blank which can be removed
and air cooled to RT.

vii. Laser cutting is applied to remove redundant material.

Table 4. Typical mechanical properties in room temperature for TOOLOX 44 (TXL). Hardness in HBW.

Mechanical properties

p [kg/m’] E[GPa] v Hardness Rpo,[MPa] R, [MPa]
8000 210 0.3 450 1300 1450

2.4. Metallographic studies

The as-received microstructures of the sheet metal used in the IFT and HFT together with structures
after forming are examined using optical microscopy. For the as-received microstructures, rectangular
samples were extracted from the sheets. The specimens were polished and etched with Kroll’s reagent
(2% HF, 3% HNO; and 95% H,0). Specimens from the initial forming tests (IFT) are etched in two
steps to evaluate the layer thickness of the alpha case (first step: 1 ml HF, 2 ml HNO;, 100 ml H,O;
second step: 2 gr NH4HF,, 100 ml H,0).

3. Numerical procedure

In the present work the explicit FE program LS-DYNA v971 [26, 27] is used for solving the equations
of motion. Complex geometries in industrial applications with large deformations, nonlinear materials
and contacts can be treated effectively and quickly. In the virtual tool design, different forming
concepts, temperatures and tool features are evaluated and modified in a loop of changes using FE
analyses of the hot forming procedure. Crash forming without blank holding is compared with forming
concepts including blank holding, in which different draw bead geometries are compared with flat
binder surfaces. The influences of binder force, punch and die geometry, raw radii and draw depth are
evaluated. Available press force capability of 10 000 kN with a binder force of 1800 kN, had to be
considered.

The material model used for the analyses is a rate independent elastic-plastic model with isotropic
hardening. The nonlinear hardening is defined as tabulated values of yield stress and effective plastic
strain. The anisotropic yield criterion proposed by Barlat et al. [28] is applied. The convex isotropic
yield function by Barlat et al. is formulated according to equation 1-7.
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s; and s, are the principal values of the stress deviator. The exponent m is the same parameter as used
in the Barlat and Lian (1989) [29, 30] criterion, and is suggested to be equal to 6 for materials with a
BCC crystal structure and 8 for materials with an FCC crystal structure. If a value of 2 is applied, the
yield surface reduces to the Hill yield surface [31], i.e. to the von Mises yield surface in the isotropic
case. With an increasing value of the m-parameter, in the isotropic case, the shape of the Barlat tri-
component yield surface adopts the shape of the Tresca yield surface.

The anisotropic case is handled by augmenting the occurrence of s in @  and @’ by linear
transformations of C” and C"’, respectively. Equations 2 and 3 becomes
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and in matrix form
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assuming an orthotropic behaviour, the most general expressions for the transformation matrices C’
and C’" are
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0o o0 C, 0o o C,

containing a total of ten unknown parameters. By the condition C’1,=C";;= 0 [28], the number of
unknowns reduces to eight. The higher order yield function accounts for plastic anisotropy in stress
and strain using these eight anisotropy parameters, denoted o5, assuming symmetry in tension and
compression [28, 30]. The parameters can be determined from standard material tests such as uniaxial
tensile tests in different directions referenced to the rolling direction and an equi-biaxial test in which a
balanced biaxial stress state is obtained. Although titanium alloys such as Ti-6Al-4V has a hexagonal
close packed (hcp) crystal structure, with unsymmetrical properties in tension and compression [13,
14], the BARLAT YLD2000 yield function is applied for evaluation of its applicability in the concept
phase of the tool design. In this study, six parameters are used at room temperature, 400 and 560°C.
The m-parameter is assumed equal to 8. Further on, analyses using an isotropic assumption with data
from the tensile test transverse (T) the rolling direction at 400°C, TTAgr, Lankford coefficients equal
to 1 and the m-parameter assumed to a value of 8 are performed for comparative purpose. Fully
integrated shell elements with 9 integration points through the thickness are used. The tool surfaces
were modelled as rigid with a prescribed velocity profile and the contact between the tools and the
specimen was included and modelled as a contact interface with a friction model assumed to follow
Coulomb’s friction law. A friction coefficient of 0.115 is applied. For the springback analyses, the
implicit solver in LS-DYNA was used. Isotropic room temperature elastic properties are applied where
the effect of cooling on the shape deviation is not considered.
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Figure 7. Definition of shape deviation.

4. Results
The results obtained in the experimental and numerical procedures are presented in this section.

4.1. Material characterisation
The alloy Ti-6Al-4V has anisotropic elastic and plastic properties. The tests on Young’s modulus (E)
are presented in table 5. The results from the tensile tests performed in room temperature are presented
in figure 8, showing true stress — true longitudinal strain curves and the variation of Lankford
parameters with plastic strain.

Table 5. Elastic properties of Ti-6AL-4V at indicated temperatures. Young’s modulus in (GPa).

Test Temperature (°C)  Young’s modulus

@ @D D)
E RT 109 130 116
TT 400 - 97 -

Results from the isothermal tensile tests at 250, 400 and 560°C are presented in figure 9. For the
tensile test (TT) the flow curve is extrapolated after the occurrence of necking by a straight line to the
final point. The final point is calculated using the actual cross section area and force at failure. Figure
9 also presents the determination of Young’s modulus and initial yield stress, RPy,, at temperature
400°C, indicated by the dot in the figure. A deviation between the flow curves obtained at 400°C (T)
(TT, TTAgr) with materials from two different material batches of Ti-6Al-4V are observed. The n-
value between 2-4 % true plastic strain for the TTAgr test at 400°C (T) is determined to n,4=0.046.
This value is used as a conservative forming limit in plane strain necking [33]. The yield stresses,
RPy,, along with Lankford coefficients chosen for the material model at different temperatures are
presented in table 6. Compression tests at high temperatures, see e.g. [16, 32], indicated that peak
stresses are followed by flow softening.
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Figure 8. True stress — tensile true longitudinal strain — true stress curves at room temperature
together with Lankford coefficients.
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Figure 9. True stress — true plastic strain curves obtained by elevated temperature tension tests
(TT, TTAgr) at different temperatures and determination of Young’s modulus and RPy, from
the tensile test performed at 400°C (TT).

Table 6. Parameters used in the analyses of cold and hot sheet metal forming, rolling direction denoted
transverse (T), along (L) and diagonal (D).

Test Temperature (°C)  Yield stress (MPa) Lankford coefficients

(D) @)) D) O @O O
TTArr RT 1017.5 1020.5 9850 0.4 0.6 1.2
TTAgr 400 681.5 691.2 591.6 0.618 0.512 1.26
TTAgr 560 564.2 559.9 4689 0.676 0.63 129
TT 400 - 709.0 - - - -

4.2. Initial forming tests

The initial forming tests (IFT) established the major springback characteristics of Ti-6Al-4V. Table 7
assembles the initial forming temperatures and related shape deviation, defined as w;., in figure 3.
Forming at RT results in total springback where no plastic deformation occurs. With increasing
temperature, the springback decreases but is still present even with start temperatures of approximately
1050°C. During forming the temperature of the blank decreases, however the temperature is estimated
to about 60°C after forming at 1050°C including a holding time (HT) of 5 minutes in the tool. Heating
and forming at high temperatures imply alpha case formation, at temperatures above the beta transus
temperature, microstructural changes and alpha case formation take place [1, 9, 15, 34], see figures in
section 4.4. The rolling direction orientation (X, Y) of the blanks refers to the x and y directions in
figure 3. The initial forming tests, along with hot forming tests of Ti-6242 [9], establish the need for a
forming concept which minimise the springback by employing elevated temperature tools including
blank holding and/or hot sizing.

Table 7. Initial forming temperatures (°C) and related springback, w, (mm) in the initial forming tests (IFT).

Initial forming Springback measurements  Rolling direction
temperature W, W,

1 RT 90.8 82.2 Y

2 400 72.7 59.4 Y

3 700 35.8 322 Y

4 900 (HT) 8.3 13.0 X

5 1050 (HT) -4.4 3.9 X

4.3. Hot forming tests and correlation with numerical predictions

Based on the experimental observations, several possible forming concepts were evaluated using FE
analyses of hot sheet metal forming of Ti-6Al-4V. As discussed in section 3, tool geometries, blank
holding and draw bead geometries, blank holder force, draw depth and temperatures were modified in
a loop of changes to obtain a suitable forming process based on the chosen models.
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Considering a forming procedure similar to the crash forming in the IFT with nominal tool
geometry, but performed under isothermal conditions with heated tools. FE analyses reveals that it is
difficult to obtain plastic straining within the blank, even at 800°C, see figure 10. This implies that the
blank will springback totally upon unloading. Isotropic material parameters with true stress- true strain
data presented in [16] are applied and used in these analyses. The major driving forces for simulation
of relaxation [1, 16] are the development of plastic deformation in combination with holding times
under high temperatures. Relaxation or creep forming at elastic strain levels is considered to be a too
time consuming forming process. Large springback and thereby major shape deviation is not straight
forward to compensate for considering smooth and moderately shaped geometries.
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Figure 10. Tool concept for hot isothermal crash forming of the prototype component at
elevated temperatures and effective plastic strain at 800°C.

The most promising concept (HFT) is instead designed to produce a low plastic strain distribution in
the prototype component area without locally high strain levels in the binder area, to minimise the
springback and yet possess a good margin to strain localisation, see figure 5 and 11. Further, the
geometry of the blank is designed to promote development of plastic straining within the prototype
component area. A flat blank holder surface was used to minimize the draw-in and limit locally high
strain levels which are common with conventional draw bead geometries. Some limitations regarding
the press force capacity and temperature sustainability of the tool material, which should not exceed
580°C [25], had to be considered in the design of the hot forming process. The rolling direction of the
blank is in the y-direction in figure 11, transverse the major deformation direction.
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Figure 11. Tool concept for hot forming of the prototype component at elevated temperatures
and effective plastic strain distribution for isothermal forming at 400°C.

The measured and calculated punch force is presented in figure 12, which indicate a slight deviation at
the end of the forming process when forming at 400°C. One repetition test is also presented in the
figure, indicating reproducibility. The predicted total draw-in (x; + X») at the end of the forming
process is comparable with measured values, as can be seen in table 8, where (TTAgrs00°c) anisotropic
data are used in the analysis. The location y, corresponds to the draw-in at centre section of the blank
and y, at the edge, according to figure 11. The shape deviation (mm) correlates quite well with
measured values, see figure 13. A deviation between predicted shape deviation using isotropic or
anisotropic data exists, see figure 14. Isotropic and room temperature elastic properties (T) are used in
the springback analyses.
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Table 8. Measured and predicted draw-in (mm) for the hot forming tests (HFT) at 400°C.

Location Predicted draw-in Measured draw-in
X X2 Xiot Xiot

Y1 0.36 0.19 0.55 0.5

Yo 0.47 0.29 0.76 0.9

The predicted punch force when forming at 560°C is also presented in figure 12. The predicted
maximum total value of the draw-in is 0.1 mm, which implies a higher degree of material stretching
compared to forming at 400°C, and thereby contributes to a higher punch force. The springback
analysis indicates that the shape deviation is slightly reduced by increasing the temperature, as
expected see figure 15. Considering FE analyses of forming in room temperature with the hot forming
concept, the binder force of 1850 kN is found to be too small to prevent major draw-in. No plastic
straining develops during forming and the component springback totally upon unloading and removal
of binder material. Forming at 400°C and applying a holding time of 15 minutes reduces the shape
deviation somewhat, see figure 13 and 15.

The cycle time, including transportation, forming and unloading, is approximately 1 minute. The
regulation and insulation of the elevated temperature tool parts functioned very well. The temperatures
at the locations of the thermocouples in the punch and inner die are measured and regulated within
10°C. The temperature is even distributed in the blank contact area of the binder. After 8 hours
operating temperature at 560°C, the outer inserts located only 30 mm from the inner hot tool parts are
approximately 50°C.
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Figure 12. Measured and calculated punch force at 400°C isothermal hot forming (HFT).
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Figure 13. Measured and predicted shape deviation of the prototype component formed at
400°C, using anisotropic data.
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Figure 14. Predicted shape deviation at 400°C of the prototype component, using isotropic (T)
or anisotropic data.
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Figure 15. Predicted shape deviation when formed at 560°C using anisotropic data and
measured shape deviation of the prototype component formed isothermally at 400°C, including
a holding time of 15 minutes in the elevated temperature forming tool (reversed direction of
the definition of shape deviation).

4.4. Microstructural observations

The as-recieved microstructure of the blank material used in the initial forming tests (IFT) is typical
that of the equiaxed alpha mill annealed condition. Due the exposure of heating and forming at
elevated temperatures, alpha case formation takes place except when forming at 400°C. Forming with
initial temperatures of 700, 900 and 1050°C results in a layer of alpha case of 5, 25 and 35
micrometers, respectively. Further, the microstructure of the test with highest initial forming
temperature has changed into the azicular transformed beta condition, see figure 16.
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Figure 16. Material structures after performing initial hot forming tests (IFT) with initial
forming temperatures of 400, 700, 900 and 1050°C, respectively.

The as-received microstructure for the hot forming tests (HFT) consists of equiaxed alpha and
elongated alpha in a transformed beta matrix. The forming procedure at 400°C has not affected the
structure nor has any alpha case formation occurred, as can be seen in figure 17. The rolling direction
is horizontal in the figure.

Figure 17. As-received microstructure and structure after hot forming (HFT) at 400°C.

5. Discussion and conclusions

Considering fabrication as a manufacturing method for static load carrying aero engine structures in
which sheet metal parts, simple forgings and small ingots are welded together and heat treated, early
FE results of the forming process e.g. material thinning and shape deviation is important input to
subsequent analyses of the following manufacturing processes and product functionality. In the current
paper, the development of a hot forming procedure for the production of two prototype components
using FE analyses of sheet metal forming in Ti-6Al-4V is presented. A rather straight forward and
inexpensive approach of material modelling and methods for material characterisation are chosen,
based on an anisotropic material model suitable in the medium temperature range, for evaluations
early in the concept phase.

The material characterisation consists of tensile tests at room temperature and elevated
temperatures together with tests to determine Young’s modulus. Numerical predictions are correlated
with experimental data using a validation test, the hot forming test (HFT) performed at 400°C. The
accuracy is acceptable regarding prediction of punch force, draw-in and shape deviation. One
explanation to the slightly higher predicted forming force may originate from the strain rate sensitivity
of the alloy. The material testing at elevated temperatures is performed at a higher strain rate (0.05 s™)
than obtained in the forming procedure (0.001 s™). When considering the anisotropic properties of Ti-
6AL-4V, a more accurate prediction of the shape deviation can be obtained compared to applying an
isotropic yield function. The shape deviation is predicted within the sheet thickness, which is possible
to compensate for by modifying the punch and die geometries of the tool. Applying a holding time of
15 minutes at 400°C reduced the shape deviation slightly.
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The functionality of the tool concept is promising, in which the temperature in the elevated tool
components are even distributed and the insulation functionality is satisfying. The tool material was
found to function well for prototype studies. In production, a more temperature resistant tool material
may be preferable e.g. Inconel 600 or 718. The metallographic study shows that forming at 400°C
does not imply alpha case formation, nor microstructural changes. Heating and forming at
temperatures of 700°C and above (IFT) cause alpha case formation to occur. Heating and forming
above the beta transus temperature is not applicable due to the changed material structure and thereby
mechanical properties. With the presented hot forming concept, components with minor shape
deviation can be produced at moderate temperatures with a cycle time of approximately 1 minute
(excluding heating time of the blank to the desired forming temperature). Considering production, the
moderate forming temperatures imply long tool life and good working environment. Further, the need
for antioxidation agents, and a second acid pickling procedure to remove alpha case would not be
necessary.

Since titanium alloys have asymmetric yielding properties in tension and compression, an
interesting extension to the presented work would be to study yield functions which can account for
the asymmetry. To perform complementary experimental reference data under equibiaxial loading
together with tests to study the m-parameter and include the effect of strain rate and mixed hardening
laws would be of interest in order to improve the accuracy of predicted responses. Further, altering the
individual tool temperatures to improve shape deviation and study forming limits would be most
interesting in order to optimize the forming process with respect to shape deviation and blank size due
to the high material cost.
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Abstract

Titanium alloys, such as Ti-6Al-4V are common in aerospace applications with
moderate operating temperatures due to their high strength to weight ratio in
combination with favourable creep resistance. In the virtual design of suitable
hot forming processes for titanium sheet metal components, numerical finite
element (FE) simulations are desirable to perform in order to secure the forming
concepts with respect to strain localisation and shape deviation. The reliability
of the numerical simulations depends on the models and methods used as well as
on the accuracy and applicability of the input data. The material model and
related property data need to be consistent with the conditions of the material in
the process of interest. In the present study a set of material tests are performed
at temperatures ranging from room temperature up to 560°C. The purpose is to
characterise the material, identify model requirements and generate necessary
experimental reference data for model calibration and FE analyses of hot sheet
metal forming of Ti-6Al-4V.

1. Introduction

In the European aero engine industry, alternative manufacturing methods for load carrying
aero engine structures are considered. Traditionally, these structures consist of large scale
single castings. By fabrication, the structures are instead built form simple forgings, sheet
metal parts and small ingots which are welded together and heat treated in order to reduce
product cost and enable weight reduction and thereby fuel consumption. Titanium alloys, such
as Ti-6Al1-4V are used in aero engine structures where the running temperature is moderate,
up to 350°C. In the design phase, numerical methods such as the finite element (FE) method
are often employed for evaluation of new manufacturing methods and product functionality
[1-6]. In the product development process of complete structures, FE analyses of the welding
procedures are utilised, mainly to study shape deviation. In order to increase the accuracy in
these predictions and to develop suitable forming procedures for smoothly double curved
titanium sheet metal components, accurate analyses of candidate forming processes are
desired. The resulting geometry, sheet thickness and residual stress state which are generated



in the sheet metal forming procedure influence the shape deviation of the complete structure
in the subsequent welding and heat treatment processes.

The mechanical properties of titanium alloys are sensitive to the thermo-mechanical
loading history, initial micro structure, alloy concentration and existing impurities [7-10]. At
room temperature and in the low temperature range, Ti-6A1-4V has a hcp crystal structure (o-
phase, the B-phase has a bcc crystal structure) with anisotropic properties and yielding
asymmetry in tension and compression. A large number of studies have been performed in
order to understand and model the mechanical behaviour of the alloy under different
temperatures and strain rates, see e.g. [9-21]. The mechanical properties depend on the rolling
direction, strain rate and temperature and is affected by reversed loading, i.e. asymmetric
yielding in tension/compression and the Bauschinger effect. The formability is increased with
increasing temperature and typically decreased with an increased strain rate in the lower
temperature region. At high temperatures, the compressive flow behaviour is characterised by
a peak stress followed by softening, which originates from factors such as temperature rise
due to deformation, phase and microstructural changes along with deformation concentration
and damage within the specimens.

Numerous anisotropic yield formulations which can account for plastic anisotropy have
been formulated the past decades, see e.g. [22-26]. Recent formulations of anisotropic yield
criteria developed for metals with cubic crystal structures have been proposed by e.g. Hosford
(1979) and Barlat et al. (2003). The formulations can account for plastic anisotropy in
yielding and Lankford coefficients assuming symmetry in tension and compression with an
increased number of model parameters compared to established models such as the yield
criteria developed by Hill (1950) and Barlat’s tri-component, Barlat and Lian (1989). The
physically based macroscopic formulation by Cazacu et al. (2006) describes both the
asymmetry and anisotropy in yielding exhibited by scp materials.

In the present work, the mechanical properties of Ti-6Al-4V is studied by a set of material
tests in order to identify model requirements, generate necessary model input and to study
failure limits at temperatures ranging from room temperature up to 560°C. Two different
material batches of Ti-6Al-4V sheet metals, purchased from different suppliers are evaluated.
The obtained results are used as experimental reference data for model calibration and FE
analyses in the virtual tool design of hot sheet metal forming intended for the production of a
double curved prototype component in Ti-6Al-4V, see [27].

2. Material

Specimens for the material testing have been extracted from annealed or duplex annealed
sheet metals of Ti-6A1-4V, documented alpha case free. A specification of the materials can
be found in table 1 and 2. The beta transus temperature of the alloy is typically 995+15°C [7].

Table 1. Specification of Ti-6Al-4V used in the different tests, thickness in [mm].

Sheet thickness Heat treatment Supplier
Alloy 1 1.98 To AMS 4911, HEAT 8-12-4289-2  AirCraft Materials UK
Alloy 2 2.00 To AMS 4911, PROD. ANN. RTI International
1450°F, 30 MIN A.C. Metals, Inc.

Table 2. Chemical composition of Ti-6Al-4V, in weight per cent [wt%].

Al O N Fe C \% Y Ti
Alloy1 6.27 .15 .008 .15 .005 3.90 <.001 Bal
Alloy2 6.10 .15 .006 .17 .009 3.80 50PPM Bal




3. Experimental procedures

The material characterisation is performed in the temperature range of 20-560°C. A set of
material tests are performed in order to study the material behaviour and generate necessary
reference data for the calibration of different yield criteria, with application in FE analyses of
hot sheet metal forming. For further reading and detailed descriptions references are made to
the work performed by Odenberger and Jansson et al. in paper F of [27].

To study the elastic response of Ti-6Al-4V, tests are performed using the non destructive
impulse excitation technique, denoted Egmp, Where tmp states the test temperature. Uniaxial
tension tests at room temperature (RT), denoted Trr, and at elevated temperatures, denoted
Timp, are performed to study the anisotropic plastic response and determine initial yield stress,
hardening and Lankford parameters (R-values). Uniaxial compression tests, denoted CTipp,
are performed to establish the strength differential (SD) in initial yielding between tension and
compression. Forming limit curves, denoted FLCy,, are determined experimentally in order
to study forming limits. Further on, a viscous bulge test is performed to obtain a balanced
biaxial stress state (VBT) and determine the equibiaxial yield stress, o, and R-value, Ry. A
uniaxial tension loading-unloading-reloading test (LURL) is performed in order to study the
dependence of Young’s modulus with plastic straining in room temperature. The different
material tests are designated in table 3 and the experimental procedures are presented in the
following sections. Heat transfer tests are finally performed to determine the heat transfer
coefficient (htc). The tests to determine Young’s modulus and uniaxial tension tests at room
temperature are performed with material from two different material batches of Ti-6Al-4V in
order to detect variations between the two materials.

The conductive hot tension tests, heat transfer tests and the elevated temperature forming
limit curve are performed at the Chair of Manufacturing Technologies (LFT), University of
Erlangen-Nuremberg, Germany. The other tests are performed at Industrial Development
Centre in Olofstrom, Sweden.

Table 3. Test designation.

Test designation Type of test Temperature range [°C]
Emp Non destructive test on Young’s modulus RT-560

Trt Uniaxial tension test RT

Timp Conductive hot uniaxial tension test 250-560

CTmp Uniaxial compression test RT-400

VBT Viscous bulge test RT

LURL Uniaxial loading-unloading-reloading test RT

FLCp Forming limit tests RT-400

3.1. Tests to determine the elastic material response

To study the elastic response in the temperature range of RT to 560°C tests to determine
Young’s modulus are performed, in three in-plane directions referenced the rolling direction.
Specimens are extracted along (00), transverse (90) and in a 45° mode (45) to the rolling
direction. The impulse excitation technique is used, which is based on the analysis of the
vibration of a test sample after being excited by a physical impulse. The Resultant Frequency
and Damping Analyser (RFDA) system 23, version 6.3.0, developed and manufactured by
IMCE is used [28]. Young’s modulus is determined through the known relationship between
the elastic properties of a test specimen and its mechanical resonance frequency. A more
detailed description of the procedure can be found in [28, 29]. The main principle of the
measurements is to introduce a small mechanical impulse to the test specimen where the
energy of the impulse is dissipated by the material into a vibration. The frequency has a
spectrum according to its resonant frequencies which depends on the elastic properties of the



material, the density and the geometry of the specimen. The vibration is detected by a
transducer producing an electrical signal analysed by the signal processor. Each frequency
will damp according to the energy absorption of the material. For the elevated temperature
tests a heating time of 5 minutes was applied before performing the excitation and
measurements of the test specimens. The specimen dimension is 70x20x2 mm, extracted from
the two different material batches of Ti-6Al-4V. The test procedure can shortly be described
by the steps below:

i) Sample position

ii) Furnace heating of sample to desired test temperature
iii) Excitation of test sample

iv) Vibration detection

v) Signal processing and analysis

The temperature is measured using a thermo couple (type K) welded onto the surface in the
centre of a second specimen of Ti-6Al-4V, not used for the determination of Young’s
modulus.

3.2. Room temperature and conductive hot tension tests

Uniaxial tension tests at room temperature are performed in five different directions
referenced to the rolling direction, along (00), in a 22.5° mode (22.5), in a 45° mode (45), in a
67.5° mode (67.5) and transverse (90). The tension tests are performed according to SS-EN
10 002-1 using an MTS tensile test equipment with load capacity 100 kN, at a strain rate of
0.003 s up to 0.2% engineering strain followed by a strain rate of 0.009 s. The tests are
performed until rupture. During the test procedure the force, the axial and width
displacements (using video extensometers) are measured and logged. The tests are also
continuously evaluated using ARAMIS™ optical strain measuring system [30]. A specimen
of with 12.5mm and evaluation length of 50 mm was chosen due to a shortage of material, see
figure 2. A stochastic speckle pattern is applied, consisting of a white matt base with black
graphite powder speckles applied as an aerosol. The camera system take pictures and samples
the force and actuator values from the tensile test machine with a frequency of 6 Hz. The
evaluation area is the facets were necking occurs, 6 mm in width and 4 mm in height on the
unstrained sheet, in order to obtain true stress — strain values even after the occurrence of
necking. The Lankford coefficients are presented at 0.05 true longitudinal strain.
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Figure 2. Test specimen for the uniaxial tesion tests performed in room temperature [mm)].

For the characterization of the flow and the anisotropic properties at elevated temperatures,
conductive hot tension tests are carried out by using a modified Gleeble 1500 system
(Dynamic Systems Inc., USA). The tests are performed at 250, 400 and 560 °C for a strain
rate of 0.05s” following the guideline of DIN EN 10 002, Part5. For a more detailed
description of the experimental setup the reader is referred to [31, 32]. During the tension
tests, the samples have been imposed to the following test program:



i) Heating up to the target temperature within 30 seconds
ii) Maintaining the samples at the test temperature for additional 10 seconds
iii) Performance of the tension test to failure

The geometry of the specimen is chosen according to the recommendation of EN482-2. To
evaluate the direction dependency of the plastic properties, samples with an orientation in the
00, 45 and 90 directions referenced the rolling direction are tested. The deformations of the
specimens are observed and computed using the optical measuring system ARAMIS™ by
applying a 50 Hz CCD-camera recording images of the progressive elongated samples.
Therefore, an appropriate stochastic pattern was applied on the samples surface, which is
capable to resist temperatures up to 950°C. The temperature is measured and controlled using
Ni/Cr-Ni thermocouples spot welded onto the sample at half of the length. For the
determination of the anisotropy coefficient, R,, as a function of rolling direction and
equivalent strain during the hot tension tests, the analysis of the required strain follows [31,
32]. The optical deformation system calculates the 2-dimensional strain distribution for each
facet and node of the rectangular grid drawn by the ARAMIS™ software on top of the taken
pictures, respectively. Only the computed anisotropy values, R-values, for the column of
nodes in the centre of necking area are used, where the highest strains are localized. The
normal anisotropy is thus obtained by averaging the R-values along this column to reduce the
impact of local effects. For an efficient handling of the data, a visual basic macro-function is
programmed. Following DIN 10130 valid for room temperature characterization, the
anisotropy coefficient R is determined at 20 % homogeneous plastic deformation or at the
point of uniform elongation. With respect to a more detailed description of the analyzing
method the reader is referred to the literature [33, 34].

3.3. Uniaxial compression tests

Uniaxial compression tests at different temperatures are performed in order to determine the
strength differential in initial yielding. The tests are performed in the (00) and (90) direction
referenced the rolling direction. The specimen geometry has a parallel waist in order to
concentrate the compressive strain to a smaller area according to figure 3.

25

150

Figure 3. Test specimen for the uniaxial compression test, CTyy,, [mm].

In order to prevent buckling, a support device is mounted onto the specimen which is coated
with lubricants to minimise friction. Teflon is used as lubricants for the room temperature
tests and boron nitride at elevated temperatures. An opening is located in the centre of the
support device in order to enable strain measurements and evaluation using ARAMIS™. The
strain rate in the tests is 0.0029 s and performed to approximately 5,5 % true plastic strain,
using the MTS equipment. To ensure that the friction between the test specimen and the
support device does not influence the results, only data up to the initial yielding are used,
where the thickness increase is minute. A thermo couple, type K, is spot welded on the edge



of the test specimen in centre of the evaluation area to control and measure the temperature
during heating and testing. A heating time of 5 minutes is applied for the tests performed at
400°C. The temperature is measured during the test to within + 5°C. The test setup is
presented in figure 4. Repetition tests are performed to ensure reproducibility. Similar test
setups to determine compressive flow curves in room temperature have been reported in e.g.
[35] where a known force is applied to the support device and where a friction and biaxial
correction is made to obtain complete compressive flow curves.

MTS tensile
equippment

o

Specimen——
Support ———=» -
device

Clearance e
geometry

Figure 4. Illustration of the test setup for the uniaxial compression tests (CTyp).

3.3. Loading-unloading-reloading tests

In order to determine the elastic stiffness degradation due to plastic straining, the unloading
behaviour of the titanium alloy is evaluated at different plastic strain levels. To perform the
test and determine Young’s modulus, a special case of the uniaxial tension test in the (90)
direction is performed. The tension test is loaded to about 0.5 % total engineering strain,
unloaded to zero force and then loaded again to 1 % total engineering strain. The unloading
reloading procedure is repeated to 1.5, 3, 4 and 6 % total engineering strains. The elastic
modulus is determined for each unloading by calculating the secant modulus according to the
schematic figure 5. The specimen geometry is identical to the one used for the room
temperature tension tests, illustrated in figure 2. Elastic degradation with plastic straining has
been observed for steels, as presented in e.g. [36].

True stress

True plastic strain

Figure 5. Schematic illustration of the unloading-reloading relationship.



3.5. Viscous bulge test

A viscous bulge test is performed in room temperature, see e.g. Sigvant et al. [37], to obtain a
balanced biaxial stress state. The test is performed in order to produce an experimental biaxial
reference point used to determine the equi-biaxial yield stress, 6, , and R-value, Ry,. The blank
with a diameter of 200 mm is formed using a silicon punch to create a uniform pressure on the
sheet metal, as illustrated in figure 6. The test uses the same principal tool and test setup as in
the forming limit curve tool presented below, in which two cameras are mounted on top of the
die. The ARAMIS™ strain measurement system is used to continuously measure surface
strains and geometry (radius of the dome) during the test. The pressure is continuously
measured by a sensor in the bottom of the silicone rubber punch to determine the biaxial
stress according to Equation 1

pr
o, =" 1
aies O]
where p is the pressure, 7, is the radius of the curvature and #; is the thickness at the top of the
dome. After the test is performed, the biaxial stress-strain curve is determined by a software
as a part of the ARAMIS™ system.

Figure 6. Illustration of the test setup for the viscous bulge test (VBT).

3.6. Forming limit curve (FLC)
Forming limit curves are determined at room temperature and 400°C, in order to estimate
forming limits according to the Nakazima method [38-41]. Three tests geometries at each
temperature are performed to generate data with different strain conditions.

The room temperature tests are performed in a tool with a punch diameter of 100 mm and
a draw radius of 12 mm. The specimens are locked in the blank holder using flat binder
surfaces. In order to maintain low friction between the punch and the specimen, the titanium
blank is lubricated by a system of oil, a Teflon film and a PVC-disc at RT. See figure 7, for an
illustration of the test setup. A stochastic speckle pattern is applied on the specimens with
three blank geometries, I) a diameter of 200 mm, II) a width of 100 mm for the plane strain
case and IIT) a width of 50 mm. The blanks are formed over the hemispherical punch until
fracture occurs. Through a hole in the blank holder, the event is recorded using ARAMIS™



camera and strain measurement system with a frequency of 25Hz. The strains are evaluated
according to the “ISO-12004 Proposal Version 15-8-2005” [42] in which three strain sections
across the crack are plotted. The FLC-strains are achieved, using a macro.

Figure 7. Illustration of the test setup for the forming limit tests (FLC).

3.7. Heat transfer tests

The values of the heat transfer coefficient (htc) have been determined analytically according
to Newton's cooling law from the time-temperature data recording during the quenching tests.
A temperature range between 500 and 250 was chosen for the calculation with a Cp value of
607 JKg'K™' [43]. Three tests at each pressure are performed.During the quenching tests the
specimens were imposed to the following test procedure:

i) Furnace heating of the specimen (600 °C) for 5 minutes
ii) Specimens are transferred manually to the quenching tool and subsequently cooled in
dependency of various contact pressures (0-40 MPa).

4. Results

The tests revealed that the titanium alloy Ti-6Al-4V has anisotropic elastic and plastic
properties and yielding asymmetry in tension and compression. The elastic properties of the
two material batches are presented in table 4. Alloy 1 has pronounced anisotropic elastic
properties at room temperature where Young’s modulus vary within 19.3% between the (00)
and (90) direction. The elastic anisotropy for alloy 2 is less pronounced. The maximum
variation are 2.3% at room temperature, 3.8% at 400°C and 3.9% at 560°C.

Table 4. Elastic properties of Ti-6Al-4V. Temperature in [°C] and Young’s modulus in [GPa].

Alloy Test method Temperature  Young’s modulus

(00) 90) (45
1 RFDA RT 109 130 116
2 RFDA RT 1188 1199 1172
2 Trr RT 118.6 120.8 1199
2 RFDA 250 106.7 109.0 1059
1 RFDA 400 - 97.0 -
2 RFDA 400 98.3 101.0 97.3
2 RFDA 560 90.0 92.5  89.0




From the loading-unloading-reloading test the elastic degradation with plastic straining is
measured to 5.46 % between 0.0 to 0.031 true plastic strain for alloy 2. See table 5 and figure
7. The elastic modulus is determined for each unloading by calculating the unloading
modulus, E,.

Table 5. Elastic degradation of Ti-6Al-4V in the 90 direction, determined at different true strain levels in room
temperature [GPa].

Alloy  Test method The (90) direction, at true plastic strain levels [%]
Loading-unloading-reloading 0 0.21 0.71 1.21 2.2 3.1
2 E, 120.8 122.0 120.7 119.3 116.7 114.2

1200/ -

1000

True stress (MPa)

% 0.01 0.02 0.03 0.04
Longitudinal true strain

Figure 7. True stress - true strain curves under loading-unloading-reloading in room temperature.

Tensile true stress - strain curves for the different alloys, directions and temperatures are
presented in figure 8 to 10. The difference in initial yielding and anisotropy between the two
material batches of Ti-6A1-4V is obvious. Tension tests with two different strain rates, 0.009
s and 0.05 s at room temperature are performed for comparative purposes, denoted Alloy2
(90) and Alloy2(90)-HS, respectively. The tests indicate strain rate sensitivity of the alloy,
c.f. figure 8.
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Figure 8. Tensile longitudinal true stress - true strain curves at room temperature, alloy 2.
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Figure 9. Tensile longitudinal true stress - true strain curves at room temperature, alloy 1 and alloy2.
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Figure 10. Tensile true stress - true plastic strain curves at elevated temperatures.

Results from the uniaxial compression tests at room temperature and 400°C is presented in
figure 11 and 12. The uniaxial compression tests are performed at similar strain rates as for
the room temperature tension tests of 0.0029 s™ and 0.009 s, respectively. The tests indicate
a strength differential in room temperature.

Due to the comparatively lower strain rate between the uniaxial compression and
conductive hot tension tests at 400°C (0.0029 and 0.05 s, respectively) a complementary test
was performed. The complementary test is a tension tests, denoted (CT-T), in which the same
geometry and setup as used for the uniaxial compression tests is applied. Theses test results
are considered preliminary, in which further investigations are required. However, a different
behaviour compared to the room temperature case is observed. In room temperature the
compressive initial yield stress is higher than the tensile initial yield stress, as presented in
table 6. At 400°C, the strength differential in the (90) direction is minute. The compressive
initial yield stress in the (00) direction was found lower compared to the (90) direction.

Table 6 assembles the related initial yield stresses in tension and compression together with
Lankford coefficients, in the studied temperature range.

Table 6. Initial yielding in tension and compression. Temperature in [°C] and yield stress in [MPa]. (HS)
denotes the higher strain rate of 0.05 s™.

Alloy Type Temp Yield stress Lankford parameter

of test (00) (225 (45 (675 (90) (00)  (22.5) (45) (67.5) (90)
1 Trr RT 9403 - 933.5 - 10585 035 - 1.6 - 1.0
2 Trr RT 1000.0 1025.0 972.0 1020.0 1020.0 0.4 075 1.2 0.61 0.61
2 Trrmsy RT - - - - 1062.8 - - - - 0.55
2 Cuap RT 1106.3 - - - 1075.0 - - - - -
2 Tomp 250 - - - - 912.8 - - - - 0.53
2 Tomp 400 681.0 - 591.0 - 691.0 0.618 - 1.26 - 0.512
2 CTym, 400 596.0 - - - 648.0 - - - - -
2 CT-T 400 - - - - 635.0 - - - - -
2 Timp 560 564.2 - 468.9 - 559.9 0.676 - 1.29 - 0.63
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Figure 11. Tensile and compressive engineering stress - strain curves in room temperature.
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Figure 12. Tensile and compressive engineering stress - strain curves at 400°C with respect to the rolling
direction.

The biaxial true stress — thickness strain curve obtained from the viscous bulge tests and the
biaxial Ry-value is presented in figure 13 and 14. The tension test in the 00 direction is

presented as a reference. The experimental biaxial reference point for the determination of the
biaxial initial yield stress is chosen according to (2) and the biaxial R-value is equal to 1.02.

REF(o,-¢&,)=(1136.0,0.075) 2
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Figure 15, illustrates the deformed specimen used in the viscous bulge test. Due to the
formability of Ti-6AL-4V, fracture occurred in the draw radius during the test procedure.
Further on, a pressure level close to the maximum available in the test setup was obtained at
the occurrence of fracture.

1400 T T T T T T T T

12001

1000r

800

600r

4001

True stress/Biaxial stress (MPa)

200 —Alloy 2(00) 1
-Measured bulge test

—(?UQ 0 002 004 006 008 01 012 014 0.16
True longitudinal strain/-true tickness strain

Figure 13. Flow curve for the tension test (00) and the balanced biaxial stress state at room temperature,
alloy 2.
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Figure 14. R-value for the balanced biaxial stress state at room temperature, alloy 2.

13



Figure 15. Picture of the blank deformed in the viscous bulge test at room temperature. Fracture occurred in
the draw radius.

The results from the experiments performed to determine the forming limits curves of Ti-6Al-
4V are presented in figure 16.
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[v]

=

01 1
0

os 0 005 01 015 02 025 03 035
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Figure 16. Forming limit curves (true strain). Experimental values for alloy 2 in room temperature and at
400°C.

The three different blank geometries formed at room temperature are illustrated in figure 17,
the rolling direction is horizontal in the figure. From the biaxial test on the right hand side in
the figure, facture has occurred in the rolling direction (00) of the blank. This suggest that the
blank possess a lower formability in the rolling direction (00) compared to transverse (90) the
rolling direction, at room temperature.
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Figure 17. Formed blank geometries for the room tempered forming limit tests (FLC). From left to right, @
50, @ 100 and @ 200 mm, respectively.

The determined values of the heat transfer coefficient are presented in figure 18. A mean
value of 2000 Wm™K™" is suggested for use in coupled thermo mechanical FE analyses. The
standard deviation is presented in table 7 and indicated in figure 18.
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Figure 18. Determined heat transfer coefficient with contact pressure.

Table 7. Standard deviation for the heat transfer tests.

Alloy  Contact pressure [MPa] _ Standard deviation [WmK"']

2 0 26.5710793
2 10 56.1249406
2 20 263.144354
2 30 90.5973722
2 40 171.648041
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5. Discussion and conclusions

The performed tests in the material characterisation show the elastic and plastic anisotropy of
Ti-6Al-4V. Young’s modulus, initial yielding and anisotropy coefficients vary with the in-
plane direction. The studied properties of the two material batches of Ti-6Al-4V do not
coincide, i.e. the properties deviate between the two alloys. Since the deviation is quite
significant, it is of importance to obtain experimental reference data from the same batch of
Ti-6Al-4V as used in the application of interest. The influence of different material batches on
the manufacturing process of interest is important to determine. By performing parameter
studies or analyses of robustness, the influence on predicted FE results such as shape
deviation and material thinning in sheet metal forming can be obtained.

The second batch of Ti-6Al1-4V, Alloy 2, has unsymmetrical initial yielding properties in
tension and compression at room temperature. Further on, the alloy is sensitive to elastic
degradation with plastic straining. By using the optical system for strain evaluation,
ARAMIS™, true stress - true strain curves could be obtain for values after the occurrence of
necking by performing strain evaluations locally within the necking area.

The tests performed to study forming limits indicate that the alloy can be formed to higher
strain values at 400°C than at room temperature before fracture occurs. In practice, safety
margins with respect to the measured values are applied. Based on experience, the safety
margin may be assumed to values of about 40 % to avoid strain localisation [44]. The large
value of safety margin originates from different aspects such as, 1) the definition of
“incipient” necking which occur much earlier than failure, 2) the subjectivity in test
procedures and test evaluation, 3) applied tool geometry, process parameters and friction
conditions and 4) the effect of changed strain path on the FLC. See e.g. [38-42]. In this work
the strains are evaluated according to the “ISO-12004 Proposal Version 15-8-2005” in which
the purpose is to reduce the subjectivity in the determination method.

An interesting extension to the present work would be to increase the experimental study
in order to further evaluate the strength differential, strain rate and to study cyclic loading in
order to investigate the Bauschinger effect for a proper choice of hardening law for FE
analyses, even at elevated temperatures. By performing tests in different in-plane directions
referenced the rolling direction, the direction dependence on studied material response can be
obtained.
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Abstract

In this work a tool concept for hot forming of a double-curved sheet metal component in the
titanium alloy Ti-6Al1-4V is proposed. The virtual tool design is based on finite element (FE)
analyses of hot sheet metal forming in which two different anisotropic yield criteria are
evaluated and compared with an isotropic assumption to predict global forming force, draw-
in, springback and strain localisation. The shape of the yield surface was found to be of
importance and by including the cooling procedure, the accuracy of predicted shape deviation
could be improved. The predicted responses show promising agreement to the corresponding
experimental observations when the anisotropic properties of the material are considered.

1. Introduction

Titanium alloys are common in aero space applications, mainly due to their high strength to
weight ratio. Ti-6Al1-4V is a frequently used titanium alloy in aero engine components such as
for load carrying structures, fan frame structures and compressor blades with moderately
elevated running temperatures. Alternative manufacturing technologies for static load
carrying aero engine structures are desired in order to reduce product cost and enable weight
reduction and thereby fuel consumption. Traditionally, these structures consist of large-scale
single castings. By fabrication sheet metal parts, small ingots and simple forgings are instead
welded together and heat treated in order to produce complete structures. The fabrication
process implies the need for time and cost efficient methods for evaluation of candidate
manufacturing techniques early in the product development process.

One challenge in fabricating such structures within tolerance lies in accurate prediction
and compensation for springback and shape deviation, which occurs in the different processes
of the manufacturing chain. The aero dynamic geometries of included sheet metal parts are
generally smoothly double-curved and the resultant geometry, thickness, residual stress state
and mechanical properties obtained in the forming procedure influence the shape deviation of
the complete structure upon welding and heat treatment. Accurate predictions of and
compensation for springback in sheet metal forming processes by means of finite element
(FE) analyses, is therefore one key subject considering fabrication of complete titanium



structures. A schematic example of a static load carrying aero engine structure is illustrated in
figure 1, in this case consisting of materials such as nickel based alloys.

Figure 1. An example of a static load carrying aero engine structure containing sheet metal parts, ingots
and forgings (nickel based alloys). FE analyses of shape deviation for sheet metal components.

The mechanical properties of the titanium alloy Ti-6Al-4V are mainly determined by the
initial microstructure, the thermo-mechanical loading history and the present impurities
together with alloy concentration [1-4]. At room temperature (RT) and medium elevated
temperatures the common structure consists of equiaxed a and elongated o (hcp crystal
structure) in a minor volume content B-matrix (bcc crystal structure). In the form of thin sheet
metals, the mechanical properties are sensitive to the rolling direction. The alloy has
anisotropic elastic and plastic properties and asymmetric yielding in tension and compression.
A large number of studies have been performed in order to understand and model the
mechanical behaviour of the alloy under different temperatures and strain rates, see e.g. [3-
14]. Numerous anisotropic yield formulations which can account for plastic anisotropy have
been formulated the past decades. E.g. Hill’s yield criterion (1950) [15], which is an extension
of the von Mises isotropic yield criterion to cover anisotropy, commonly applied in FE
analyses of sheet metal forming. The criterion contains four anisotropy coefficients in the
plane stress condition, which have to be determined experimentally. Since only four
parameters are available, the criterion is not able to capture together the observed anisotropy
in yield stress and Lankford coefficients [16, 17]. Barlat and Lian’s (1989) tri-component
criterion [18] presented a yield criterion for plane stress conditions in which, as for the Hill’s
criterion, four anisotropy parameters are used to describe the yield surface. In this model the
material parameter m, is proposed which is suggested to be equal to 6 for materials with a bcc
crystal structure and 8 for materials with an fcc crystal structure. If a value of 2 is applied, the
yield surface reduces to the Hill yield surface i.e. to the von Mises yield surface in the
isotropic case. With an increasing value of m, in the isotropic case, the shape of the Barlat tri-
component yield surface adopts the shape of the Tresca yield surface. The anisotropic yield
criteria developed for cubic metals by e.g. Hosford [19] and Barlat and co-workers (2003,
2005) [20, 21] accounts for plastic anisotropy with an increased number of parameters. The
anisotropy coefficients are determined from experimental reference data in order to calibrate
the yield criteria with respect to both yield stress and Lankford coefficients. Examples of
applicable material tests are uniaxial tension tests in three in-plane directions referenced to the
rolling direction in combination with a test to produce a balanced biaxial stress state. These
models assume symmetry in tension and compression. The physically based macroscopic
formulation by Cazacu et al. (2006) [22] describes both the anisotropy and asymmetry in
yielding exhibited by scp materials.

Sheet metal forming of Ti-6Al-4V is often performed under high temperatures at low
strain rates, typically at about 875°C with rates in the order of 10° to 10™* s, referred to as
super plastic forming (SPF) see e.g. [2, 23, 24]. In the advanced SPF process, the super plastic



properties of the alloy are utilized which imply large formability with minimal springback
often used for forming of complex geometries. Sheet metal forming of titanium alloys in room
temperature or at lower elevated temperatures is generally limited due to quite low formability
in combination with the scattering and major springback behaviour. Published work with
applications of sheet metal forming procedures in the lower temperature region is quite
limited, see e.g. [25-30].

In the present study a tool concept for hot forming in the medium temperature range of a
double-curved titanium sheet metal component is suggested. The component is included in a
Ti-6Al-4V subcomponent for a static load carrying aero engine structure, schematically
illustrated as part (2) in figure 1. The virtual tool design, choice of process parameters and
manufacturing are based on CAD modelling and evaluations by FE analyses of hot sheet
metal forming in Ti-6Al-4V. Two different anisotropic yield criteria are compared with an
isotropic assumption for the prediction of the forming procedure and related shape deviation,
i.e. the yield criteria developed by Barlat et al. (2003) and Cazacu et al. (2006). The material
characterisation presented in paper E in [31] is used as experimental reference to calibrate the
yield criteria and determine the shape of the yield surfaces, in the temperature range of 20-
560°C. The global calculated responses such as the punch force, draw-in and shape deviation
are compared with measured values obtained by hot forming at 400°C.

2. Material

The material used in the hot forming tests is from the same batch of Ti-6Al-4V, alloy 2, as
used in the material characterisation presented in paper E in [31]. A specification of the
chemical composition can be found in table 1. The beta transus temperature of the alloy is
typically 995£15°C [24].

Table 1. Chemical composition of Ti-6Al-4V, in weight per cent [wt%].

Al O N Fe C \Y Y Ti
Alloy2 6.10 .15 .006 .17 .009 3.80 50PPM Bal

3. Experimental procedures
The experimental procedures used in this work are presented in this section.

The procedures constituting the material characterisation at temperatures ranging from
room temperature up to 560°C consists of different test methods, as presented in [31].
Experimental data are produced in order to study forming limits but foremost to determine the
shape of the yield surface of Ti-6Al-4V, in which different yield criteria are evaluated. To
produce the prototype component and generate measured values used for correlation with
numerical predictions, a hot sheet metal forming concept referred to as the validation test
(VT) is developed and manufactured. The validation test is presented in this section.

The plastic anisotropy of materials implies different inelastic properties along different
axes. This could be the result of a cold rolling process but also due to the crystal structure of
the material itself, especially considering hcp materials such as titanium where anisotropy also
pertain the elastic properties. Typical for sheet metals are that the blank possesses orthotropic
properties i.e. the properties vary in the rolling direction (longitudinal), transverse and in the
through-thickness direction. The plastic anisotropy is characterised by a difference in yield
stress and plastic flow relative to the rolling direction, defined by the Lankford coefficient,
Ry, assuming plastic incompressibility:

gh eb
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where o is the angle from the rolling direction, w, denotes the plastic strain in the width
direction, ¢, the thickness and, /, longitudinal direction.

3.1. Material Characterisation
As a summary of the experimental observations made in the material characterisation,
uniaxial tension test results at different temperatures are presented in figure 2 and 3. From
these tests the initial yield stress, plastic hardening and Lankford coefficients were
determined, depending on the angle to the rolling direction.

The uniaxial loading-unloading-reloading tension test indicated elastic degradation, i.e.
the elastic modulus decrease with plastic straining, see section 4.1.2. Alloy 1, is presented in
[31].
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Figure 2. Hardening curves for Ti-6Al-4V at room temperature and at elevated temperatures,
respectively. The strain rate in the elevated temperature tests is 0.05 s [31].

To determine the asymmetry in yielding between tension and compression (strength
differential) uniaxial compression tests were performed. The initial compressive yield stress
in room temperature along the rolling direction (00) was determined to 1106.3 MPa, which is
higher compared to the initial yield stress in tension of 1000.0 MPa. The viscous bulge test
was used to produce a balanced biaxial stress state and determine the initial biaxial yield
stress, oy, and R-value, R, from an experimental reference point (o, -€&). Forming limit tests
were performed to determine forming limit curves, at room temperature and at 400 °C as
illustrated in figure 3.
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Figure 3. Forming limit curves (true strain), experimental values for alloy 2 in room temperature and at
400°C.



3.2. Validation test

A validation test (VT), the hot forming test, is performed at 400°C which is used to correlate
FE predictions of punch force, draw-in, shape deviation and the occurrence of strain
localisation. Further on, a hot sizing test (HST) at 560°C is performed in order to evaluate
such a procedure and the resultant shape deviation. The geometry of the sheet metal part
which is produced by hot forming is smoothly double-curved, as illustrated in figure 4. The
prototype component is used as a part of subcomponents in the fabrication process for static
load carrying aero engine structures. The tool design and manufacturing is a completely CAE-
controlled process, performed using FE analyses to secure the forming concept with respect to
strain localisation limits and minimise the springback according to the short lead time
methodology presented in [32]. The hot forming process is a stretch forming procedure in
which a minor draw-in is desired, designed to produce a fairly low level plastic strain
distribution in the blank. A combination of flat binder surfaces and edge bending features are
applied. The tool concept is illustrated in figure 5, where three quarter of the tool is presented
for illustrative purposes.

15,
” 135

b

Figure 4. Geometry of the double curved Ti-6Al-4Vsheet metal component [mm].

The tool concept is based on heated inner tool parts which are assembled inside and insulated
from outer inserts. The different inner tool components i.e. punch, die parts (/) - (2), and the
binder (blank holder) are heated to the desired forming temperatures using electrical cartridge
heaters, inserted in each tool component. Each component can be regulated individually, in
the range of room temperature up to 580°C using a feedback control system. The temperature
580°C is the upper limit operating temperature for the tool material, TOOLOX 44,
recommended by the supplier. Typical chemical composition and mechanical properties of
TOOLOX 44 can be found in e.g. [33]. A substantially higher temperature can however be
obtained due to the total power output of the cartridge heaters of 65 kW. The temperature is
continuously measured at two points in each elevated temperature tool part using mineral-
insulated thermocouples (type K) according to DIN 43 710 and EN 60 584. One thermocouple
is used for temperature regulation and the other is measured and logged during the forming
test. The insulation material, rigid laminate micanite (white components in figure 5), ensures
good insulation which prevent heating of outer inserts and components and facilitate a fairly
even distributed tool temperature (within 10°C at 400°C for the measured locations). Boron



nitride was used as a lubricant locally in regions over the punch and draw radius to minimise
friction yet accomplish a minor draw-in.

Figure 5. CAD-illustration of the hot tool concept for the validation test (VT).

The hot forming procedure can shortly be described by the steps below:

i Tool heating to desired temperatures.

ii. Furnace heating of the blank to desired temperature.

ii. Transportation of the blank to the forming tool.

iv. Hot forming of Ti-6Al-4V. The die moves towards the blank holder at a speed of
5 mm/s. A blank holder force of 1850 kN is applied.

vi. After forming the die moves upwards releasing the formed blank which are
removed and air cooled to room temperature.

vii. Laser cutting is applied to remove redundant material.

In the hot sizing test (HST), a cold blank geometry with size of the prototype geometry
including 10 mm addendum material is placed onto the hot punch in the forming tool. The
component is crash formed without blank holding at a temperature of 560°C applying a
forming force of 1500 kN and a holding time of 15 minutes.

To ensure laser cutting of the prototype component at the correct location, four reference
points are produced onto the blank at the end of the forming procedure using fix centre punch
geometries mounted in the upper die (1), indicated by the dots in figure 4. A fixture is used
for a correct placement during the laser cutting. Laser scanning and best fit CAD evaluation is
used as a method to evaluate the shape deviation. Two thermocouples, type K, are used on the
edge of the blank to measure the temperature during heating, transportation and forming.

4. Yield surface parameter identification

In this section, the studied yield criteria and model calibration are presented. An isotropic
yield description is also applied using the Barlat et al. (2003) criterion for comparative
purpose.

In this work, the shape of the yield surfaces are determined using a material testing and
material identification scheme which minimise the objective function in a least square sense.
The experimental reference data at different temperatures ranging from room temperature up
to 560°C consist of data from uniaxial tension tests performed in the 00 (along), 45 and 90
(transverse) directions referenced to the rolling direction such as the initial yield stress,
hardening, and Lankford coefficients. Further on, the balanced biaxial yield stress, oy, and the



biaxial R-value, Ry, are used which are obtained using the experimental biaxial reference
point measured during biaxial tension (61; = 622) in the viscous bulge test according to

REF(o,-¢,)=(1136.0,0.075) 2)
where the biaxial R-value was determined to 1.02 according to

P
R, =22 3)

P
{;‘11

The biaxial yield stress, oy, is determined by calibrating the considered yield surface to obtain
the experimental reference point response in equation (2) by applying a biaxial tension to an
element using FE analyses.

The uniaxial compressive yield stress is used in the material parameter identification of
the Cazacu et al. (2006) yield criterion. The compressive and biaxial data are transformed to
400°C assuming the same behaviour as in room temperature.

4.1. The Barlat et al. yield criterion
Barlat et al. (2003) propose an anisotropic yield criterion which is composed of two convex
functions formulated as

m
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o =[x - x,[" ®)
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o =X, - X[ +2x] + X[ (6)

where X, and X’ ; are the principal values of the linearly transformed stress deviator
matrices {s},

xi=[clis) ™)
xj=leJts) ®)

The exponent m is the same parameter as in the Barlat’s tri-component criterion, [18], which
can be seen as a material parameter of its own. For an m-value equal to two, the yield surface
reduces to Hill yield surface, i.e. von Mises yield surface in the isotropic case. With
increasing value of m for the isotropic case, the Barlat et al. yield surface adopts the shape of
the Tresca yield surface. The matrices C’ and C’’ can be expressed in terms of eight
anisotropy coefficients o;, which all reduces to unity in the isotropic case, see [20].

To determine the anisotropy coefficient a; to as, eight material tests need to be performed.
In this work, the initial yield stresses oo, 645, 090, and the Lankford coefficients Rgg, R4s, Rog



are determined from uniaxial tension tests. The viscous bulge test is used to determine the
biaxial yield stress, o,, and biaxial R-value, Ry,. The yield stress data and Lankford
coefficients used in the calibration are presented in table 2 and the resulting anisotropy
coefficients in table 3. The rolling direction of the Ti-6Al-4V blank is used as reference in the
calibrations. The resulting yield surfaces at 400°C is shown in figure 6, for different amount
of shear stress 0,17 In figure 7 and 8 the predicted initial yield stress oy and R are

compared with measured values, assuming an m-value 8 for different temperatures and angle
directions (a) referenced to the rolling direction (0). The rolling direction is the reference
direction, denoted 11.

Table 2. Calibration data for Ti-6Al-4V at different temperatures. Initial yield stress, 6,, in (MPa).

Soo Gas Goo Gb Rgo Rys Ryo R,
RT 1000.0 972.0 1020.0 1093.8 0.4 1.19 0.61 1.02
400°C  681.0 591.0 691.0 744.9 0.6 1.26 0.512 1.02
560°C  545.0 461.0 560.0 596.1 0.65 1.325 0.63 1.02

Table 3. Barlat et al. parameter values for Ti-6Al-4V at different temperatures.

[0 O [053 0Oy [053 Qg o7 g
RT 0.7713 1.021 0.8272 0.9666 0.9889 0.7464 1.024 1.151
400°C  0.9828 0.8534 0.7874 0.9764 0.986 0.7878 1.132 1.426
560°C  0.9748 0.8883 0.8199 0.9647 0.9756 0.7851 1.162 1.486
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Figure 6. Titanium alloy Ti-6Al-4V yield surface at 400°C determined with 8 parameters for equal
amounts of shear stress oy, /5 . The biaxial yield stress is assumed to follow the room temperature

properties.
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4.2. The Cazacu et al. yield criterion

The orthotropic yield criterion proposed by Cazacu et al. (2006), consider both the
tension/compression asymmetry and the anisotropic behaviour of hcp metals and alloys. The

authors introduced an isotropic yield criterion of the form

(8, = 48, ) + (S, kS, ) +(S,|- 4S8, ) = F

where S;, 7 =1,...,3 are the principal values of the stress deviator. The exponent «, is a positive
integer and k is a material constant. The ratio of tensile to compressive uniaxial yield stress is

given by
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If £ =0 and a = 2, the criterion reduces to the von Mises yield criterion. From equation 11b, it
follows that for different values of the exponent a, k is restricted in order to be real [22]. The
isotropic formulation is extended to orthotropy by a linear transformation on the deviatoric
stress tensor, S:

¥ =C[S] (12)
where C is a constant 4"-order tensor. Thus, the orthotropic criterion is
(=], ) +(|-,2,f +(=,|-k2,f = F (13)

For the 3-D stress condition the orthotropic criterion involves 9 independent anisotropy
coefficients together with a and k. For k € [— 1,1] and any integers a > 1, the anisotropic yield
function is convex in the variables X, X, X3 (principal transformed stresses).

The yield stress data in tension, compression and for the balanced biaxial stress state
together with Lankford coefficients used in the calibration are presented in table 5. The seven
identified anisotropy parameters along with a and k, for the plane stress condition, are
presented in table 6. The resulting yield surfaces at 400°C are shown in figure 9 and 10, for
different values of @ and amount of shear stress 0,/ In figure 11 and 12 the predicted

initial yield stress oy and R-values are compared with measured values, for different angle
directions referenced the rolling direction ().
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Table 5. Calibration data for Ti-6A1-4V at different temperatures. Initial yield stress, 6,, in [MPa]

Goo Gas Goo Gb Gcoo Rgo Rys Ryo Ry
RT 1000.0 972.0 1020.0 1093.8 1106.3 0.4 1.19 0.61 1.0
400°C  681.0 591.0 691.0 744.9 753.4 0.6 1.26 0.512 1.0

Table 6. Cazacu et al. parameter values for Ti-6Al-4V at 400°C.

Cu Cp Css Ci Cis Cys Cus a k
400°C 1.7268 1.74 1.849 0.762 0.653 0.663 1.321 2 -0.255
400°C 1.959 1.837 1.955 0.684 0.48 0.451 1.88 8 -0.085

The elastic degradation i.e. the decreasing elastic modulus with plastic straining, is accounted
for applying values according to table 7 when applying the Cazacu et al. (2006) yield criterion
in the FE analyses of the validation test (VT).

Table 7. Elastic degradation of Ti-6Al-4V in the (90) direction, determined at different true plastic strain levels
in room temperature [31].*Scaled from room temperature data.

Alloy Temperature [°C] Direction  Young’s modulus [GPa] at true plastic strain level [%]

0 0.71 1.21 2.2 3.1
2 20 (90) 120.8  120.7 119.3 116.7 114.2
2 400* (00) 98.30  98.22 97.08 94.96 92.93
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Figure 9. Titanium alloy Ti-6Al-4V yield surface at 400°C determined with seven anisotropy parameters
together with k and a = 2, with the Cazacu et al. criterion, for equal amounts of shear stress ¢, /5 .
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Figure 10. Titanium alloy Ti-6A1-4V yield surface at 400°C determined with seven anisotropy parameters
together with k and a = 8, with the Cazacu et al. criterion, for equal amounts of shear stress ¢, /5 .
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Figure 12. R, predicted and measured at 400°C with seven anisotropy parameters and for different values
of a.

4.3. The isotropic assumption

For the isotropic assumption, the Barlat et al. (2003) yield criterion is applied, using the initial
yield stress in the (00)-direction along with R-values equal to 1. The m-parameter is chosen to
2 and 8 obtaining the von Mises yield surface and a more Tresca-like yield surface, see figure
13.
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Figure 13. Titanium alloy Ti-6Al-4V yield surface at 400°C determined with an isotropic assumption for
different values of the parameter m and equal amounts of shear stress o, /5 .
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5. FE analyses of hot sheet metal forming

In this work, the explicit FE program LS-DYNA v971 [34, 35] is used for solving the
equations of motion. Complex geometries in industrial applications with large deformations,
nonlinear materials and contacts can be treated effectively and quickly. The material model
used for the FE analyses of the hot sheet metal forming of Ti-6AL-4V is a rate independent
elastic-plastic model with isotropic hardening. The anisotropic plastic behaviour is described
using the presented yield criteria, proposed by Barlat et al. (2003) or Cazacu et al. (2006). The
nonlinear hardening is defined as tabulated values of yield stress and effective plastic strain.
Isotropic elastic properties are assumed in the analyses of forming, cooling, trim and
springback. The general simulation setup consists of a die and binder with physical edge
bending features, a blank, and a punch according to figure 14. The tool is designed in such a
way that the draw depth is easily adjusted. Fully integrated shell elements with 9 integration
points through the thickness are used. An h-adaptive method of mesh refinement is used to
locally increase the mesh density where needed. The tool surfaces are modelled as rigid with a
prescribed velocity profile and the contact between the tools and the specimen is included and
modelled as a contact interface with a friction model assumed to follow Coulomb’s friction
law. A friction coefficient of 0.25 is applied.

DIE

—,BLANK
BINDER

Figure 14. FE setup for analyses of hot forming to produce the prototype component (2) at elevated
temperatures.

The constrained nodes in the springback analyses were altered to insure that the obtained
shape deviation is not affected by the choice of nodal constraints. The definition of shape
deviation is illustrated in figure 15.

Positive shape

1tV Negative shape
deviation

deviation

Desired part/ Obtained part
shape shape

Figure 15. Definition of shape deviation.

6. Results
The experimental material characterisation revealed the anisotropic properties and asymmetry
in yielding between tension and compression of the Ti-6Al-4V blank. To obtain accurate
predictions of strain localisation and shape deviation, the use of suitable material descriptions
that are able to describe the elastic and inelastic properties is of utmost importance.

Failure in sheet metal forming processes can occur in different ways, such as strain
localisation, fracture, wrinkling and shape distortion. The shape of the yield surface in
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combination with a correct description of the slope of the hardening curve is of significance
for the prediction of strain localisation [36].

The validation test performed at 400°C provide with experimental values of punch force,
draw-in and shape deviation. In addition, strain localisation occurred during the forming
procedure. In this section, the numerical predictions are compared with experimental
measurements and observations.

6.1. Strain localisation

The validation test is used to suggest a suitable choice of the m- and a-parameters for the
Barlat et al. (2003) and Cazacu et al. (2006) yield criteria, respectively. Measured values of
punch force, draw-in and strain localisation are compared with predicted values in which the
identified anisotropy coefficients are applied. The strain localisation which occurred in the hot
forming procedure is visible in figure 16, where the blank is photographed after forming and
laser cutting.

Figure 16. Photograph of the strain localisation which occurred in the hot forming procedure of the Ti-
6AL-4V sheet metal component.

To evaluate the ability of the studied yield criteria to predict the hot forming procedure, FE
analyses are performed. The different yield criteria are applied, in which the identical FE
model is used. Predicted and measured values of draw-in, the occurrence of strain localisation
or fracture, punch force and springback are compared. See table 8 to 9 and figure 20, for the
Barlat, Cazacu and the isotropic assumption in which different m and a parameter values are
applied. The shape deviation is presented in the next section.

Table 8. Predicted and measured occurrence of strain localisation. The applied yield criteria with
different values of the m- and a-parameters, assuming a friction coefficient of 0.25.

Yield criterion  Parameter Occurrence of Occurrence of
strain localisation fracture

Barlat et al. m=2 x)

Barlat et al. m=38

Cazacuetal. a=2 X

Cazacuetal. a=8

Isotropic ass. m =2 X X

Isotropic ass. m =38 X
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Table 9. Predicted and measured draw-in [mm]. The applied yield criteria with different values of the m-
and a-parameters, assuming a friction coefficient of 0.25.

Yield criterion  Parameter Predicted draw-in Measured draw-in
Barlat et al. m=2 1.61 2.0
Barlat et al. m=8 1.63 2.0
Cazacuetal. a=2 1.97 2.0
Cazacuetal. a=8 2.39 2.0

To determine if strain localisation occurs, the FLC plot is evaluated. The elevated temperature
forming limit diagram is considered with a safety factor of 40% [37]. It is obvious if strain
localisation occurs since the strain path changes to plane strain upon localisation. This is also
observed in the validation test, in which a considerable material thinning has occurred in the
localised region. See figure 18 for an example. It was found that the Barlat et al. (2003) yield
criterion do not fully capture the strain localisation observed in the validation test. For an m-
value of 2, an initial localisation may be observed. The magnitude of the strain values does
not enter the safety region, illustrated as the yellow are within the FLC plot in figure 18. The
predicted draw-in is smaller than the measured, see table 9. A smaller draw-in imply an
increased straining of the blank compared to a larger draw-in. Thus, a smaller draw-in
promotes strain localisation to occur.

Applying the Cazacu et al (2006) yield criterion with a low a-value (a = 2), a close
prediction of the occurrence and location of the observed strain localisation is predicted. See
figure 18. A high value of the a-parameter does not result in any strain localisation. The
predicted draw-in applying a value of the a-parameter equal to 2, gives the closest match to
the measured value cf. table 9.

When the isotropic assumption is applied, strain localisation leads to failure. This was not
experimentally observed. As expected, the strain localisation occurs earlier with a high value
of the m-parameter compared to a low value in the isotropic case, see figure 19. The measured
and predicted punch forces are presented in figure 20.
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Figure 18. Formability and FLC plot for the forming test performed isothermally at 400°C, with the
Cazacu et al. yield criterion assuming a value of a equal to 2.
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Figure 19. FLC plot for the forming test performed isothermally at 400°C, with an isotropic yield surface
assumption and an m-value of 8.
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Figure 20. Measured and predicted punch force for the studied yield criteria, m and a equal to 2.

6.2. Springback

The measured shape deviations of the validation test (VT) and the hot sizing test (HST) are
presented in figure 21, respectively. The measured maximum shape deviation is determined to
(-0.626/+0.2) mm, excluding the corner at the upper left hand side of +0.75 mm for the
validation test and to (-1.85/+1.74) mm for the hot sizing test. It is obvious that relaxation
occur with time during the elastic deformation at 560°C. However, the hot sizing procedure
cause a quite large shape deviation compared to the nominal part geometry presented in figure
4. Further on, the forming procedure is time consuming due to the holding time of 15 minutes.
The shape deviation and necessary holding times ought to be reduced with increasing
temperature.
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Figure 21. Measured shape deviation of the prototype component formed at 400°C (VT) and crash

formed at 560°C including a holding time of 15 minutes (HST), respectively.

The corresponding predicted shape deviations for the validation test (VT), depending on the
used yield criterion and values of the m- or a- parameters, are presented in table 10. The effect
of the cooling procedure, in which the development of thermal straining is included in the FE
analysis, is of importance for the magnitude of the shape deviation. The predicted shape
deviations are comparative to the measured values, considering the Barlat et al. (2003) yield
criterion, with the exception of the measured deviating corner on the upper left hand side, cf.
figure 21 and 22. The predicted shape deviation is in close match with the measured values,
using the Cazacu et al. (2006) yield criterion, see figure 23. Note that the shape deviation
distribution correlates well with the measured, again with the exception of the upper left hand

corner.

Table 10. Predicted and measured shape deviation [mm] of the prototype component, neglecting or
including the effect of the cooling procedure. The applied yield criteria with different values of the m- and

a-parameters.

Yield criterion ~ Parameter Predicted shape Predicted shape Measured shape
deviation deviation including deviation
the cooling procedure
Barlat et al. m=2 +0.15/-0.55/-0.13  +0.30/-0.54/-0.05 +0.20/-0.63/+0.05
Barlat et al. m=38 +0.07/-0.53/+0.15  +0.16/-0.52/+0.24 +0.20/-0.63/+0.05
Cazacuetal. a=2 +0.09/-0.63/-0.18  +0.17/-0.62/-0.10 +0.20/-0.63/+0.05
Cazacuetal. a=8 +0.20/-0.63/+0.00  +0.26/-0.60/-0.19 +0.20/-0.63/+0.05
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Figure 22. Measured and predicted shape deviation, respectively, using the Barlat et al. (2003) yield

criterion (a=2).

18



Fringe Levels

| ' 5.000e-01 _
0.500 ]
0.400 3.874e-01

. - .am g | . 2148601 _|
| | |— 0.200

-

1.622e-01 _

g — o":: (+017) :Z:;E-:zi
(+0.20) N S
& | 1.756e-01 _
+
1 Z | - -2.8826-01 _
\ Y | ﬁ.e.mu -1.008e-01
. _

-840 513401
¥ = -6.260e-01

Figure 23. Measured and predicted shape deviation, respectively, using the Cazacu et al. (2006) yield
criterion (a=2).

Based on the accurate prediction of draw-in, strain localisation, punch force and shape
deviation for the Cazacu et al. (2006) yield criterion assuming an a-value equal to 2, a low
value of the parameter is preferable to a higher a value. Hence, a value of the a-parameter
equal to 2 is assumed to be a suitable value for Ti-6AL-4V under the present forming
conditions.

7. Discussion and conclusions

In the present work, a tool concept for hot sheet metal forming of a double-curved Ti-6Al-4V
component is suggested. The predicted responses of punch force, draw-in, strain localisation
and shape deviation show promising agreement with experimental values when formed at
400°C and applying an anisotropic yield criterion.

Draw-in, strain localisation and shape deviation are predicted accurately when applying
the yield criterion proposed by Cazacu et al. (2006). Seven anisotropy coefficients along with
k and the a-parameter equal to 2 are used to determine the shape of the yield surface.

The shape deviation is predicted quite well when applying the yield criterion proposed by
Barlat et al. (2003). Eight anisotropy coefficients assuming an m-value equal to 2 or 8 are
used to determine the shape of the yield surface. The prediction of strain localisation is
however not satisfactory and the draw-in is smaller than the measured. For both yield criteria
the effect of the cooling procedure was found to be of significance to the prediction of shape
deviation.

Considering an isotropic assumption, the shape of the yield surface is not able to coincide
with the experimental values, as expected. Strain localisation causing fracture is predicted but
was not observed during the validation test.

The predicted punch forces are in close agreement with the measured. A slight deviation
can be observed between the different yield criteria.

The present work is limited to studies of different yield criteria based on the assumption of
isotropic hardening and isotropic elastic properties. Further, the FE model does not include
the influence of strain rate and stress relaxation or models for phase changes. Based on the
observations, an interesting extension to the present work would be to optimise hot sheet
metal forming procedures such as for the studied components by extending an anisotropic
yield criterion to function in coupled thermo-mechanical FE analyses. This, in order to study
the temperature as an important process parameter. The Cazacu et al. (2006) yield criterion is
considered to be a suitable choice. The von Mises isotropic yield criterion is commonly
applied in thermo-mechanical coupled analyses of sheet metal forming, an assumption that
may provide inaccurate predictions of strain localisation and springback [31]. In addition,
constitutive equations accounting for the strain rate is of importance. Considering hot forming
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in the higher temperature region, models for phase transformation and creep/stress relaxation
are necessary for numerical predictions with high accuracy.
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