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Chapter I.

General introduction

I.1 Background and motivation
Due to the concerns of environmental protection and stringent requirements of greenhouse gas
emissions, weight reduction is a major issue for transportation. Application of lightweight material, such
as aluminum, magnesium alloys or composites is an efficient strategy that can help to meet the climate
challenge. Among the family of lightweight material, aluminum alloys have been extensively used in
the automotive and aircraft industry due to the advantages of low density, high strength to weight ratio,
good corrosion resistance and a reasonably low cost [1].

(a)

(b)

Figure I-1 Example of a deep-drawing part in aluminum alloys for (a) aeronautic and (b)
automotive application
Major challenge of application of aluminum alloys in automotive and aeronautic industries lies in
the ability to form deep-drawing shapes, as illustrated in Figure I-1. Superplastic Forming (SPF) is
widely used to produce this type of parts as shown in Figure I-2 [2-6]. SPF consists in applying, on a
flange, a gas pressure at a predefined strain rate to realize the deformed shape [7]. Amongst the
advantages of such process are: functions integration, high formability and surface quality. The most
critical issue of this process is the inherent high forming time due to the applying of low strain rates to
avoid void growth and premature failure.
Argon gas pressure

Thin sheet

Furnace

Argon gas pressure

Die

Figure I-2 Principle of Superplastic Forming (SPF) [7]
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I.2 Thesis objective
The present dissertation focuses on hot forming strategies to produce deep drawing parts from
AA5XXX aluminum thin sheets. The main objective is to reduce the forming time without sacrificing
the part integrity. Different approaches can be considered:
 A modification of the alloy characteristics to extend its superplastic field range in terms of
temperature and strain rate.
 A pre-deformation of the sheet using hot stamping process before the superplastic operation.
 The use of another forming technique like incremental sheet forming.
The first approach lies in the modification (i.e. the refining) of the granular structure of the alloy
before the forming. Decrease in grain size eases superplastic deformation which can thus be activated
for lower temperatures and higher strain rates. These new thermomechanical conditions allow
decreasing significantly the forming time. Constrained Groove Pressing, a severe plastic deformation
technique for the thin sheet, has been recently developed to refine the initial microstructure [8]. The
second approach consists in chaining two processes [9, 10], shown in Figure I-3. A first hot deepdrawing operation allows obtaining a preformed geometry with low curvature. This operation is then
followed by a superplastic operation which completes the part shape realizing the localized details. For
the first operation, the deformation is realized by the mechanical action of a punch, whereas, for the
second operation, the deformation is realized by applying a controlled gas pressure. This leads to a
change in strain rate (from high rate to low one), which allows reducing the process time. The third
approach consists in using Incremental Sheet Forming process to produce complex deep parts. This
technique has numerous advantages compared to superplastic forming: in particular, the absence of die
and a forming at room temperature. However, some surface defects can be generated depending on the
manufacturing conditions (ex.: toolpath, speed rate, tool rotation…) [11].

(a)

(b)

(c)

Figure I-3 Principle of the complex parts forming using combined process (warm deep-drawing
followed by superplastic forming) [10]
In the present study, the second approach using the gas quick plastic forming as the pre-forming
step is carried out to form complex deep parts in AA5383 alloy. The main scientific issues of this
research work are summarized as follows:
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(1) To understand the influence of the thermomechanical history of the alloy on its superplastic
behavior.
(2) To propose a rheological model describing the behavior of the alloy for a wide range of
thermomechanical conditions.
(3) To complete the previous model by including uncoupled damage predicting the failure behavior
of the alloy under all its loading conditions.
(4) To develop a numerical tool allowing the chaining of the concerned processes.

I.3 Outline of the present thesis
The outline of this document is shown in Figure I-4. The work performed during the PhD
dissertation is introduced in Chapter I. Next, chapter II presents the literature review about current
research statement, including hot forming techniques, constitutive model, damage model and some
properties for 5xxx aluminum alloys. In chapter III, our researched material AA5383 alloy is
characterized, including microstructural and mechanical approaches. The mechanical experiments
consist of flow behavior, yield function and damage analysis. Chapter IV focuses on material
identification and numerical implementation of the studied models. Based on the experimental results,
the behavior laws are presented. The BBC2003 yield criterion with a composite hardening model is
employed to describe the mechanical response. Their implementation, in the finite element code
ABAQUS©, is realized through a user defined subroutine (UMAT). The damage behavior is described
by the modified Mohr Coulomb criterion. The fracture model parameters are identified from the loading
paths extracted from numerical simulations with shell elements. The influence of temperature, strain
rate and stress triaxiality are investigated. Hot forming simulations and corresponding experiments are
carried out in Chapter V. The forming strategies are evaluated and the comparison between the
experimental and numerical results is discussed. Lastly, the main conclusions and perspectives are
presented.
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Chapter I: Introduction
Specific objectives
To experimentally characterize the
microstructure and mechanical
behavior of material in the studied
forming conditions.
Based on the experimental data, to
develop
and
implement
a
constitutive model and a damage
model that accurately predict the
material hot deformation behavior.
To perform complex forming
simulations with identified models
and validate the numerical results
with corresponding experiments

Chapter II: Literature Review

Chapter III: Material Characterization
Chapter IV: Parameters identification
and Numerical implementation
Chapter V: Forming simulation and
experimental validation

Conclusions and perspective

Figure I-4 Summarized structure of the information presented in this document
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Chapter II.

Literature review

In this chapter, the sheet metal forming techniques, which are commonly used in industry, are first
presented. Specific care is taken to discuss the advantages and disadvantages of each of these forming
techniques. Then, the constitutive models for metallic alloys in the hot temperature deformation range
are described. Also, since another important issue for metal forming is the accurate prediction of ductile
fracture, a brief overview of ductile fracture and damage criteria is given. Two different types of
approaches are considered: the uncoupled approach and the coupled approach. The last section focuses
on the specific features of the behavior of AA5xxx aluminum alloys at elevated temperatures.

II.1 Hot forming in the industry
The need for light metallic alloys in the automotive and aerospace industry has recently increased
for both structural and body parts. Wrought aluminum alloys are the most popular raw material for panel
structures. Generally, both non-heat treatable AA5xxx, and heat treatable AA6xxx, AA7xxx and
AA2xxx are widely used for automotive and aircraft applications, as shown in Figure II-1.
It should be noticed that the workability of an alloy determines its application. For high strength
aluminum alloys, which have similar strength levels to conventional mild steel, the ductility is poor at
room temperature. These alloys are therefore unable to sustain large deformations and are poor
candidates for the manufacturing of complex shaped parts. To circumvent the difficulties, some
advanced forming techniques have been developed. The commonly used sheet metal forming techniques
for wrought aluminum alloys and the strategies to improve the forming efficiency are discussed in this
section.

(a)

(b)

Figure II-1 Application of aluminum alloy panel structures in (a) automobile [12] and (b) aircraft
[13]
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To solve the problem of ductility and provide the possibility of manufacturing complex-shaped
components, aluminum alloys are often formed at elevated temperatures. The ductility is increased and
the strength is reduced with increasing forming temperature. Different elevated temperature forming
techniques have been extensively investigated and used for industrial applications. The classification
map of different forming techniques according to the approximate temperature and strain rate is shown
in Figure II-2 [14]. For aluminum alloys, the elevated temperature forming techniques can be further
divided into warm and hot forming conditions with traditional forming processes. Generally, warm
forming refers to the case when the temperature is comprised between 0.3 times of the melting
temperature and the recrystallization temperature [15]. For hot forming techniques, the temperature is
selected to be above the recrystallization temperature and below the solidus temperature. The specific
case of semi-solid forming (i.e. above the solidus temperature) is not considered in this review.

Figure II-2 Classifications of elevated temperature forming techniques [14]
II.1.1 Stamping
The most commonly used sheet metal forming technique is stamping of sheet alloys at warm
temperature using conventional rigid dies. Based on the die temperature, the process can be divided into
isothermal and non-isothermal conditions. The typical non-isothermal warm stamping forming process
is shown in Figure II-3. The blank sheet is heated to an elevated temperature by an external furnace
while the die is kept at room temperature by cooling water. The warm stamping process has some
advantages, including higher material ductility and forming limit (shown in Figure II-4) [16], less spring
back effect compared to cold stamping [17], increase of drawability due to non-uniform temperature
distribution [18], higher manufacturing efficiency compared to warm hydro-forming and warm
incremental forming. However, there are some limitations for warm stamping forming, such as the fact
that it is not suitable for high-strength heat treatable aluminum alloys and the need for high-temperature
lubricants.
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Figure II-3 Schematic of non-isothermal warm stamping [19]

(a)

(b)

Figure II-4 (a) Improved uniaxial ductility of warm forming [16]; (b) Improved forming limits in
warm forming conditions [20]
To extend the applications of aluminum alloys in the transportation industry, hot stamping has been
developed to form high-strength heat treatable aluminum alloys at higher temperatures than
conventional warm stamping forming. Two typical hot stamping techniques exist: the Hot Form and
Quench technique proposed by Lin et al. [21] and the hot stamping process proposed by Maeno et al.
[22]. For the Hot Form and Quench process, the blank is firstly heated to its solution heat treatment
temperature which is kept constant for a specific time to dissolve the coarse precipitates within the α-Al
matrix. The blank is then quickly stamped and quenched by holding it with the cold dies for a short
period of time. The high cooling rate obtained with quenching allows preventing the formation of a
coarse secondary phase at grain boundaries. The hot stamped part can be artificially aged to achieve
higher strength to meet the design requirement of vehicle manufacturers. For the other typical hot
stamping forming technique of Maeno et al. [22], the process uses a T4 condition and a quick heating
below the solution treatment temperature. The following steps are stamping and artificial aging.
Aluminum alloy aircraft parts with a high strength and dimensional accuracy can be successfully
produced with this process.
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II.1.2 Hydroforming
Sheet hydroforming is a metal forming technology originating from the hydroforming technology
which was first developed in the 1990s [23]. A typical forming method in sheet hydroforming techniques
is hydrodynamic deep drawing, shown in Figure II-5. In this forming process, oil or any other pressuring
liquid media are used to press the sheet metal tightly onto the punch where it is drawn into the die by a
rigid punch. The liquid medium in the die cavity can reduce the friction between the sheet metal and die,
leading to a higher drawing ratio value of the sheet metal. The quality of the part can also be improved.
There are some advantages of sheet hydroforming:


Friction at the flange can be reduced due to fluid lubrication



Draw-ability can be significantly increased



Reduced surface defects of the formed parts due to the liquid pressure medium



Fewer dies are used thus reducing the tool cost
Despite the above advantages, some drawbacks also exist for sheet hydroforming. The

manufacturing efficiency is low, especially for the automotive industry and the manufacturing cost per
part is high when compared to conventional stamping forming processes. Even though the shape
distortion and spring back can be eliminated with sheet hydroforming, an additional heat treatment
process is needed to restore the component strength, resulting in an additional cost.
For the warm sheet hydroforming technique, the blank is simultaneously heated with forming dies
using an external furnace [24] or heating bands [25]. In comparison with cold hydroforming, warm
hydroforming uses the improved formability of aluminum alloys at elevated temperatures, which is
especially effective for high strength aluminum alloys, like AA6xxx and AA7xxx with poor formability
at room temperature [26]. It should be noticed that for warm hydroforming, the forming temperature
depends on the pressurizing medium sustainable temperature. The conventional oil medium temperature
is below 300oC, which means that sheet hydroforming is not suitable for the hot forming temperatures.

Figure II-5 Comparisons between conventional deep drawing and sheet hydroforming [23]
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II.1.3 Incremental forming
Incremental forming was first introduced by Matsubara in 1993 [27]. The process can be divided
into different types according to the tool configuration [28], shown in Figure II-6. Single point
incremental forming is the most commonly used technique. During the process, the blank holder is used
to clamp and hold the blank sheet in position. The rotating single point forming tool is utilized to
progressively form the sheet into a component and its path is generated by a computer numerically
controlled (CNC) machining center. During the incremental forming process, no backup die is used to
support the bottom surface of the deformed sheet. The advantages of incremental forming are listed
below [29, 30]:


Forming operations can be performed by a conventional CNC machine, and hydraulic pressure
is not required



The shape design is efficiently changed by using the programming of CNC machine



No male or female dies are required



Formability can be increased due to low forming load

Besides those advantages, there exist some concerns about this forming technique: (1) low
production efficiency; (2) thinning of the formed sheet and (3) limited geometry accuracy due to both
accumulated step change errors and spring back. Hot incremental forming is an improvement of the
conventional incremental forming technique. Various kinds of heating methods have been used to heat
the alloys during forming operations. Ji and Park [29] used hot air blowers to heat an AZ31 sheet blank,
Duflou et al. [30] utilized a laser-assisted local heating method for a Ti6Al4V sheet during the single
point incremental forming. Fan et al. [31] adopted the electrical heating method to heat the blank with
the aid of an external electrical power supply and material resistance. The above heating strategies can
also be combined to increase the heating efficiency.

Figure II-6 Schematics of incremental sheet forming with various tooling configuration [28]
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II.1.4 Superplastic forming
Superplastic deformation leads to neck-free elongations which can exceed several hundred percent
in some metallic materials, as illustrated in Figure II-7. This specific behavior is obtained by changing
the accommodation mechanism compared to plastic deformation.

Figure II-7 Superplastic deformation in a Cu-Al alloy [32]
As shown in Figure II-8, during superplastic deformation, original grain shape and size are kept
constant but neighbor grains keep changing and dislocation density does not change. In other words,
superplastic deformation: (i) doesn’t involve appreciable dislocation activity, (ii) maintains the identity
of individual grains with no massive recrystallization, (iii) maintains the grains shape during the
deformation, (iv) exhibits a dependence to the texture present prior to deformation, (v) activates specific
mechanisms (Grain Boundary Sliding and diffusive flow).

Figure II-8 Evolution of microstructure and texture during superplastic deformation[33]

Superplastic forming (SPF) technique for metals and alloys was first closely studied by Backofen,
Turner and Avery at MIT in 1964 [34]. Generally, superplastic forming takes place at high temperatures
and low forming strain rates, which allows the forming of more complex parts than traditional forming
methods. There are three primary requirements for superplasticity: (1) an ultra-fine grain size less than
10μm; (2) a forming temperature greater than 0.5 Tm where Tm is the melting temperature of the material;
(3) an important strain-rate sensitivity around 0.5. This forming technique has attracted a great attention
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in the industry, mostly for the fabrication of complex shaped components in the aerospace and
automobile industries. The advantages of superplastic forming are [35]:


Close dimensional accuracy



Excellent surface finish



Ability to produce complex shaped products in one operation, eliminating unnecessary joints
and rivets.



Reduction of residual stresses, the absence of spring back



Excellent mechanical properties due to having been formed from ultra-fine equiaxed grains

Figure II-9 Schematic of superplastic forming [36]
A typical SPF device is presented in Figure II-9. The superplastic alloy sheet is placed between the
upper and lower ovens and the gas is introduced. There is no punch for this process since gas pressure
alone is responsible for forming the sheet into the designed shape. The pressure during forming is slowly
increased to maintain the optimum strain rate, which is a necessary condition to have a high value of
strain rate sensitivity. This is important to reach the maximum elongation and to form complex shaped
products having excellent dimensional accuracy and mechanical properties.
The major limitation of SPF is the high forming cycle time due to the low forming strain rate. A
decrease in grain size can ease superplastic deformation which can thus be activated for lower
temperatures and higher strain rates [37]. These new thermomechanical conditions can allow decreasing
the forming time significantly. The complexity of this approach is the ability to modify the grain size of
the received material. This is generally obtained by using a Severe Plastic Deformation technique. One
technique, restricted to thin sheets, was first developed by Shin et al [38] to refine the grain size of pure
aluminum: Constrained Groove Pressing. As shown in Figure II-10 (a), this process consists in pressing
11

a sheet using groove dies and then straightening it using flat dies. This cycle is repeated several times
with a rotation of the sheet by 180° between each cycle. It leads to the development of pure shear
deformation under plane strain within the inclined regions and to no deformation within the flat regions.
After several cycles, a homogeneous strain distribution throughout the sheet is obtained without any
changes in its dimensions. It has also been successfully applied on magnesium alloy sheets [8], as shown
in Figure II-10 (b) for an AZ31B alloy, and on steel and copper sheet alloys [39, 40].

(a)

(b)
Figure II-10 (a) Principle of Constrained Groove Pressing [38] and (b) Illustration of grain
modification in a magnesium alloy (AZ31B) [8]
The commercial aluminum alloys suitable for superplastic forming are listed in Table II-1. These
alloys can be divided into two groups: those which are recrystallized before SPF, and those which
develop superplastic microstructures during the early stages of hot forming. AA5083 and AA7475
belong to the former group, while AA2004 is the latter group. In recent years, many efforts have been
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made to develop Al-Li alloys for aerospace applications. While currently not of commercial interest,
AA8090, which is listed in Table II-1, can be processed to display superplastic properties. Having the
similar chemical composition with our studied alloy (AA5383), the AA5083 alloy is described here in
detail. This alloy is a non-heat treatable alloy containing small varying amounts of the residual elements
Fe and Si. It is a relatively inexpensive material, displaying medium strength, good corrosion resistance,
and can be processed to have a moderate degree of superplastic ability. Nowadays, the AA5083 alloy is
the main Al alloy used for the production of non-structural parts by SPF.
Alloy

Composition, wt%

SPF temperature (oC)

Strain rate (s-1)

Elongation (%)

2004

Al-6Cu-0.4Zr

460

~ 10 -3

800~1200

5083

Al-4.5Mg-0.7Mn-0.1Zn

500-520

~ 10 -3

~300
800

7475

Al-5.7Zn-2.3Mg-1.5Cu-0.2Cr

515

2×10-4

8090

Al-2.4Li-1.2Cu-0.7Mg-0.1Zr

530

5×10-4

100

530

-3

500

2090

Al-2.5Cu-2.3Li-0.12Zr

~ 10

Table II-1 Superplastic alloys and corresponding superplastic forming conditions [41]
II.1.5 Quick plastic forming
Quick plastic forming (QPF) refers to a commercial hot blow forming process which has been
developed by the General Motors Company. Briefly, for the QPF process, aluminum alloys are deformed
at strain rates greater than those associated with SPF. It takes advantage of the high speed of hot drawing
and the excellent formability of superplastic materials. The process is highly optimized in an effort to
minimize cycle time and maximize the productivity of the greater capital equipment. Another aspect is
that QPF generally produces parts of less complexity compared to the SPF process. The key differences
between QPF and SPF are listed in Table II-2.
Superplastic forming

Quick plastic forming

Process variables

Strain rate/ Temperature chosen
for exploiting maximum material
ductility

Strain rate/Temperature chosen
to maximize productivity
consistent with final quality

Market features

Aerospace

Automotive









Typical panels

Low volume
High price points product
Hand rework common for
dimensional and surface
quality

Extreme shapes
High forming strains-back
pressure to limit cavitation

High volume
Low price product
Emphasize first time
dimensional and surface
quality

Moderate forming strains-back
pressure not required
Moderate post-form strength

Maximum mechanical properties

Table II-2 Comparison of SPF and QPF process by Krajewski and Schroth [42]
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QPF has some advantages when compared to SPF:


Lower forming temperature. This greatly brings down the processing cost



No requirement for superplastic grade alloy sheet. Ordinary alloy sheets can be used since the
first step is hot drawing and not SP deformation



Lower forming cycle times due to the relatively higher forming strain rate
Figure II-11 shows the device of quick plastic forming. Even though the shape complexity is less

than in superplastic applications, high-temperature forming can still overcome the difficulties associated
with the poor formability of aluminum sheet alloys.

Figure II-11 Schematic of quick plastic forming [43]
II.1.6 Hybrid forming technique
The superplastic forming technique offers the advantage of forming complex deep parts. However,
the long forming times due to low strain rates limit its wide application in an industrial context. In this
background, two novel SPF processes have been developed by using pre-forming: hot draw mechanical
pre-forming and quick plastic gas pre-forming.
Hot Draw Mechanical Pre-Forming
The hot draw mechanical pre-forming technique was first developed by Friedman [44] to form a
sheet of ductile material. Shown in Figure II-12, the forming process contains two separate forming
steps. The sheet is first externally preheated to the target forming temperature and then automatically
loaded onto the heated blank holder, which is supported by a movable cushion system, as shown in
Figure II-12(a). The upper die is then lowered until it engages the blank holder and wraps the material
around the punch. The press tonnage is increased to seal the die once the blank holder reaches the die
shoe (Figure II-12(b)). Gas is then introduced into the lower cavity to complete the part, as shown in
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Figure II-12(c). After completion, the gas pressure is released and the upper die is raised to remove the
forming part from the die.
In recent years, the hot draw mechanical pre-forming technique has also been applied to form SPF
AA5083 and non-SPF AA5182 alloys by Luo et al. [9], and non-SPF AA5083, Ti-6Al-4V alloys by Liu
et al. [10, 45] and AZ31B alloy by Wu et al. [46]. In those studies, the forming time cycles, as well as
the required forming temperature and the sheet thinning, are reduced compared to the conventional SPF
process. Also, the required forming temperature is lower and the sheet thinning is reduced.

(a)

(b)

(c)

Figure II-12 Schematic of the hot draw mechanical pre-forming process (a) the sheet is first loaded
into the die set; (b) a drawing stage pre-forms the panel and (c) a gas forming stage completes the
forming operation [9]
The microstructural evolution of AA5083 has been studied in the hybrid forming process [47].
Shown in Figure II-13, after hot drawing pre-forming, most of the grains are elongated along the
deformation direction from the initial equiaxed shapes. Because of geometric dynamic recrystallization,
many sub-grains are formed within the initial large grains. Once forming is completed, a fairly uniform
microstructure is obtained. When comparing the microstructures before and after blow forming, most
of grains and sub-grains have grown and the average aspect ratio of the grains has decreased. The
elongated grains with sub-grain boundary arrays shows the occurrence of sub-grain rearrangement. In
the gas forming stage, dynamic recrystallization, though in a limited amount, seems to contribute to the
random distribution of boundary misorientation angles.

(a)

(b)

(c)

Figure II-13 A EBSD map of annealed AA5083 alloy (a) before forming; (b) after hot stamping
(pre-forming) and (c) end of gas forming [47]
Quick Plastic Gas Pre-Forming
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In the past years, quick plastic forming has been successfully applied as a forming technique of
aluminum sheets in the automotive industry, especially in the case of Al-Mg alloys [42, 43, 48]. The
main deformation mechanism for QPF is dislocation creep (DC), which is similar to hot deep drawing,
while grain boundary sliding (GBS) plays an important role for SPF conditions. When DC is controlled
by a viscous glide, the strain rate sensitivity is usually about 0.3, which is lower than for SPF conditions
(m~0.5). The forming limit for the QPF is thus lower than SPF. To reduce the forming time of SPF, QPF
can also be used as a pre-forming technique, like the hot-drawing mechanical pre-forming, to form the
blank into a certain shape.
II.1.7 Synthesis
In this section, the commonly used sheet metal forming techniques have been reviewed.
The warm stamping is a widespread forming technique in the industry due to its higher
manufacturing efficiency compared to other forming techniques. However, because of the relatively
lower forming limit, this forming technique is restricted to simple shapes only. There also exists spring
back and shape distortion problems for stamping.
The hot stamping technique, which consists of increasing the forming temperature above the
recrystallization temperature, allows circumventing those drawbacks. This forming technique can
however only be applied to high strength heat treatable aluminum alloys.
Sheet hydroforming technique can improve the draw-ability and reduce surface defects compared
to the conventional stamping forming process. Low manufacturing efficiency and high manufacturing
cost per part are the drawbacks of this technique. Moreover, the temperature for hydroforming is limited
by the pressuring medium sustainable temperature.
Another forming technique, which provides an increase formability of aluminum alloys, is
incremental forming. No male or female dies are required for this forming technique and the change of
shape design is very efficient. The limitation of incremental forming is also the low forming efficiency,
as well as the thinning of the formed sheet and the limited geometry accuracy. The forming limit of
conventional incremental forming can be further increased by using a heating device.
Two forming techniques involving a pressuring gas have also been introduced: superplastic
forming (SPF) and quick plastic forming (QPF). SPF is the most widely used forming technique for
deep complex parts due to its extreme high forming limit, excellent surface finish, close dimensional
accuracy, the absence of spring back and excellent mechanical properties. However, the long cycle
forming time can limit its application for mass production. The high requirement for the as-received
material is another limiting factor. QPF is a forming technique which, when compared to SPF, provides
higher efficiency but is not well suited for complex shaped parts.
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In order to overcome the disadvantages of SPF, some hybrid forming techniques, which use a preforming stage, have been developed: hot drawing mechanical pre-forming and quick plastic gas preforming. The pre-forming before SPF can reduce the total forming time while keeping the quality of
forming parts. From my literature review, no research has been carried out on the quick plastic gas preforming technique. Similar to the hot-drawing mechanical pre-forming technique, the strain rates in the
pre-forming stage of the quick plastic gas pre-forming technique would be out of the superplastic range.

II.2 Constitutive models for hot forming
The material flow behavior during hot forming operations is often complex. The hardening and
softening mechanisms are influenced by strain, strain rate and forming temperature. The thermomechanical parameters can lead to a particular microstructure evolution; while on the other side, the
microstructure changes during the hot forming process can in turn affect the mechanical characteristics
like the flow stress. A precise description of the flow behavior of metals and alloys in hot deformation
conditions is of a great importance for the design of metal forming operations. A constitutive relation is
often used to describe the metal flow behavior in a form that can be easily be integrated into a computer
code to model the hot forming process under the specific loading conditions. Of course, the results of
numerical simulations are reliable only when a proper constitutive model is applied. Generally, an ideal
plasticity model for metals and alloys can precisely describe the material thermo-mechanical behavior,
providing the relationship between stress, strain, strain rate and forming temperature. In this section, a
review on constitutive models for metals and alloys in hot working conditions is presented. The
constitutive models are divided into three main categories: phenomenological constitutive models,
physically-based constitutive models and artificial neural network models.
II.2.1 Phenomenological constitutive models
Phenomenological models are widely used in the simulation of the forming process for metals and
alloys at high temperatures due to their easy implementation. So far, there exists many
phenomenological models, including the Johnson-Cook (JC) model, the Khan-Huang-Liang model, the
Field-Backofen model, the Voce-Kocks model, the Arrhenius equation and some other
phenomenological models. The feature for the phenomenological constitutive models is that the flow
stress can be represented as a function of equivalent plastic strain, equivalent plastic strain rate and
forming temperature

   ( P ,  P , T )
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(II.1)

where  is the equivalent stress,  P is the equivalent plastic strain,  P is the equivalent plastic strain rate
and T is the testing temperature. In this section, two most commonly used phenomenological models are
introduced: Johnson-Cook model, and Arrhenius model.
II.2.1.1 Johnson-Cook model
The Johnson-Cook (JC) constitutive model [49] assumes the flow stress to depend on the strain,
strain rate, and temperature, seperately. It has been successfully applied to a variety of materials in
different ranges of temperature and strain rates. It is widely used, mostly because of its simplicity and
the availability of parameters for many materials. The original JC model is expressed as

  ( A  B( P )n )(1  C ln  * )(1  T *m )

(II.2)

where A, B, C, n, and m are five parameters that need to be identified.  *   P / ref is the dimensionless
strain rate ( ref is the reference equivalent strain rate), and T * is the homologous temperature which
expressed as
T* 

T  Tref
Tm  Tref

(II.3)

where T is the testing temperature, Tm is the melting temperature, and Tref is the reference temperature
( T  Tref ). In Eq. (II.2), the flow stress is influenced by the strain hardening, strain rate hardening and
temperature softening, separately. It is based on a multiplicative decomposition of thermal softening,
strain hardening and strain rate hardening. These phenomena are therefore assumed to be uncoupled and
isolated from each other.
To consider the possible strain-strain rate-temperature couplings, some modifications of the
original JC model have been proposed to improve its application. Lin et al. [50] modified the original
JC model by considering the coupled effect of strain rate and deformation temperature to describe the
hot tensile behavior of a high-strength alloyed steel. The modified JC model is given by

  ( A1  B1 P  B2 ( P )2 )(1  C1 ln  * )exp[(1  2 ln  * )(T  Tref )]

(II.4)

where A1 , B1 , B2 , C1 , 1 , 2 are the material parameters. This modified JC model has been used to
predict the hot deformation behavior of the 6026 aluminum alloy under a wide range of temperatures
(673~823 K) and strain rates (0.001~10 s-1). Figure II-14 shows the comparison between the modified
JC model and the experimental results. It is obvious that the predicted flow stresses agree well with the
experimental results, which confirms that the modified JC model proposed by Lin et al. [50] can
accurately describe the hot compression behavior of the 6026 aluminum alloy in the studied temperature
and strain rate range.
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Figure II-14 Comparisons between the experimental (solid lines) and modified JC model predicted
(solid symbols) flow curves of AA6026 at (a) 673 K; (b) 723 K; (c) 773 K; (d) 823 K [51]
There are also some other modifications to extend the application of the JC model. For example,
Hou and Wang [52] modified the thermal softening part to describe the flow behavior under a wide
range of temperature, even the current temperatures were lower than the reference temperature. Zhang
et al [53] modified the original JC model by considering the effects of forming temperature on the strainhardening behavior for IC10 alloys. Lin and Chen [54] developed a combined JC model and ZerilliArmstrong model to describe the flow stress behavior for hot compressed 42CrMo alloy steel. A detailed
review of modified JC models can be found in [55].
II.2.1.2 Arrhenius model
The Arrhenius model is mostly used to describe the material flow behavior at high temperatures.
The effect of temperature and strain rate on the deformation behavior can be represented by the ZenerHollomon parameter in an exponent-type equation [56]. Those expressions are listed as follow
ˆ ( ) exp(
 P  AF

Qˆ
)
RT

Qˆ
Z   P exp(
)
RT
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(II.5)
(II.6)

  n1

F ( )   exp(  )
[sinh( )]n


  0.8
  1.2
for all 

(II.7)

where R is the universal gas constant (8.31 J mol-1 K-1), Q̂ is the activation energy of hot deformation,

Â , α and n are the material constants,    / n1 . The power law and the exponential law are suitable
for the low stress (   0.8 ) and the high stress (   1.2 ), respectively. However, the hyperbolic sine
law can be used over a wide range of deformation conditions. For all stress levels, Eq. (II-5) is
represented by

 P  A[sinh( )]n exp( 

Qˆ
)
RT

(II.8)

Then the flow stress can be rewritten as the function of Z parameters, considering the definition of the
hyperbolic law given as



1

Z
Z
ln{( )1/ n  [( )2/ n  1]1/2 }
ˆ

A
Aˆ

(II.9)

The above equation does not consider the effect of strain on the flow stress. In recent years, many
investigations [57-65] have established the flow stress of different metals and alloys during hot
deformation by the Arrhenius model with the strain compensation technique. According to this
technique, the values of Q̂ , Â , n, and α are expressed as polynomial functions of strain. For example,
in order to accurately predict the high-temperature flow behavior of an AA2030 aluminum alloy with
the Arrhenius model, Ashtiani et al. [65] have used the following functions of strain

  B0  B1 P  B2 ( P )2  B3 ( P )3  B4 ( P ) 4  B5 ( P )5  B6 ( P )6
n  C0  C1 ( P )  C2 ( P ) 2  C3 ( P )3  C4 ( P ) 4  C5 ( P )5  C6 ( P ) 6
ln Aˆ  D  D  P  D ( P ) 2  D ( P )3  D ( P ) 4  D ( P )5  D ( P ) 6
0

1

2

3

4

5

(II.10)

6

Qˆ  E0  E1 P  E2 ( P )2  E3 ( P )3  E4 ( P )4  E5 ( P )5  E6 ( P )6

The comparison between the experimental data and predicted data of flow stress from the straindependent constitutive equation at various conditions is shown in Figure II-15. It can be seen that the
flow stress predicted by the strain-compensated equation agrees well with the experimental results in
the whole researched processing domain.
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Figure II-15 Comparisons between predicted and measured flow stress curves of AA2030 at strain
rates of : (a) 0.005 s-1; (b) 0.05 s-1 and (c) 0.5 s-1 [65]
A further modification of the Arrhenius model has been proposed by Lin et al. [66] to predict the
flow behavior of the 42CrMo steel. The modification consists in using the following expression for the
Zener-Hollomon parameter
Q
Z '  ( P ) 4/3 exp(
)
RT

(II.11)

This modification has also been used for the description of the high-temperature flow behavior of the
Ti-modified austenitic stainless steel [67]. We need to mention that this modification depends on the
flow behavior of the material.
II.2.1.3 Composite model
In the appendix of the work of Sung et al. [68], two categories of plastic constitutive equations have
been listed: integrated constitutive equations and composite functions. The Arrhenius-type model
belongs to the integrated constitutive equations. For the composite functions, the material flow behavior
is represented by the strain hardening or softening, strain rate sensitivity and thermal softening functions
separately. According to the reference of Sung et al. [68], the material flow behavior equation can be
expressed as follows
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  K ( P   0P ) nˆ exp(b P )( P ) m {1  (

T  Tref
Tm  Tref

ˆ

) }

(II.12)

where K ,  0P , n̂ , m , b and ̂ are the parameters needed to be identified, Tm and Tref are the melting and the
reference temperature, respectively.
II.2.2 Physically-based Models
Phenomenological models can be obtained by fitting the experimental results by mathematical
equations. However, as those models do not have any physical meaning, they have natural defects in
describing the material behavior, especially for hot and dynamic deformation processes, for which the
internal microstructure changes extensively. Thus, some models based on physical mechanisms, such
as dislocation dynamics, thermal activation and so on, have been developed. The commonly used
physically-based models are the Zerilli-Armstrong (ZA) model [69], the Dynamic recrystallization
(DRX) model [70], the Voyiadjis-Almasri [71] model, and some other physical based models [72-75].
II.2.2.1 Zerilli-Armstrong model
The original Zerilli-Armstrong model [69] is derived from dislocation mechanics arguments. The
respective influences of strain, strain rate and forming temperature on the flow stress are considered.
Generally, the equation is composed of two parts, thermal and athermal

   a   th

(II.13)

where  a is the athermal equivalent stress,  th is the thermal equivalent stress. The thermal equivalent
stress can be represented by

 th 

M G0   T
e
Abˆ

   C3  C4 ln  P

(II.14)
(II.15)

where M is the direction factor, G0 is the free energy of thermal activation at 0 K, A is the activation
area at 0 K, b̂ is Burger’s vector,   is a parameter associated with the equivalent plastic strain rate.
As the activation area A for body-centered cubic (BCC) metals and face-centered cubic (FCC)
metals are different, the thermal components for these two structures are given separately

 th  C1 exp(C3T  C4T ln  P ) (For BCC materials)

(II.16)

1

 th  C2 ( P ) 2 exp( C3T  C4T ln  P ) (For FCC materials)
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(II.17)

By combining the athermal activation stress and the effect of the average grain size on the yield
strength into one component C0 , two different types of ZA models can be formulated

  C0  C1 exp(C3T  C4T ln  P )  C5 ( P ) n (For BBC materials)

(II.18)

1

  C0  C2 ( P ) 2 exp( C3T  C4T ln  P )

(For FCC materials)

(II.19)

where C0, C1, C2, C3, C4, C5, and n are material parameters.
The original ZA model is based on the assumption that the parameters of this model are regarded
as constants at various conditions and for the whole deformation process, which is not the real case for
most metals. In fact, the coupling between temperature, strain and strain rate should be considered in a
constitutive model. Thus, some modifications of ZA models have been proposed in recent years. Zhang
et al. [76] modified the ZA model by considering the effects of temperature, strain rate and strain on the
parameters. The modified ZA model can precisely describe the hot flow behavior of the IC10 alloy over
a wide range of strain rates and temperatures. Gao and Zhang [77] linked constitutive parameters directly
with the characteristics of microstructures to describe the dynamic plasticity of FCC metals. There are
also some other modifications of ZA model [78-80]. A modified ZA model has been proposed by
Samantaray et al. [81] to describe the hot flow behavior of a titanium-modified austenitic stainless steel
in the strain rate range of 0.001~1.0 s-1 and the temperature range of 1073~1473 K. Samantaray et al.
[81] modified the ZA with the following expression

  (C1  C2 ( P ) N )exp{(C3  C4 P )Tˆ  (C5  C6Tˆ ) ln  * }

(II.20)

In above equation, Tˆ  T  Tref with T and Tref being the testing and reference temperatures,  * is the
dimensionless strain rate which has been defined in the JC model. While C1, C2, C3, C4, C5, C6 and N
are material parameters. This modified ZA model has been applied to describe the static deformation
behavior of 7050 aluminum alloy [57]. Shown in Figure II-16, the elevated-temperature flow behavior
of this aluminum alloy can be accurately predicted by the modified ZA model. This model has been also
applied for steel [82] and copper [77].
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Figure II-16 Comparison between experimental and predicted flow stress for AA7050 alloy, using
modified ZA model at elevated temperature at (a) 0.001 s-1; (b) 0.01 s-1; (c) 0.1 s-1 and (d) 1.0 s-1 [57]
II.2.2.2 Dynamic recrystallization model
The deformation process for most metallic materials can be divided into four stages [70]: Stage I
(Working hardening stage); Stage II (Transition stage); Stage III (Softening stage) and Stage IV (Steady
stage), especially for relatively low strain rates, shown in Figure II-17.
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Figure II-17 Typical flow stress curve at the elevated temperature [70]
According to the work hardening and dynamic recovery, the evolution of dislocation density can
be represented as follows

d  / d  P  U  

(II.21)

where U represents the work hardening coefficient and can be regarded as constant with respect to strain,
 is the coefficient of dynamic recovery,  is dislocation density, d  / d  P is the rate of increase of

dislocation density with the equivalent plastic strain. The above equation can be integrated to give
P

P

  e  (U / e  0  U / )

(II.22)

As the effective stress is negligible compared to the internal stress at high temperature, the applied stress
can be related directly to the dislocation density

   b 

(II.23)

where  is a material constant,  is the shear modulus, b is the distance between atoms in the slip
direction. In the steady-state condition, the dislocation density is

 DRV  U / 

(II.24)

Thus, the equivalent stress during work hardening-dynamical recovery period under hot
deformation can be given by the following equation
P

2
2
  [ DRV
 (Y02   DRV
)e  ]0.5

(II.25)

where Y0 and  DRV are the yield stress and the steady-state stress due to dynamic recovery, respectively.
The dynamic recrystallization phenomenon is more and more obvious at high temperatures and low
strain rates. The recrystallized volume fraction X D can be represented by
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X D  1  exp[ K d (

 P   cP n
) ]
P
d

( P   c )

(II.26)

where  cP is the critical equivalent plastic strain for occurring dynamic recrystallization, K d and nd are
dynamic recrystallization parameters. At the same time, the progress of dynamic recrystallization X D
can also be written as

XD 

 DRV  
 p   DRX

( P   cP )

(II.27)

where  DRX and  P are the steady-state equivalent stress due to dynamic recrystallization and the peak
stress, respectively. According to Equation (II.25) and Equation (II.26), we can obtain the flow stress
during dynamical recrystallization period by

   DRV  ( P   DRX ){1  exp[ K d (

 P  c n
) ]}
P
d

( P   c )

(II.28)

Lin et al. [70] proposed the above constitutive equations for the work hardening-dynamic recovery
period and the dynamic recrystallization period of the 42CrMo steel. Recently, this physically-based
model has been also applied to the description of the hot deformation behavior of a high strength
aluminum alloy (Al-Zn-Mg-Cu) [83]. As shown in Figure II-18, this model has a good prediction
capability and can be used to determine the hot formation processing parameters of this alloy.
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Figure II-18 Comparisons between the predicted and experimental flow stress of the Al-Mg-Zn-Cu
alloy at the temperature of (a) 350 oC; (b) 400 oC; (c) 450 oC and (d) 470 oC [83]
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II.2.3 Artificial neural network (ANN) approach
Generally, the hot deformation behavior of materials is normally described by the above mentioned
phenomenological or physically-based models. However, when the response of the material behavior is
quite non-linear, it is difficult to predict the flow stress precisely by using traditional computational
methods. The third type of approach uses artificial neural networks (ANN) to overcome this problem.
ANN are a large class of parallel processing architectures, which can mimic complex and nonlinear
relationships through the application of many nonlinear processing units called neurons. One of the
advantages of an AAN model is that it is not necessary to provide a mathematical model at first. Usually,
the structure of an ANN is hierarchical with neurons grouped in different layers designed as an input
layer, hidden layers, and an output layer, shown in Figure II-19.

Figure II-19 Schematic structure of back propagation neural network [84]
The convergence criterion for the network is determined by the average root mean square (RMS)
error between the designed and predicted output values

ERMS 

1 N 1 P
(d ji  y ji ) 2


j 1
N i 1 P

(II.29)

where ERMS is the average RMS, N is the number of training or testing data, p is the number of variables
in the output, dj(n) and yj(n) are the target output and network for neuron j, respectively. For the
prediction of flow stress of the hot deformed material, strain, strain rate, and temperature are used as the
inputs of the model, while the flow stress is the output of the model.
Lu et al. [84] used an AAN model to describe the effects of deformation temperature and strain rate
on the flow behavior of an Al-Cu-Mg-Ag aluminum alloy. Shown in Figure II-20, a very high correlation
between experimental and predicted results has been obtained, indicating the excellent predictability of
the developed ANN model. The AAN model has also been used for the hot deformation prediction of
steel [85, 86], and other aluminum alloys [87, 88].
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Figure II-20 Comparisons between the experimental (solid lines) and predicted (points) flow stress
of Al-Cu-Mg-Ag alloy at (a) 0.001 s-1 and (b) 0.1 s-1 [84]

II.3 Yield criteria
To describe the viscoplastic behavior of a material in general stress state, the following three elements
are needed:
(a) A yield criterion expressing a relationship between the stress components at the moment when
plastic “yield” occurs
(b) An associated flow rule expressing the relationship between the components of the stress, the
strain rate and the temperature
(c) A hardening rule describing the evolution of the initial yield stress during the forming process.
The transition from the elastic to the plastic state happens when the stress reaches the yield point
of the material. A relationship between the principal stresses is needed specifying the conditions under
which plastic flow occurs. Such a relationship, which is also called yield function, can be represented
by

( , Y )    Y

(II.30)

where  is the equivalent stress and Y is the yield stress obtained from a simple test (like tension,
compression or torsion). All the points located in the inside of the surface (   0 ) are related to an
elastic state of the material. The points belonging to the surface (   0 ) are related to a plastic state.
The points located outside the surface (   0 ) have no physical meaning.
Due to the crystallographic structure and the characteristics of the rolling process, sheet metals
generally exhibits an anisotropy of mechanical properties. In this section, the anisotropy coefficients are
first introduced, then two yield criteria for anisotropic materials are presented: Hill 48 yield criterion
and BBC2003 yield criterion.
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II.3.1 Anisotropy coefficients
The three principal directions of a sheet, namely the rolling direction, the transverse direction and
the normal direction are respectively denoted by longitudinal direction (LD), transversal direction (TD)
and normal direction (ND) (see Figure II-21).

Figure II-21 Orthotropic axes of the rolled sheet metals: LD-longitudinal direction; TD-transversal
direction and ND-normal direction
The variation of the plastic behavior with direction is assessed by Lankford parameter or anisotropy
coefficient [89], which is determined by uniaxial tension tests on sheet specimens in the form of a strip.
The anisotropy coefficient r is defined by
r

 22
 33

(II.31)

where  22 and  33 are the strains in the width and thickness directions, respectively. For these tests, the
logarithmic transversal strain  22 is calculated by

 22  ln(

w
)
w0

(II.32)

where w0 and w are the initial and final width. Under the assumption of no volume change, the
logarithmic normal strain  33 along the normal direction is given by

 33  11   22

(II.33)

And the logarithmic longitudinal strain coefficient 11 can be easily obtained by
l
l0

11  ln( )

(II.34)

When the specimen inclines at the angle  with respect to the rolling direction, the instantaneous
coefficient of plastic anisotropy r is defined as the ratio of the plastic strain rates associated to the
width (inclined at the angle  +90o with respect to the rolling direction)  90 and thickness, 33
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r 

  90
33

(II.35)

For metallic sheets, the Lankford coefficients are classically determined for three different directions
(0o, 45o and 90o, respectively). The coefficient of normal anisotropy is obtained from
r0  2r45  r90
4

rn 

(II.36)

This value has an important meaning in deep drawing, since it indicates the materials “resistance” to
thinning. Also, a measure of the variation of anisotropy with the angle to the rolling direction is given
by the planar anisotropy coefficient:
r 

r0  r90  2r45
2

(II.37)

In this study, the r-values have been determined at the axial logarithmic strain of 15%.
Experimental research has also proved that yield surfaces are not symmetric in the biaxial region
[90]. To describe such a behavior, the coefficient of biaxial anisotropy has been defined by the ratio of
the principal strains
rb 

 22
11

(II.38)

A biaxial tensile machine can be used to obtain those principal strains.
II.3.2 Yield criteria
II.3.2.1 Hill 48 yield criterion
In 1948 Hill [91] proposed an anisotropic yield criterion by a quadratic function of the following
type

 2  F ( 22   33 ) 2  G ( 33   11 ) 2  H ( 11   22 ) 2  2 L 232  2Mˆ  312  2 Nˆ  122

(II.39)

where F , G , H , L , M̂ and N̂ are anisotropic parameters. In the plane stress condition
(  13   23   33  0 ) the yield function is reduced to

 2  G 211  F 2 22  H ( 11   22 )2  2 Nˆ  122

(II.40)

With the condition of G  H  1 , only three independent anisotropic parameters F , G and N̂ need to be
identified. They can be represented by Lankford’s coefficients
F

r0
,
r90 (r0  1)

G

1
,
r0  1

(1  2r45 )(r0  r45 )
Nˆ 
2r90 (r0  1)

(II.41)

This yield criterion has been applied for sheet metal forming with Gurson-Tvergaard-Needleman
damage model due to its easy parameter identification and implementation [92]. However, there exists
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some drawbacks for the yield criterion, such as it cannot represent the “anomalous behavior” observed
by Woodthrope and Pearce [93] and “second order anomalous” behavior observed by Banabic et al [94].
II.3.2.2 BBC2003 yield criterion
BBC2003 is an advanced plane stress yield criterion, which is developed based on BBC2002, to
describe the deformation behavior of orthotropic sheet metals [95]. The corresponding formulation is
given by
1

  [ a (   ) 2 k  a (   ) 2 k  (1  a )(2  )2 k ] 2 k

(II.42)

where k and a are material parameters and yield function is convex when k is an positive integer and

0  a  1 , respectively. While  ,  and  are functions which are given as follows


 11  M  22
2



( N 11  P 22 ) 2
 Q 2 12 21
4



( Rˆ 11  S 22 ) 2 ˆ 2
 T  12 21
4

(II.43)

In above two equations, a , M , N , P , Q , R̂ , S and Tˆ are yield criterion constants. The integer parameter

k is associated with the crystallographic structure of the material. Recommended value of the exponent
is k  4 for FCC materials [95].
Compared to Hill 48 yield criterion, BBC2003 yield criterion is more complex for parameter
identification and implementation. However, the later yield criterion can describe accurately the yield
surface and also give good predictions of the planar distribution of the uniaxial yield stress and uniaxial
coefficient of plastic anisotropy [96]. And it has been successfully applied in the sheet metal forming
for aluminum alloys, like AA3xxx [97, 98], AA5xxx [99] and AA6xxx [95] alloys .

31

II.4 Damage models
II.4.1 Foreword

Figure II-22 Stages of ductile fracture [100]
For the design and simulation of sheet metal forming process, besides the consideration of the
material rheological behavior, the ductile fracture (DF), which determines the upper limit to the forming
process, is another important aspect to be considered. From a physical viewpoint, DF is generally
described by the nucleation, and growth of voids that ultimately link to form cracks, shown in Figure II22. A number of phenomenological or micro/macro-mechanical motivated ductile fracture criteria
(DFCs) [101-105] have been developed for the prediction of DF initiation.
Compared with other models or indicators, like plastic instability theory and forming limit diagram
(FLD), DFCs can consider stress and strain loading histories in plastic deformation. The early researches
of McClintock [101] and Rice and Tracey [102] focused on the evolution of cylindrical and spherical
holes in a ductile matrix. Their results show that the void volume fraction is governed by stress triaxiality.
The void volume is included as an internal variable for the porous plasticity model proposed by Gurson
[103], assuming that ductile fracture occurs as the void volume fraction reaches a critical threshold value.
The original Gurson model has been repeatedly improved by considering the void coalescence [106],
taking void shape into account [107], incorporating the influence of plastic anisotropy [108] and shear
[109].
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Table II-3 Brief summary of selected typical DFCs
An alternative method to predict ductile fracture is to adopt phenomenological models without
modeling void nucleation and growth. It is assumed that the fracture occurs at a point of the body where
a weighted measure of the accumulated plastic strain reaches a critical value. The typical example of the
phenomenological damage model is the modified Mohr-Coulomb model [113] and Xue-Wierzbicki
model [112].
In the view of the interactions between theoretical models and material responses, DFCs can also
be classified into uncoupled and coupled categories. For the coupled approaches, the current flow stress
is influenced by the progression of damage, while uncoupled approaches neglect the yield surface
sensitivity to the damage evolution. Some typical DFCs are listed in Table II-3.
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II.4.2 Uncoupled ductile fracture criteria
In the uncoupled DFC category, the damage accumulation is formulated empirically or semiempirically with the following function in terms of variables such as the equivalent plastic strain, the
deviatoric stress, and the hydrostatic stress



 fP

0

f ( ,  P ) d P  CC

(II.44)

where  ,  P and  fP are stress tensor, equivalent plastic strain and equivalent fracture strain, while CC is
the critical value. The uncoupled approach has been widely adopted due to its simple formulation and
easy calibration. The Xue-Wierzbicki model and modified Mohr-Coulomb criterion are briefly
introduced in this section.
Xue-Wierzbicki model
The Xue-Wierzbicki (X-W) [114] model has been developed based on the work of Bao and
Wierzbicki [115] by taking the influence of Lode angle. Bao and Wierzbicki (B-W) carried out a series
of experiments and found that the ductile fracture strain is not necessarily a monotonic function of
triaxiality [115]. A three branch empirical fracture locus in the space of triaxiality and fracture strain
has been proposed. In the high triaxiality domain, the main failure mode is void growth and linkage. For
negative stress triaxialities, the fracture is governed by shear mode, while at low-stress triaxialities
between above two regimes, the fracture may develop a combination of shear and void growth modes.
The B-W model does not consider the effect of the Lode angle even though the experiments conducted
by Bao and Wierzbicki are not all conducted in a plane stress state. Based on this work, the pure
empirical Xue-Wierzbicki (X-W) model introduced the influence of the third deviatoric stress invariant
J3, which is related to the Lode angle parameter

 fP ( ,  )  c1e  c   (c1e c   c3e  c  )(1   1/ n ) n
2

2

4

(II.45)

where c1 , c2 , c3 and c4 are material constants, n is the hardening exponent,  and  are the stress triaxiality
and the normalized third stress invariant which are defined respectively
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(II.46)
(II.47)

where p is the hydrostatic pressure,  is the equivalent stress, J 3 is the third deviatoric stress invariant,
and  is the Lode angle.
The Xue-Wierzbicki model takes the exponential function of the Rice-Tracey model to describe
the lower bound (plane strain condition) and upper bound (axial symmetric condition) of a 3D fracture
locus.
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Modified Mohr-Coulomb
The stress-based Mohr-Coulomb fracture criterion has been widely used in the modeling of brittle
materials, such as soil, rock, and concrete [116]. This model postulates the following fracture criterion
(  c1 n ) f  c2

(II.48)

where  and  n are the shear and normal stresses, the constant c1 is refered to as a friction coefficient and

c2 is shear resistance. In the case of c1  0 , the MC criterion reduces to the maximum shear stress
criterion. Bai and Wierzbicki [113] extended this model to ductile materials. The resulting model is
called the modified Mohr-Coulomb (MMC) criterion
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where A and n are two power hardening coefficients, c1 , c2 and c3 are three fracture parameters,  is the
Lode angle parameter defined as
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cax is defined by the following equation

 1 for   0
c ax   c
c for   0

(II.51)

where cc is the parameter considering the asymmetry of a fracture locus. If taking cc  1 for simplicity,
the MMC model has only three parameters, and is referred as MMC3. Otherwise, there will be four
parameters ( c1 , c2 , cs and cc ), which is called MMC4.
The MMC model has been extended to the anisotropic case by Luo et al. [117]. Another further
modification of this model is to replace or link the parameter of cs with the power coefficient m, as
shown in the Hosford yield function [118].
Improvement of uncoupled models
It is worth noticing that all the above-mentioned uncoupled criteria were developed to predict the
evolution of ductile damage under cold deformation conditions, neglecting the influence of temperature
and strain rate. However, complex geometries, which are difficult to form at room temperature, can only
be formed at elevated temperatures. Both the constitutive behavior and ductile fracture behavior of
material are influenced by forming temperature and strain rate [119]. The preliminary extension of cold
deformation ductile fracture criterion is the classical Johnson-Cook model [120], which included
temperature and strain rate effects by introducing two separate terms in its formulation. Based on the
Johnson-Cook failure criterion, Arild et al. [121] studied the influence of strain rate, temperature, and
triaxiality on the flow and fracture behaviors of an AA5083 alloy. However, as the Johnson-Cook
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criterion does not consider deviatoric effects, its prediction is limited to a small positive range of
triaxiality [112]. More recently, a new fracture model based on the Johnson-Cook criterion was
developed by incorporating deviatoric effects to predict the ductility of Ti-6Al-4V sheets at different
temperatures and strain rates [122]. Some studies have focused on the influence of temperature and
strain rate on the ductile fracture of material with experimental identification at one stress state. Novella
et al. [123] applied a modified Oyane-Sato model to predict the formability of AA6082-T6 rolling bars
at elevated temperatures by using simple tensile tests. Khan and Liu [124] proposed a new isotropic
fracture model which includes the effect of strain rate and temperature to predict fracture on shear
deformation. Zhu et al. [125] used a simple process with compression tests to predict the fracture
initiation in hot deformation. Few studies have been dedicated to the joint influence of the stress state,
temperature and strain rate on damage.
II.4.3 Coupled ductile fracture criteria
Coupled ductile fracture criteria incorporate damage accumulation in constitutive equations. Those
models allow the yield surface of the material to be changed by the damage-induced density change.
Two typical coupled ductile fracture criteria are presented in this section.
Gurson-like models
In Gurson-like micromechanics-based criteria, the behavior of a material point is described by the
pressure-sensitive plastic flow rule and the void volume fraction is an internal variable representing the
progression of damage that interacts with the other state variables. In this section, the original Gurson
model, Gurson-Tvergaard-Needleman (GNT) model [103, 106] and shear modified Gurson’s models
[109] are briefly introduced.
Gurson [103] proposed a constitutive model to describe the mechanical behavior of materials with
micro-voids. The plastic flow potential of Gurson type model is
3

  ( ) 2  2 f cosh( m )  1  f 2  0
Y

2Y
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where Y is the yield stress,  m is the mean stress,  is the equivalent stress, f is the void volume fraction.
When f  0 (material is without damage), the above criterion corresponds to the classical von Mises
criterion.
Tvergaard and Needleman [106] extended the original Gurson model by considering the void
coalescence during deformation
3q 

  ( )2  2q1 f * cosh( 2 m )  1  q1 f *2  0
Y

2Y

where f * is expressed as
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For the above two equations, q1 and q2 are parameters in the plastic flow potential, f c is the critical value
of void volume fraction at which the material stress carrying capacity starts to decay more rapidly, f f
corresponds to the condition when the material totally loses the stress-carrying capacity.
The material point is assumed to fail when volume fraction of micro-voids f increases from the
initial value f 0 to f f . The original Gurson model only considers void growth as the failure mechanism.
The void growth rate is a function of the plastic strain rate and can be expressed by
p

fgrowth  (1  f )tr ( )

(II.55)

p

where  is the plastic strain rate tensor. Tvergaard and Needleman [106] introduced another failure
mechanism called the micro-void nucleation due to plastic deformation

fnucleation 
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where f N is the volume fraction of void nucleating particles,  NP and S N are the mean strain and standard
deviation for nucleation, respectively. The evolution of total volume fraction of voids due to plastic
deformation can be represented by
f  fgrowth  fnucleation

(II.57)

Nahshon and Hutchinson [109] found one limitation of the original Gurson’s model to be the sole
consideration of stress triaxiality. They introduce another failure mechanism to describe the micro-void
shear localization
fshear  kw f (1   ) P

(II.58)

where kw is a new material coefficient. Assuming the three micro-mechanisms to be independent, the
governing equation for the total volume fraction of micro-voids is
f  fgrowth  fnucleation  fshear

(II.59)

CMD-based Lemaitre
The Lemaitre model is derived from the general framework of continuum damage mechanics. The
starting point of this model is the definition of a damage state variable D, which is assumed to represent
the ratio between the damaged area SD and the total surface S of any cross-section. Due to the effect of
damage, the effective stress can be defined as
'


1 D
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where  ' is the effective stress tensor,  is the actual stress tensor. In the constitutive equations, the
effective stress is used instead of Cauchy stress to describe the damage impact on the macroscopic
behavior of materials.
Lemaitre [126] defined the dissipation potential with the additive function of the plastic potential
and damage dissipative potential. The latter is defined as
FD 

r
Y
( ) s 1
(r  1)(1  D) r
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where r and s are the material parameters, and Y is energy release rate which is defined by
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where  is the equivalent stress, E is the Young’s modulus,  is the Poisson’s ratio. Finally, the damage
evolution rule is
F
 Y s  P Y s
D   D 
( )  ( )
Y 1  D r
r

(II.63)

where  is the plastic multiplier, which can be deduced from the equivalent plastic strain rate as

   P (1  D ) .
In the above equation, the term  p /  refers to the stress triaxiality. It is used in the definition of
the damage strain release rate Y, which introduces the influence of the stress triaxiality in the damage
evolution rule. However, another important factor, the Lode parameter, is not considered in this
conventional Lemaitre model, leading to the inaccurate prediction for complex stress states. For this
reason, the Lemaitre model has been improved by incorporating the influence of the Lode angle
parameter in the formulation of Cao et al. [127]. They modified the damage dissipative potential as
FD 

r
Y
1
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1   2 2
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where 1 and  2 are two positive parameters,  is the Lode angle parameter. With the modified potential,
the damage evolution rule for the Lemaitre model becomes
F
Y
1
D   D   P ( ) s
Y
r 1   2 2

(II.65)

Another similar modification which includes the influence of the Lode angle parameter can be seen in
[128].
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II.5 Mechanical behavior of Al-Mg alloys at elevated temperatures
For the continuing trend toward weight reduction of vehicles, high-strength aluminum alloys have
been increasingly used for vehicle construction. In particular, aluminum-magnesium (Al-Mg) alloy
sheets are widely used in the automotive and shipbuilding industries, especially for outer panels, due to
their excellent properties of high strength, corrosion resistance, and weldability. However, the relatively
low formability at room temperature compared to steel sheets limits their applications. Moreover, AlMg alloy sheets often exhibit stretcher-strain (St-St) marks after metal forming operations [129]. Figure
II-23 shows the particular conditions of strain rate and temperature leading to the appearance of
stretcher-strain marks. It can be seen that no St-St mark appears in the hot deformation conditions. Thus,
there is some interest in forming of Al-Mg sheet alloys at elevated temperatures. In this section, the
review will be focused on the mechanical and microstructure properties of Al-Mg alloys at elevated
temperatures.
As we have mentioned before, forming processes at elevated temperatures can be divided into two
categories according to the temperature range: warm forming and hot forming. The boundary
temperature for the two forming process is the recrystallization temperature, which is about 320°C for
Al-Mg alloys. The behavior of Al-Mg alloys in both the warm and hot forming conditions is discussed
in the following.

Figure II-23 Conditions of temperature and strain rate for the appearance of St-St marks [129]
II.5.1 Al-Mg alloys behavior in warm forming conditions
In the early times, many studies have focused on the formability of Al-Mg alloys at warm
temperatures. Ayres and Robert [130] studied the uniaxial ductility of Al-Mg alloy sheets from 298 to
573K for a wide range of strain rates. Ayres and Wenner [131] also conducted research on the effect of
strain and strain hardening on the punch stretching of the same alloy at two warm temperatures (403 and
473 K). Tetsuo et al. [129, 132] investigated the influence of both temperature and strain rate on the
uniaxial and biaxial ductility of 5083-O Al-Mg alloy sheets from room temperature to 523 K. To discuss
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the strain and strain rate hardening effects, the strain hardening exponent, n-value, and the strain rate
sensitivity exponent, m-value, were determined from uniaxial tensile tests at various temperatures and
strain rates. The corresponding results are shown in Figure II-24. In general, higher n- and m-values
result in larger forming limit strains. At 573 K, the m-value is strongly influenced by the strain rate, with
variations from 0.1 to 0.4 corresponding to strain rates of 10-1 ~10-4 s-1. The n-value is rather small and
does not change much with the strain rate. However, when the temperature is below 473 K, the m-value
is rather insensitive to the strain rate, while n-value is influenced by the strain rate. We can see that the
improvement of formability of Al-Mg at 573 K at low forming speed is due to the high strain rate
sensitivity value (m-value). Below 475 K, the formability is also strongly affected by the strain
hardening (n-value).
All those experiments showed the following characteristics of Al-Mg alloys:


The ductility becomes higher with an increasing temperature and with a decreasing strain rate



Some of the alloys exhibit superplasticity under certain conditions of elevated temperature and
low strain rate



The strain-rate sensitivity (m-value) is central to stretch-formability, since higher the m-value,
the higher the ductility and lower the flow stress

(a)

(b)

Figure II-24 Effect of strain rate and temperature on (a) strain hardening (n-value) and (b) strain rate
hardening (m-value) of 5083-O Al-Mg alloy sheet in uniaxial tension tests [129]
II.5.2 Al-Mg alloys behavior in hot forming conditions
Increasing the forming temperature allows increasing augmenting the forming limit of aluminum
alloys. In comparison with warm forming, the deformation mechanisms for hot forming are more
complex. In the superplastic range, the main deformation mechanism is grain boundary sliding (GBS)
and the strain rate sensitivity value m is above 0.5. The temperature domain in which superplasticity of
the 5083 Al alloy can be obtained is generally between 500 and 560oC with optimum strain rates ranging
from 10-4 s-1 to 10-3 s-1 [133-135]. Martin et al. [136] investigated the evolution of microstructure and
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texture during high-temperature deformation of Al-Mg alloy. They found that both grain boundary
sliding (GBS) and dislocation creep (DC) played an important role in the deformation. At low strain
rates, the predominance mechanism is GBS while DC plays an important role at high strain rates and
continuous recrystallization takes place during the deformation. Generally, as-received Al-Mg alloy
sheet exhibits distinct deformation textures, due to the rolling in the final stage of the processing. Heating
of the sheet prior to forming can produce a fine recrystallized microstructure. McNelley et al. [137]
experimentally studied the influence of annealing on the texture evolution of AA5083 alloy. Shown in
Figure II-25 (a), the as-received AA5083 alloy exhibited the discrete orientation along the rolling
direction. After annealing, the microstructure exhibited nearly equiaxed grains (Figure II-25 (b)). It was
also observed that there were no further discernable changes in texture noted for annealing treatments
with durations up to 3600 seconds. Similar microstructural evolutions of an AA5083 alloy were also
observed by Dharmendra [138].

(a)

(b)

Figure II-25 The grain map of the AA5083 alloy at different state (a) as received type and (b) after
heating for 360 s at 450 oC [137]
The hot deformation behavior of Al-Mg sheet alloys has been studied for many years [137, 139143]. Figure II-26 shows the typical flow curves in the hot deformation conditions for a fixed
temperature [137] and a fixed strain rate [139]. The discontinuous yielding phenomenon, in which the
flow stress decreased rapidly and eventually reaches a steady-state, occurred in the certain range of strain
rates and temperatures. When the deformation temperature is at 450oC, this phenomenon only appeared
at high strain rates. While it can be observed for the all the researched temperatures at the strain rate of
0.1 s-1 (Figure II-26(b)). Thus, the discontinuous yielding phenomenon is largely influenced by the
imposed strain rate. This phenomenon is related to the rapid generation of mobile dislocations from
grain boundary sources, leading to hot deformation proceeding from the grain boundary region inward.
The stable flow in the large strain is associated with dynamic recovery and dynamic recrystallization.
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(a)

(b)

Figure II-26 (a) Flow curves of superplastic AA5083 alloy at various strain rates and 450 oC [137]; (b)
Flow curves of Al-5 wt.% Mg alloy at different temperatures and a strain rate of 0.1 s-1 [139]

II.6 Summary
In this literature review, the sheet metal forming techniques, which are commonly used in the
industry, have been presented. Generally, in order to obtain complex deep parts, superplastic forming
(SPF) has often been adopted. However, long cycle times and high requirements for the as-received
material limit its wide application in the industry. Quick plastic deformation (QPF) is another forming
method at high temperatures, which uses higher forming strain rates than SPF and does not allow
obtaining very complex shapes. The deformation mechanisms for SPF and QPF are different. For SPF,
the main deformation mechanism is grain switching and grain boundary sliding, while the strain
hardening or softening mechanisms are dominant for QPF. In order to obtain a complex shape without
reducing part quality while increasing forming efficiency, one of the possible method consists in
chaining those two different forming processes. At first, QPF is used to form the part to a certain
deformation at high strain rate, then SPF techniques are adopted to obtain the final shape by matching
the die. With the consideration of QPF and SPF techniques, the strain rate range for characterization of
the material behavior is chosen from 0.0001 s-1 to 0.1 s-1. While the temperatures are selected between
623 K and 723 K, which are in the hot forming range.
A proper description of the material mechanical behavior is required for the simulation of hot metal
forming. The commonly used constitutive models have been briefly described. For our thesis, after
characterization of our researched material, some of these constitutive models will be used or improved
to describe our material behavior. The ductile fracture is another aspect that should be accounted for
during hot temperature metal forming. The modified Mohr-Coulomb (MMC) model has been widely
used to predict the ductile fracture at cold deformation by putting the fracture strain as the function of
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triaxiality and Lode angle. Normally, the strain rate sensitivity for the ductile fracture at room
temperature is neglected. For hot deformation, the influence of strain rate and temperature on the ductile
fracture is however of a big importance. The first damage model considering both the influence of strain
rate and temperature is the empirical Johnson-Cook model. It is valid only for large triaxiality ratios and
does not take the Lode angle into account. The choice of damage model should depend on the
experimental results. This will be discussed in Chapter IV.
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Chapter III.
Experimental investigation of the high
temperature behavior of the AA5383 alloy
In this chapter, the material AA5383 alloy used throughout this study is microstructurally and
mechanically characterized. In the first part, the alloy employed as a work piece material is identified
and introduced. Optical microscopy and X-ray diffraction techniques are used to analyze the main
microstructural features of the AA5383 alloy. The impact of the initial heat treatment on the
microstructure is also discussed. In the second part, the mechanical behavior of the alloy is characterized
from different experimental tests in the ranges of 623~723 K and 0.0001~0.1 s-1. The objective is to
build an experimental database that will later allow identifying a yield function, a viscoplastic flow rule
and a damage model. To study the flow behavior, uniaxial tensile tests for different loading directions,
different temperatures and different strain rates as well as free bulging tests are performed. For the
characterization of the damage behavior, different type of tests (notched tension, shear and free bulging
tests) are carried out to study the effect of stress state, temperature and strain rate on the ductility. The
experimental procedures used for the different tests are presented in this chapter. The experimental
results are also exposed and briefly discussed.

III.1 Metallurgical characteristics of the AA5383 alloy
Aluminum alloys with magnesium as the major alloying element are widely used in the automotive
and marine industries due to their corrosion resistance, high strength to weight ratio and important
ductility. For marine applications, the most commonly used wrought aluminum alloys are 5083/5383
alloys. The present study focuses on the wrought aluminum alloy AA5383, whose chemical composition
is given in Table III-1.
Mg(%)

Mn(%)

Fe(%)

Cr(%)

Si(%)

Cr(%)

Cu(%)

Zn(%)

Al

4.91

0.80

0.17

0.12

0.05

0.12

0.06

0.04

balance

Table III-1 Chemical composition of AA 5383 alloy (wt. %)
III.1.1 As-received material
The studied alloy has been received in the form of 3.2 mm thick sheets. To observe the initial
microstructure, some samples have been cut, grinded and polished. An electro-chemical etching method
(with boric acid at the voltage of 30 V for 50 s) has then been used to reveal the microstructure.
According to metallographic observations (Figure III-1), because of the rolling process, the initial grains
are elongated along the rolling direction.
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Figure III-1 Metallographic observation of the as-received AA5383 alloy
Also, to investigate crystallographic texture, which is likely to be an important source of anisotropy,
some X-Ray Diffraction (XRD) analyses have been carried out. More specifically, a BRUKER Discover
D8 diffractometer, equipped with a copper anode, has been used to measure the {111}, {002}, {220}
and {311} pole figures of the as-received AA5383 alloy. The orientation density function has then been
estimated from pole figures with the harmonic method [144]. The corresponding inverse pole figures
are plotted for the three principal directions (i.e. RD, TD and ND) in Figure III-2. ND poles (red color)
are preferably located close to the [110] direction while RD poles are aligned with the [112] direction
of the standard stereographic triangle. The above features indicate that the as-received material displays
a brass-type texture [145].

(a)

(b)

(c)

Figure III-2 Inverse pole figures of as-received material for (a) normal direction; (b) rolling direction
and (c) transverse direction
III.1.2 Heat-treated material
In order to increase ductility, the AA5383 alloy has been heat-treated at 623 K and the duration has
been varied from 5 min to 60 min. As illustrated by Figure III-3 (a), even when the heat treatment time
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is only 5 min, significant microstructural changes are observed. Specifically, in comparison with the asreceived condition, grains are smaller and equiaxed, rather than elongated. The average grain size after
the heat treatment is about 19 μm. When the annealing time is further increased, no major
microstructural transformation is observed (Figure III-3 (b-c)). A similar phenomenon has been reported
for other AA5XXX alloys [137]. In the following, all specimens have been annealed at 623 K during 5
min prior to deformation.

(a)

(b)

(c)

Figure III-3 Metallographic observations of the AA5383 alloy after heat treatment at 623 K for (a) 5
min; (b) 30 min and (c) 60 min
Using the same experimental procedure as before, the crystallographic texture of the heat-treated
material (at 623 K for 5 min) has been evaluated with XRD techniques. The corresponding inverse pole
figures are shown in Figure III-4. According to the results, because of recrystallization, the texture is
less pronounced, the maximum and minimum pole densities being closer to unity. The annealing
treatment is therefore expected to reduce plastic deformation anisotropy.

(a)

(b)

(c)

Figure III-4 Inverse pole figures of material heat treated at 623 K for 5 min for (a) normal direction;
(b) rolling direction and (c) transversal direction
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III.2 Experimental procedures
To evaluate the high temperature behavior of the AA5383 alloy, different experimental tests have
been conducted. The objective of these tests is twofold. First, some uniaxial and biaxial tension tests
have been carried out to evaluate the viscoplastic flow behavior of the AA5383 alloy. The corresponding
results will later be used to select (i) a yield function, (ii) a viscoplastic flow rule and (iii) a hardening
rule. Secondly, some complex-shaped specimens have been submitted to different loading conditions to
evaluate the fracture behavior of the AA5383 alloy. Such tests will allow identifying the parameters of
a fracture criterion. In this section, the specimen geometries and the experimental devices are briefly
described.
III.2.1 Specimen geometries
In order to characterize the flow behavior and fracture response of the material over a wide range
of temperatures and strain rates, different specimens have been machined from the AA5383 sheet, see
Figure III-5:


Uniaxial Tension (UT) specimens with a 78.14 mm long and 12.5 mm wide gauge section to
characterize the flow behavior as well as the fracture behavior under uniaxial tension. The loading
direction is aligned with an angle of either 0° (UT0), 45° (UT45) or 90° (UT90) with respect to
rolling direction.



Eccentric shear (SH) specimens with two asymmetric notches to characterize the fracture behavior
for a purely deviatoric stress state. The gauge section shape is developed based on the work of Peirs
et al. [146] to ensure shear deformation. The loading direction coincides with the rolling direction.



Notched Tension (NT) specimens to characterize the fracture behavior at different triaxiality values.
NT specimens have been machined with a minimum section width of 10 mm and different circular
cut-out radii: R = 20 mm (NT20); R = 10 mm (NT10); R = 5 mm (NT5) and R = 2 mm (NT2). The
loading direction coincides with the rolling direction.



Free Bulging (FB) flanges of 290 mm diameter to characterize the plastic and fracture response for
biaxial stress state.
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(a)

(b)

(c)

(e)

(d)

(f)

Figure III-5 Specimen geometries for testing: (a) UT specimen; (b) SH specimen; (c) NT20
specimen; (d) NT10 specimen; (e) NT5 specimen and (f) NT2 specimen. Blue slid dots highlight the
position of the extensometer for relative displacement measurement

III.2.2 Testing machines
III.2.2.1 GLEEBLE machine
In the present work, the tension experiments have been performed with a GLEEBLE 3500 machine
(Figure III-6(a)). The maximum force capacity is 100 kN for both tension and compression and the
maximum velocity is 1 m/s. A schematic diagram of the GLEEBLE 3500 machine is shown in Figure
III-6(b). The specimen is fixed between two copper jaws, which are cooled down by the circulation of
water. Specimens are heated with the Joule effect, which allows high heating rates as well as a good
homogeneity of the temperature in the center of the specimen.

(a)

(b)

Figure III-6 (a) Gleeble 3500 and (b) schematic diagram
Flat specimens are attached to the copper jaws. A U-shaped part is positioned on the back of each
copper jaw to keep it in the right position, particularly during the heating stage. A type K thermocouple,
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which consists of two 0.2 mm diameter wires, is welded to the specimen center to control the temperature
(Figure III-7). All the tests are carried out in a vacuum chamber in order to avoid the oxidation of the
specimen. The driving computer allows controlling the machine and recording the experimental data.

Figure III-7 Fixed position of the specimen in the GLEEBLE
The longitudinal elongation l is measured by a LVDT extensometer (Figure III-8 (a)) that is
placed at the center of specimen. The extensometer consists of two arms that can move relatively to each
other during a deformation process. Each arm is composed of a straight alumina stem and an angled
quartz stem to realize the measurements up to very high temperatures (about 1300oC). The extensometer
is fixed at a place such that each arm is at the same distance from the center of the specimen. The error
of this measuring instrument is about 2 μm.
The width reduction w of tension specimens is measured by using a dilatometer type “C Gauge”
extensometer (Figure III-8 (b)), which is placed at the center of the specimen.

(a)

(b)

Figure III-8 (a) LVDT Extensometer and (b) C gauge Extensometer
III.2.2.2 Gas forming machine
A gas forming machine is used for the evaluation of the behavior of the aluminum alloy under
biaxial stress state. The gas forming machine, which is shown in Figure III-9 (a), has been developed at
the LAMPA.
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(a)

(b)

Figure III-9 (a) Gas forming machine at LAMPA and (b) pressure scheme
To perform a biaxial test, the specimen is first clamped between the blank holder and the matrix.
Using graphite resistors, the temperature of the tooling and the specimen is then increased to the
deformation temperature, which is controlled with a K-type thermocouple placed at the center of the
specimen. The specimen is finally inflated by injecting argon gas. The input pressure is controlled either
according to the height of the deformed specimen or according to the forming time. The height of the
dome apex is measured using a displacement sensor, which is located outside of the hot zone. A ceramic
bar, attached to the end of the sensor, is used to measure the displacement of the bottom pole of the
specimen by the direct contact.
The characteristics of the machine are: a deformation temperature comprised in 300oC and 1100oC,
a maximum pressure of 120 bars, a maximum displacement for the sensor of 200 mm. The upper die
has a cylindrical geometry with an aperture radius of 145 mm. The die entry radius is 5 mm and 200
mm deep. The initial diameter of the specimen is 290 mm and the diameter of the deformed zone is 200
mm. The dome displacement of the deformed part is limited to 100 mm in order to be moved out easily.
Generally, the sheet can have the fracture before reaching this dome displacement.

III.3 Flow behavior of the AA5383 alloy
III.3.1 Uniaxial tension
III.3.1.1 Interpretation of tension tests
The GLEEBLE machine is used for the characterization of flow behavior under uniaxial tension.
During uniaxial tensile tests, the cross-head velocity is controlled to obtain a constant logarithmic strain
rate d  11 / dt :
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d 11 / dt  dl / dt / l

(III.1)

where l is the gauge length, 11 is the axial logarithmic strain. According to the above equation, the
strain rate is kept constant by gradually changing the cross-head velocity during tensile tests. In the
GLEEBLE machine, the axial force and the elongation of the gauge length can be measured; the axial
Cauchy stress  and the axial logarithmic strain 11 can be evaluated from:
l
l0

(III.2)

F l
.
A0 l0

(III.3)

 11  ln( )


where l0 and A0 are the initial gauge length and cross-section area, while F is the current axial force. It
should be noticed that, for the evaluation of the axial Cauchy stress, the volume is assumed to be constant.
III.3.1.2 Impact of strain rate and temperatures
In order to investigate the impact of temperature and strain rate on the flow behavior, some UT
tests along the rolling direction have been carried out at different temperatures (623, 673 and 723 K)
and strain rates (0.0001, 0.001, 0.01, 0.1 s-1). All the tests have been stopped at the axial logarithmic
strain of 0.6. The testing conditions have been listed in Table III-2. The initial axial gauge length for
those UT tests is set as 10 mm. To verify the homogeneity of temperature in the gauge area, the
temperature of 5 mm from the center position is also measured. As shown in Figure III-10, the maximum
temperature difference during the deformation in the gauge length is less than 4 K, indicating the
homogeneity of temperature.

 P
T

Deg

0.0001 s-1

0.001 s-1

0.01 s-1

0.1 s-1

623 K

0°

0°

0°

0°

673 K

0°

0°

0°

0°

723 K

0°

0°

0°

0°

Table III-2 Testing conditions for UT test along the rolling direction
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700
680

T (K)

660

Center position
5 mm from center position

640
620
600
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Strain (-)

Figure III-10 Temperature evolution for uniaxial tension test
For each condition, three tests have been performed. As there exits high repeatability, only one
curve is presented for each testing condition. The corresponding true axial stress-strain curves are shown
in Figure III-11. According to the results, the influence of temperature and strain rate on the flow
behavior is significant. Generally, both the yield stress and the steady stress increase with an increasing
strain rate and a decreasing temperature. A yield drop phenomenon, which is particularly visible for
high strain rates, is sometimes observed. This phenomenon can be explained by the sudden increase of
the dislocation density at the beginning of deformation. Also, whatever the deformation temperature is,
a hardening behavior is observed at low strain rates while softening is predominant for high strain rates.
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Figure III-11 Stress-strain curves obtained from UT tests at (a) 623 K; (b) 673 K and (c) 723 K
To study the influence of hot deformation on the evolution of microstructure and texture, some UT
tests have been performed at two different strain rates (0.1 s-1 and 0.0001 s-1) and three different
temperatures (623 K, 673 K and 723 K) and interrupted for an axial logarithmic strain of 50%. In general,
the microstructure after hot deformation consists of fine grains without obvious elongation (Figure
III-12), indicating that dynamic recrystallization (DRX) occurs during hot deformation. It is generally
established that the softening mechanism of alloys during the high temperature deformation is related
to the Zener-Hollomon parameter [51, 56, 63, 147]

Z   P exp(

Q
)
RT

(III.4)

Liu et al. [148] indicated that DRX is more likely to occur for materials with high Z values. This
tendency has been reported for the AA2195 alloy under the hot compression deformation [149]. In the
present case, this can explain the fact that the AA5383 alloy deformed at 623 K and 0.1 s-1 exhibits a
larger amount of small recrystallized grains.
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Figure III-12 Metallographic observations of deformed specimens at different temperatures and
strain rates. (a) 623 K and 0.0001 s-1; (b) 623 K and 0.1 s-1; (c) 673 K and 0.0001 s-1; (d) 673 K and 0.1
s-1; (e) 723 K and 0.0001 s-1; (f) 723 K and 0.1 s-1
III.3.1.3 Plastic deformation anisotropy
For the purpose of evaluating plastic deformation anisotropy, the loading direction has been varied
from 0° to 90° for a fixed strain rate of 0.001 s-1 and a fixed temperature of 673 K. The corresponding
results are shown in Figure III-13. The material exhibits a small degree of plastic deformation anisotropy.
The 0° direction displays the highest yield stress compared with the other two directions. The calculated
Lankford coefficients are listed in Table III-3. Following the general trend for aluminum alloys, the rvalues are generally lower than unity [150]. Also, our experimental data for r-values are very close to
the values obtained for Al-Mg alloy at elevated temperatures [151].
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Figure III-13 Stress-strain curves obtained from UT tests at 673 K and 0.001s-1 for different
directions.

r0 (-)

r45 (-)

r90 (-)

Y0 (MPa)

Y45 (MPa)

Y90 (MPa)

0.71

0.88

0.78

26.8

24.7

25.7

Table III-3 Yield stresses and Lankford coefficients at 673 K and 0.001 s-1
III.3.2 Biaxial tension
For anisotropic materials, the flow behavior for uniaxial tension and biaxial tension are generally
different [152]. As the stress state in the forming process is complex, an accurate determination of the
biaxial yield stress is of great importance. For this purpose, some free bulging tests have been carried
out with the gas forming machine to estimate the biaxial yield stress at 673 K and 0.001 s-1. However,
unlike uniaxial tension experiments, the biaxial yield stress cannot be directly determined from the
experimental data. To overcome this difficulty, an inverse method will later be used to estimate the
biaxial yield stress.
The bulging forming tests have been carried out at 673 K with three different constant pressures:
P1=0.6 MPa, P2=1.0 MPa and P3=1.5 MPa. The experimental dome height evolutions for FB tests are
presented in Figure III-14. All the tests are stopped for a dome displacement of 70 mm. It can be clearly
seen that the rate of deformation is not linearly related to the pressure value in the whole range. The
displacement rate for the dome apex is enormous at the beginning and progressively tends to a steady
regime with a constant value. To the same extent of deformation, the highest pressure allows reducing
the forming time significantly.
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Figure III-14 Dome height-time curves obtained from FB tests

III.4 Damage behavior of the AA5383 alloy
Apart from the constitutive behavior, ductile fracture is another important issue in sheet metal
forming. For hot forming of sheet metals, the stress state, as well as the forming temperature and the
strain rate, impacts the formability. In this part, the results of the different tests that have been conducted
to evaluate the damage behavior of the AA5383 alloy are discussed.
III.4.1 Influence of the stress state
In order to study the effect of the stress state on the ductility, different tests have been performed
for a fixed temperature of 673 K and a fixed strain rate of 0.001 s-1. These tests will allow determining
the evolution of the equivalent fracture strain as a function of the stress state.
SH tests
The objective of shear tests is to obtain the fracture strain for a purely deviatoric stress state. Thus,
it is important to choose the geometry of the specimen such that fracture initiates as a result of shear
deformation. Peirs et al. [146] developed a novel shear specimen geometry by using finite element
simulations together with experiments. The proposed specimen, with eccentric notch positions, provides
a more important concentration of shear strains in the central zone during the deformation when
compared to the traditional symmetric notched position shape. For our shear experiments, this eccentric
notched specimen is selected and the detailed geometry is shown in Figure III-15.

56

25

1
…………………………

11

5

………
………

…… +

1

R1

………+

……

11

Figure III-15 Detailed geometry of SH specimen
During the shear experiment, the displacement and force are obtained directly from the machine.
Unlike uniaxial tensile tests, the stress and strain cannot be calculated analytically from experimental
data. Peirs et al. [146] found that, by using this shear geometry, the ratio between the average stress in
the shear zone and the local stress in the center part is close to 1 at onset of plastic deformation. Thus,
the local stress can be approximately represented by the average stress:

 ave 

F
L t

(III.1)

where F is the axial force, L and t are the length and width of the shear region, respectively. However,
the relation between the local shear strain and the specimen elongation is not straightforward. To obtain
the local shear strain, a numerical-experimental hybrid approach will later be used.
In the shear experiment, the velocity must be adjusted to control the strain rate in the initiation zone.
To this aim, different numerical simulations of the shear test have been performed to adjust the velocity
to obtain an average equivalent strain rate of 0.001s-1 at the center position. As the relation between the
shear strain and the displacement is almost linear in the plastic deformation range [146, 153], the velocity
is assumed to be constant. For the present tests, the initial gauge length for the extensometer is 25 mm.
The velocity has been set to 0.04 mm/s, which corresponds to an equivalent strain rate of 0.001 s-1 in the
middle part of the specimen.
Shear tests have been repeated three times. Those force-displacement curves are shown in Figure
III-16. According to the experimental results, the repeatability is correct for shear tests. Also, the force
progressively increases during the test until fracture initiates. The drop of the axial force is therefore
considered as the starting point of fracture.
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Figure III-16 Force-displacement curves for shear test at 673 K and 0.001 s-1
UT and NT tests
To study the fracture behavior at different stress states, UT, NT20, NT10, NT5 and NT2 specimens
have been deformed at 673 K under displacement control for different velocities of 0.024, 0.011, 0.008,
0.006 and 0.005 mm/s, respectively. These loading conditions have been chosen to obtain an average
equivalent strain rate of 0.001 s-1 at the center position. Three repetitions are carried out in order to
ensure the accuracy of the results. The force-displacement curves are shown in Figure III-17. Unlike the
shear test, the force in the uniaxial and notched tension tests decreases at the beginning of plastic
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Figure III-17 Force-displacement curves for (a) UT tests and (b) different NT tests at 673 K and
0.001 s-1
With the same initial section area, the axial forces for the different notched specimens at the onset
of plastic deformation are quite close to each other. The slight difference can be explained by the
different distributions of strain rate in the middle section.
For the fracture displacement of the notched specimen, the NT20 exhibits the maximum
displacement (around 7 mm). Generally, the fracture elongation decreases with the decrease of R value
for notched specimens [122, 154-156]. As for those tests, the true fracture strain cannot be directly
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obtained from the experimental data. A hybrid experimental and simulated method will therefore be
used to identify the fracture strains from the computed deformation history (see next chapter).
Some images of notched tension specimens at the instance of failure are shown in Figure III-18.
For NT20 and NT10 specimens, the fracture initiates from the center of specimen while the crack starts
from the edge of the notch for NT2 specimens. For NT5 specimen, the failure is simultaneously detected
in the center and on the edge of the specimen. It is evident that the position of failure initiation changes
from the center to the edge of specimen as the original notched radius decreases. A similar phenomenon
for notched tension tests has been seen in the literature [154].

(a)

(b)

(c)

(d)

Figure III-18 Experimental fracture initiation deformed at 673 K and 0.001 s-1 for (a) NT20; (b)
NT10; (c) NT5 and (d) NT2 specimens
Free Bulging test
Free bulging tests can be used to evaluate the fracture strain for a biaxial stress state. To control the
strain rate in the experiment, the evolution of the forming pressure needs to be determined numerically
at the first step. For the free bulging forming simulation, the subroutine DLOAD is used to change the
forming pressure iteratively in order to have the constant deformation strain rate of 0.001 s-1 at the dome
apex. The employed pressure control strategy and the constitutive model are detailed in Chapter V. The
resulting pressure evolution from the numerical simulation, seen in Figure III-19 (a), is used as an input
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in the free bulging forming experiment. It can be seen that the forming pressure increases until the
maximum value and then slowly decreases. The dome displacement increases gradually with the
forming time up to a maximum value of 82.2 mm (Figure III-19 (b)), which is the fracture displacement
for free bulging test at 673 K and 0.001 s-1. The deformed specimen is shown in Figure III-20. It can be
seen that the fracture is located at the dome apex.
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Figure III-19 (a) Pressure evolution; (b) force-displacement curve for FB test deformed at 673 K
and 0.001 s-1

Figure III-20 Fractured specimen for FB test deformed at 673 K and 0.001 s-1
III.4.2 Influence of temperature and strain rate
In the high temperature deformation range, the temperature and strain rate have an important
influence on fracture strains [14, 157, 158]. In order to study these effects, the experimental tests are
limited to the NT20 specimen. The testing conditions are listed in Table III-4, and each test is repeated
three times.
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 (s-1)

0.0001

T (K)

0.001

623

0.01

0.1

+

+

+

673

+

+

723

+
Table III-4 Testing temperatures and strain rates for NT20 specimen

The force-displacement curves for NT20 specimens at different temperatures and strain rates are
shown in

Figure III-21. At each testing temperature and strain rate, there exists high repeatability

before the sudden decrease of axial force. As expected, the fracture displacement increases with the
increment of temperature and the decrement of strain rate.
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Figure III-21 Force-displacement curves for NT20 specimen deformed at (a) 0.001 s-1 and (b)
673 K

III.5 Summary
The present study focuses on the AA5383 aluminum-magnesium alloy. In this chapter, this alloy
has been microstructurally and mechanically characterized. For the as-received state, because of the
rolling process, the microstructure is composed of elongated grains along the rolling direction. The
crystallographic texture is quite pronounced, with an important brass component. In the present work,
the AA5383 is heat-treated at 623 K for 5 min prior to any deformation to increase the ductility. As a
result of this treatment, grains are equiaxed and the brass component of the crystallographic texture is
largely attenuated.
The simulation of hot forming operations requires a constitutive model for the AA5383 alloy. To
select an appropriate model, different tests have been carried out. The objective of these tests is twofold.
First, some uniaxial and biaxial tests have been performed to evaluate the flow behavior. These
tests provide an experimental database that will be used in the next chapter to identity a yield criterion,
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a viscoplastic flow rule and a hardening rule. As expected, the flow stress is largely influenced by strain
rate and temperature. The material exhibits a hardening behavior at low strain rates while slight softening
occurs for high strain rates. The softening phenomenon is related to dynamic recrystallization. Also,
uniaxial tension tests for different angles with respect to rolling direction have been employed to study
the anisotropic properties at 673 K and 0.001 s-1. The yield stress along the rolling direction is a little
higher than the ones for the 45o and 90o directions.
Second, to characterize the fracture behavior under hot deformation, four notched tension
specimens, a shear specimen, together with a free bulging, are used to study the influence of stress state,
temperature and strain rate on the forming limit. For a fixed deformation temperature and strain rate, the
fracture displacement decreases with the decrease of radius value for notched specimens. Also, for a
fixed stress state, the maximum displacement increases with an increasing temperature and a decreasing
strain rate. The corresponding results will allow determining the parameters of ductile fracture in the
following chapter.
An important difficulty is due to the fact that, except from tension tests on smooth specimens, most
material properties (e.g. yield stress, fracture strains) cannot be directly obtained from experimental data.
To circumvent this issue, some inverse methods will therefore have to be used to adjust material
parameters.
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Chapter IV.
Material models for AA5383 alloy at high
temperature deformation
In this chapter, material models, including a constitutive model and a damage model, are proposed
to describe the thermo-mechanical behavior of AA5383 alloy. The constitutive model consists of flow
stress behavior and yield function. For the flow stress behavior, Arrhenius type model and a composite
type model are tested. While the BBC2003 yield criterion is proposed to describe the yield behavior
under the plane stress condition. Those models are implemented in the user defined subroutine UMAT
by a semi-implicit integration method. Finite element simulations are performed of all the experimental
tests to obtain equivalent fracture strain at the material point where fracture initiates. The values of stress
state for different deformed shapes are also obtained from the numerical results by using a weighting
function based on the damage accumulation rule. The modified Mohr-Coulomb (MMC) criterion with
adding the influence of temperature and strain rate is proposed to predict the damage behavior. The
identification and validation progress are also discussed.

IV.1 Identification strategies
The general strategy for parameter identification is presented in Table IV-1. First, the flow rule
parameters have been determined from the results of the uniaxial tension tests performed along the
rolling direction. For this purpose, a genetic algorithm (GA) has been used to estimate the corresponding
parameters.
Then, to adjust the yield criterion parameters, the yield stresses associated with different loading
modes must be known. For uniaxial tension tests, the yield stresses corresponding to the different
loading directions are directly obtained from the experimental data. At the opposite, the yield stress for
biaxial tension is not directly available from free bulging tests. Therefore, some numerical simulations
of bulging tests have been carried out to estimate the biaxial yield stress by comparing the numerical
and experimental dome height versus time evolutions for the different imposed pressures. A NewtonRaphson method has been used to obtain the yield criterion parameters.
Finally, using the yield criterion and the flow rule parameters, some numerical simulations of the
uniaxial tension, shear, notched tension and free bulging tests have been conducted to determine the
MMC fracture criterion parameters. The simulation results have been used to estimate the fracture
strains for different loading paths. The criterion parameters have been determined from the fracture
strains with a genetic algorithm.
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To use the proposed material models or criteria, we have two assumptions: for yield behavior,
Lankford coefficients are constant in the studied temperature and strain rate range; for damage behavior,
the shape of the fracture locus is not influenced by temperature and strain rate.
Parameters
Flow
rule

K ,  0P , n̂ , m ,

b , ̂

Experimental data

Testing condition
T : 623~723 K

 : 0.0001~0.1 s-1

Uniaxial Tension(UT)

GA method

Loading direction: 0°
For UT:

Yield
criterion

Identification
method

a,M ,N ,P ,

Uniaxial Tension (UT)

Q , R̂ , S , Tˆ

Free Bulging (FB)

T : 673 K;  : 0.001 s-1

Loading direction: 0°, 45°, 90°
For FB:
T : 673 K;  : 0.001 s-1

Direct method
+
Inverse method
+
NewtonRaphson method

For UT, NT, SH, FB:
Damage
criterion

A , c1 , c2 , c3 ,
n , D1 , D2

Tension (UT and NT)

T : 673 K;  : 0.001 s-1 ;

Shear (SH)

For NT20:

Free Bulging(FB)

T : 623, 673, 723 K

Inverse method
+
GA method

 : 0.0001, 0.001, 0.01, 0.1 s-1

Table IV-1 Parameter identification strategy for AA5383 alloy

IV.2 Constitutive model
In this section, a constitutive model, which consists of flow behavior and yield criterion, is proposed
to describe the hot deformation behavior of AA 5383 alloy. For the flow behavior, Arrhenius type model
and a composite model are proposed and identified based on the experimental results. While the yield
criterion is represented by BCC2003 yield criterion. The implementation algorithm for above models is
also presented.
IV.2.1 Flow behavior
The precise description of the flow behavior of metals and alloys under hot deformation conditions
is of a great importance for the design of metal forming operations. In our study, two models are tested
to describe the flow behavior of AA5383 alloy: Arrhenius model and a composite model. The selection
of those two models are based on wide application and easy identification.
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IV.2.1.1 Arrhenius model
At hot temperatures, the relation between the flow stress, temperature and strain rate is often
expressed by an Arrhenius constitutive model [147]. The influence of temperature and strain rate on the
deformation behavior can be represented by Zener-Hollomon parameter [56]. The details of Arrhenius
model are referred to Chapter II.
As the original equations of Arrhenius model do not consider the effect of the equivalent plastic
strain on the flow stress, the strain-compensated Arrhenius model (the parameters are as the function of
the equivalent plastic strain) is often used to describe the flow behavior of alloys. The detailed parameter
identification process can be found in Ref. [147]. For our case, the same identification procedure is
employed as follows:


Determination of  by the equation  / n , where  and n correspond to the slope of

  f (ln  P ) and ln   f (ln  P ) , respectively;


Determination of n by calculation the slope of ln[sinh( )]  f (ln  P ) ;



Determination of Q̂ by taking the slope of ln[sinh( )]  f (1 / T ) ;



Determination of Â by using the following equation, as all the other parameters are known in
this step:
ln[sinh( )] 

ln  P
Qˆ
ln Aˆ


n
nRT
n

(IV.1)

All the parameters are identified at the equivalent plastic strain from 0.05 to 0.6 with the interval of
0.05. Shown in Figure IV-1, the two order polynomial function is used to plot the identified parameters
as the function of the equivalent plastic strain. The corresponding expression is summarized in Table
IV-2.
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Figure IV-1 Parameters of Arrhenius model as the function of equivalent plastic strain
Parameter

Expression



0.0126( P ) 2  0.0087 P  0.0284

n

0.981( P ) 2  2.098 P  2.453

Q̂

25.523( P ) 2  49.551 P  143.97

ln Aˆ

5.123( P )2  9.143 P  19.533

Table IV-2 Material parameters for strain-compensated Arrhenius model
The comparison between the calculated and the experimental stress-strain curves is shown in Figure
IV-2. It can be observed that the strain-compensated Arrhenius model can precisely describe the material
flow behavior at relatively low strain rates. While for the highest deformation strain rate, the model
underestimates the flow stress at 623 K and overestimates the flow stress ate 723 K. For the deformation
temperature of 673 K, the experimental results and the calculated results are in good agreement. For the
whole studied range, the relative average error of the model is around 7.6 %.
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Figure IV-2 Comparison between the experimental results and calculated stress-strain relations by
the strain-compensated Arrhenius model at: (a) 623 K; (b) 673 K; (c) 723 K
IV.2.1.2 Composite model
The detailed description of the composite model can be seen in Chapter II. For our alloy, the melting
temperature is 858 K, while the reference temperature is set to Tref = 623 K.
A genetic algorithm optimization method [159] is used to identify the parameters. The objective
function  f is the relative error between the computed equivalent stress  C and the experimental
equivalent stress  E

 C  E
 f ( K ,  0P , nˆ, m, b, ˆ )  
E


(IV.2)

This function is minimized by the optimization method. Unlike some other common optimization
methods (e.g. Newton-Raphson, Levenberg-Marquardt), genetic algorithms have some ability to
overcome the difficulties associated with local minima. In this work, the population consists of 10000
individuals, the maximum number of generations is fixed to 100, the crossover probability is 0.8 and the
mutation probability is 0.02. The identified parameter values are listed in Table IV-3.
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Parameter

K [MPa]

Value

480

 0P [-]
0.82

n̂ [-]

m [-]

b [-]

̂ [-]

0.65

0.24

0.60

0.28

Table IV-3 Material parameters for the composite model
The comparison between the experimental and simulated results is shown in Figure IV-3. In general,
at low strain rates, the calculated results are well in agreement with the experimental results. However,
at high stain rates, the predicted results show some differences with the experimental ones. For all tested
configurations, the average error of the model is around 6.3%.
Comparing the above two models, the composite model has the advantage to have a lower relative
error. Moreover, the implementation of the strain-compensated Arrhenius model is much more difficult
due to the dependence of its parameters to equivalent plastic strain. Based on above two reasons, the
composite model is adopted to describe the flow behavior of AA5383 alloy.
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Figure IV-3 Comparison between the experimental results and calculated stress-strain relations by
composite model at: (a) 623 K; (b) 673 K; (c) 723 K
IV.2.2 Yield function criteria
In the sheet metal forming, there is a commonly accepted assumption that the sheet is
approximately subjected to an in-plane stress loading during the entire processing. Thus, the yield
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criteria are considered as a function of the in-plane stresses  11 ,  22 ,  12 ,  21 only. Within the whole
manuscript, the 1-axis denotes the rolling direction of the sheet, the 2-axis denotes the transverse
direction and the 3-axis denotes the normal direction. BBC2003 yield criterion is proposed to describe
the yield behavior, as it is an advanced yield criterion for the plane stress condition. What’s more, the
parameters of this criterion are able to be identified under our experimental conditions. For comparison,
the commonly used Hill48 yield criterion is used as a reference.
IV.2.2.1 Determination of the parameters for yield criteria
The parameters of Hill48 yield criterion can be calculated directly by Eq. (II.41), and the
corresponding results are shown in Table IV-4.

G

H

F

N̂

0.585

0.415

0.532

1.623

Table IV-4 Calculated Hill48 parameters for AA5383 alloy
In this part, we mainly discuss the procedure of identifying the parameters of BBC2003 yield
criterion. In the conventional identification of BBC2003 yield criterion, the following experimental data
are considered to be given:
-

Three directional yield stresses obtained from UT tests along the 0°, 45° and 90° rolling
directions (denoted here as Y0 , Y45 and Y90 ).

-

Three r-values corresponding to 0°, 45° and 90° orientations (denoted here as r0 , r45 and r90 ).

-

The biaxial yield stress (denoted here as Yb ).

-

The biaxial r-value (ratio of plastic strain in transverse direction to the plastic strain in rolling
direction), denoted as rb .
In our study, the experimental coefficient of biaxial plastic anisotropy ( rb ) is not available as an

input data. The most convenient strategy to handle this problem is to put the following constraint rb  1 .
Authors have shown that, for metallic sheets, this constraint can lead to well-shaped yield loci [96]. The
value of biaxial yield stress Yb in this configuration is not explicit. It can be obtained from free bulging
tests by using inverse method to fit the dome height evolution. The other data are analytically calculated
from the UT tests along different loading directions (i.e. 0°, 45° and 90°).
By using the tensor transformation rules, the plane stress tensor components in the UT specimen
with orientation angle  with respect to the rolling direction are expressed as
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 11  Y cos 2 
 22  Y sin 2 
 12   21  Y cos sin 

(IV.3)

where Y is the yield stress of the tensile test specimen under uniaxial load. Three stress tensors  0 ,  45
and  90 corresponding to the orientation angle can be obtain from the above equation. For the bulging
test, the stress tensor  b can be determined by 11   22  Yb ,  12   21  0 .
A directional r-value with different orientation angle  can be calculated from
sin 2  .
r  




 sin 2 .
 cos 2  .
 11
 12
 22
F
F

 11  22

(IV.4)


with  {0o , 45o ,90o } . While the biaxial r-value, rb , follows from

 22
rb 

 11

(IV.5)
b

Thus, one can obtain the following set of eight equations:

 ( 0 , a, M , N , P, Q, Rˆ , S , Tˆ )  Yref  0 


 ( 45 , a, M , N , P, Q, Rˆ , S , Tˆ )  Yref  0 


 ( 90 , a, M , N , P, Q, Rˆ , S , Tˆ )  Yref  0 



r0 ( 0 , a, M , N , P, Q, Rˆ , S , Tˆ )  r0exp  0 

r45 ( 45 , a, M , N , P, Q, Rˆ , S , Tˆ )  r45exp  0
r90 ( 90 , a, M , N , P, Q, Rˆ , S , Tˆ )  r90exp  0 
rb ( b , a, M , N , P, Q, Rˆ , S , Tˆ )  rbexp  0 

 ( b , a, M , N , P, Q, Rˆ , S , Tˆ )  Yref  0 

(IV.6)

“exp” superscript denotes the values determined from the experiments, while r () and  () are
calculated by Eq. (IV.3~IV.5). This equations system is non-linear with respect to eight unknown
constants of the yield function. Thus, an improved Newton Raphson method, due to the work of Banabic
et al. [96], is employed. The convergence of this algorithm depends on the proper initial vector choice.
In the present study, this vector is fixed to [0.7, 1.2, 1, 1, 1, 1, 1, 1] which allows convergence.
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Initial Yb
Newton Raphson method

Parameters of BBC2003

FB simulations

New Yb

No

Compare experimental and
simulated dome height.
Average relative error < 6%?
Yes

Output Yb

Figure IV-4 Flow chart for the BBC2003 criterion identification
As shown in Figure IV-4, because the biaxial yield stress is unknown at the beginning of the
identification procedure, an iterative procedure is used to determine the yield criterion parameters. This
procedure uses the experimental data obtained from the free bulging tests with different constant
pressures. Specifically, with some estimated yield criterion parameters, numerical simulations of the
bulging tests with constant pressures (0.6 MPa, 1.0 MPa and 1.5 MPa) and constant temperature (673
K) are carried out. The numerical and experimental dome height evolutions are compared to each other,
which allows adjusting the biaxial yield stress. The new biaxial yield stress is then used as an input of
the Newton-Raphson algorithm to obtain a new estimation of the yield criterion parameters. This
procedure is repeated until the dome height evolution is correctly reproduced.

Axisymmetric axe
Diameter: 290 mm
P

Die

Blank Holder

Die

(a)

(b)

Figure IV-5 (a) Geometry and (b) simulation model for free bulging
The employed numerical model for free bulging test simulations is presented in Figure IV-5.Only
a quarter of the part is considered due to symmetry planes. The forming pressure is applied on the upper
face of the sheet. The interaction between the sheet (slave) and the die (master) is controlled with a hard
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contact algorithm (surface to surface) with Coulomb friction of 0.1 [160]. Shell elements with reduced
integration are chosen for the sheet while both the die and blank holder are defined as discrete rigid
surfaces.
The final BBC2003 yield criterion parameters are listed in Table IV-5. The corresponding biaxial
yield stress at 673 K and 0.001 s-1 is Yb = 35.3 MPa. The computed ratio between the biaxial yield stress
and the uniaxial yield stress along the rolling direction at 673 K and 0.001 s-1 is around 1.32, which is
significantly different from the unity value that one would obtain under the assumption of isotropy.
Similar phenomenon has also been reported for the Mg AZ31 sheet alloy [161]. As shown in Figure
IV-6, this estimation of the biaxial yield stress allows correctly reproducing the evolution of the dome
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Figure IV-6 Results of inverse analysis for free bulging: experimental date vs. numerical design for
forming pressure at (a) 0.6 MPa; (b) 1.0 MPa and (c) 1.5 MPa

a [-]

M [-]

N [-]

P [-]

Q [-]

R̂ [-]

S [-]

Tˆ [-]

Yref [MPa]

k [-]

0.0339

1.1254

1.9836

1.9740

2.1624

0.8035

0.8528

0.8867

26.8

4

Table IV-5 BBC2003 anisotropic parameters for AA5383 alloy
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IV.2.2.2 Comparison between model and experimental results
In the following, the predicted capabilities of Hill48 and BBC2003 yield criteria are compared for
AA5383 alloy. As the parameters of Hill48 are analytically calculated from Lankford coefficient rvalues, the comparison only refers to uniaxial yield stresses and yield locus.
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Figure IV-7 (a) Yield stress and (b) yield locus of AA5383 alloy predicted by Hill48 criterion and
BBC2003 criterion
As shown in Figure IV-7 (a), the BBC2003 yield criterion can correctly describe the yield stress in
all directions, while Hill48 overestimates the yield stress in the 45° and 90° directions. For the yield loci
(see Figure IV-7 (b)), the BBC2003 criterion shows a good agreement with the experimental results.
However, the Hill48 criterion obviously underestimates the biaxial yield stress, since it does not consider
this stress state in the identification of the parameters. Thus, the BBC2003 yield criterion is selected for
the whole numerical simulation in our study.
IV.2.3 Implementation of constitutive model
To implement the flow model and the yield criterion into ABAQUS/Implicit solver, a UMAT
subroutine needs to be developed. Figure IV-8 presents the general flow chart of the calculations within
the UMAT subroutine.
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Figure IV-8 Flow chart of calculation in the UMAT subroutine
The plane stress elasticity is assumed to be isotropic, and the plane stress-projected constitutive
equations method [162] is used. The explicit expressions relating the elastic and plastic out-of-plane
strain components to the in-plane components are needed. Under the plane stress condition, namely

13   23   33  0 , we have the following relation

  11   2  
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  12   0
0
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where  and  are referred to Lamé’s first parameter and Lamé’s second parameter, respectively. Thus,

 33e can be represented as
 33e  


e
(11e   22
)
2  

(IV.8)

Then Eq. (IV.7) can be reduced to
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Thus, for the plane stress condition, the stiffness is represented by
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The associated flow rule is assumed in this study. For the implementation of the constitutive model,
the following systems of equations need to be solved

   :  e   : (   p )
 p  

(IV.11)






(IV.12)


   ijP       
P
 


  




(IV.13)

Eq. (IV.13) can also be written as

 P  

(IV.14)

where  P is equivalent plastic strain rate. Within the framework of rate-dependent plasticity, the
equivalent plastic strain rate can be obtained from the composite flow behavior model

 P  {



}
T  Tr ˆ
P
P nˆ
P
K (   0 ) exp(b )[1  (
) ]
Tm  Tr

1

m

(IV.15)

In the above system of equations,  is stress tensor,  is equivalent stress for BBC yield criterion,
 is the elastic stiffness tensor,  is plastic multiplier and  e ,  p and  p are elastic, plastic and

equivalent plastic strain increments associated with the interval [tn, tn+1], respectively.
The flow direction n for the plane stress condition can be represented by
n=

 






e1  e1 
e2  e2 
e1  e2 
e2  e1
   11
 22
 12
 21

(IV.16)

where e1 , e2 and e3 are the principal directions of  . The detailed calculation for the derivative of
equivalent stress on the stress tensor is given in Appendix A.
Calculate plastic multiplier
In the implicit classic backward-Euler integration scheme, the consistency condition can be ensured
but it demands to solve a system of algebraic equations iteratively which increases the computational
time. The explicit forward-Euler scheme is fast but suffers in-accuracy in satisfying consistency
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condition at the end of each increment. In this study, a semi-implicit method is used in the development
of UMAT subroutine. The following equation is employed to calculate the plastic multiplier at each time
increment

 p  (1   )tp t  tpt t

(IV.17)

where  is a numerical parameter controlling the explicit/implicit character of the integration method.
In our integration scheme,  is set to 0.5. Without the consideration of thermal expansion, the plastic
strain rate tensor at the end of the time increment can be obtained from a Taylor expansion

tpt  tp 

 p
 p
:  
: 

 p

p

(IV.18)

Thus, the following formulation is obtained
 p  tp t  t

Above expressions

where

 p
 p
:   t p : 



p

(IV.19)
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and p can be expressed as follows
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 p
 p
and p relate to the rate dependent plasticity (equation IV.26)
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The plastic strain increment can therefore be obtained from the resolution of
 p  t (
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 p
 p
p
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An alternative form consists of estimating  p by solving the following equation
 p n  t (

 p
 p
 p
n  n :  : n p  n p  p )   p nt  t
n  n :  : 
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Dividing above by n , we can obtain
 p  t (

 p
 p
 p
n :  : n p  p  p )   p t  t
n :  : 




Thus,
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(IV.26)
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 p t  t

(IV.27)

By using the plastic incompressibility, the plastic thickness strain is obtained

 33p  (11p   22p )

(IV.28)

The elasto-viscoplastic consistent tangent operator
Based on Eq. ( IV. 11), it can be derived

   : (   p )   : (   n)

(IV.29)

Combining Eq. (IV.27) with Eq. (IV. 29), it follows
 p
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The visco-plastic consistent tangent matrix is defined by

 ep 

d n 1
d  n 1

(IV.31)

where  n1 and  n1 are the updated stress and total strain tensor, respectively. Thus, we can find
 p
( : n )( n : )
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In order to verify the implementation of the developed UMAT, one possible solution is to compare
its results for a specific case with those obtained from well-established model available in the ABAQUS
library. A specific set of the BBC2003 parameters permits to recover the von Mises criterion if

2a  M  N  P  Q  R  S  T  1 . By using those values, the accuracy of the developed UMAT
subroutine can be assessed by comparing to the ABAQUS built-in Mises plasticity model. Thus, the
simple uniaxial tension, shear and biaxial tension simulations are designed and conducted with assuming
of isotropic mechanical behavior. The comparison demonstrates the accuracy of the developed UMAT
subroutine.
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IV.3 Damage model
One of the objectives for the thesis is to study the influence of stress state, temperature and strain
rate on the damage behavior of AA5383 alloy. In this part, the equivalent fracture strains at different
forming conditions are determined by performing the finite element simulations of all the experimental
tests. The MMC criterion with the consideration of temperature and strain rate is proposed to predict the
damage behavior.
IV.3.1 Determination of equivalent fracture strain
Due to the localization of deformation before the occurrence of fracture, the data from the
extensometer is not yet valid. The value of the localized equivalent plastic deformation could be
determined using numerical simulations. In this section, SH, UT, NT20, NT10, NT5, NT2 and FB
simulations are performed at 673 K and 0.001 s-1 to investigate the impact of stress state on equivalent
fracture strains. While NT20 is chosen to study the effect of temperature and strain rate. In the numerical
simulations, the BBC2003 yield criterion with the composite hardening model is employed. The
increment time for each step is fixed at 0.1 s. To reduce the computational cost, 2-D shell elements are
selected. The displacement or force boundary conditions for the numerical simulations are identical to
the corresponding experiments.
IV.3.1.1 Mesh convergence analysis
First of all, before running the needed numerical simulations, mesh convergence is investigated.
Table IV-6 illustrates/summarizes the tested configurations.
Mesh size (mm)

Elements number

Mesh_1

0.3

6754

Mesh_2

0.1

12004

Mesh_3

0.05

20236

Table IV-6 Mesh size and element number for the FE model of NT20 specimen at 673 K and 0.001
s-1
The impact of mesh size on equivalent plastic strain, stress triaxiality and force-displacement curves
is shown in Figure IV-9. It can be concluded that mesh convergence is ensured when using a mesh size
less than 0.1 mm. Indeed, the difference between the tested configurations could be remarked for large
deformations especially when the equivalent deformation exceeds 0.6.
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Figure IV-9 Numerical results of NT20 at different mesh sizes: (a) force and equivalent plastic
strain vs displacement curves and (b) stress triaxiality vs displacement curve
IV.3.1.2 Comparison between 3D and 2D simulation
Throughout this manuscript, 2D shell elements have been used for the numerical simulations. To
check the 3D influence, we have performed shear and notched tension simulations in both 2D and 3D
by using von Mises yield criterion. The stress triaxiality evolutions are shown in Figure IV-10. First, the
difference between 3D and 2D simulation is negligible, especially for SH and NT5 tests. Thus, the
triaxiality value can reasonably be estimated with 2D models under the plane stress assumption. Second,
when the actual thickness of shear specimens is considered, the shear condition is reasonably satisfied,
with a triaxiality ranging from -0.1 to 0.06.
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Figure IV-10 Comparison of stress triaxiality evolution between 3D and 2D FE simulations

IV.3.1.3 Influence of specimen geometry, temperature and strain rate on the equivalent fracture strain
SH simulation at 673 K and 0.001 s-1
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Figure IV-11 (a) presents the numerical model for SH specimen. The mesh size in the middle part
is set to 0.1 mm due to the mesh convergence study. Figure IV-11 (b) shows that the maximum
equivalent plastic strain at the fracture displacement is quietly consistent in the middle part. SDV7
parameter indicates the equivalent plastic strain. Hence, the average equivalent fracture strain is
calculated in this area.

(a)

(b)

Figure IV-11 (a) Numerical model and (b) equivalent plastic strain distribution at the instant of
failure for SH specimen
The simulated equivalent plastic strain evolution and force-displacement curves are illustrated by
Figure IV-12. The average error between the simulated and the experimental curves does not exceed
0.1%.
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Figure IV-12 Experimental and numerical force-displacement comparison and the evolution of the
equivalent plastic strain deformed at 673 K and 0.001 s-1 for SH specimen

UT and NT simulations at 673 K and 0.001 s-1
The numerical models for a uniaxial tension and four notched tension specimens are shown in
Figure IV-13. Due to the mesh convergence study, the element size is set to 0.1, 0.2, 0.15, 0.1 and 0.07
mm for UT, NT20, NT10, NT5 and NT2, respectively. Figure IV-14 shows the distribution of the
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equivalent plastic strain at the fracture displacement. For UT, NT20 and NT10 specimens, the maximum
equivalent plastic strain is localized in the center of the specimen. These results are in agreement with
the literature [154, 163]. However, based on experimental observations, the equivalent plastic fracture
strain is calculated at the center of the NT5 specimen and at the notch edge of the NT2 specimen. Only
UT, NT20, NT10 and NT5 specimens are used to calibrate the fracture criterion. The NT2 specimen
will be used for the verification of the identified damage model parameters.

(a)

(b)

(c)

(d)

(e)

Figure IV-13 Numerical models for different tension specimens: (a) UT; (b) NT20; (c) NT10; (d)
NT5 and (e) NT2
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(a)

(b)

(c)

(d)

(e)

Figure IV-14 Equivalent plastic strain distribution at the instant of failure for different notched
specimens: (a) UT; (b) NT20; (c) NT10; (d) NT5 and (e) NT2
The experimental and simulated force-displacement curves at 673 K and 0.001 s-1 and
corresponding numerical equivalent plastic strain evolution for UT and three NT specimens are shown
in Figure IV-15. The agreement of the predicted force-displacement curves with the experimental results
gives the evidence that the employed constitutive model can describe the material behavior under
different stress states. For convenience, the average experimental value of fracture displacement is
calculated and taken into account for the equivalent plastic fracture strain determination.
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Figure IV-15 Force-displacement curves and the equivalent plastic strain evolution for tension
specimens at 673 K and 0.001 s-1: (a) UT; (b) NT20; (c) NT10 and (d) NT5
FB simulation at 673 K and 0.001 s-1
The numerical model for FB is depicted in Figure IV-5. The boundary conditions are identical to
the FB simulations at constant forming pressures. The mesh size is set to 1.0 mm due to the mesh
convergence study. The experimental and predicted pressure-displacement curves are in good agreement
(Figure IV-16). The evolution of equivalent plastic strain is output at the dome apex due to fracture
initiation position.
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Figure IV-16 Pressure-displacement curves and evolution of equivalent plastic strain for free
bulging at 673 K and 0.001 s-1
NT20 simulations at different temperatures and strain rates
NT20 tests have been carried out to study the influence of temperature and strain rate on the fracture
behavior. In this part, the corresponding simulations are performed to obtain the equivalent plastic
strains in the studied temperature and strain rate range. The comparisons of the force-displacement
curves between the experiments and simulations are presented in Figure IV-17. For all the cases, the
numerical force predictions are in good agreement with the experimental ones when the displacement is
larger than 1.0 mm. However, there exists an obvious difference at the initial deformation, especially
for the high strain rates. The force-displacement curves are directly related to the hardening behavior of
the material. Hence, the difference in the force values can be due to the fact that the composite model is
identified without taking the initial peak yield stress into consideration.
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Figure IV-17 Force-displacement curves and evolution of the equivalent plastic strain for NT20 at
different temperatures and strain rates
The results of simulations are summarized in Table IV-7. It could be concluded that the equivalent
fracture strain strongly depends on strain rate, temperature and stress state. Indeed, it increases with the
increase of temperature and decreases with the increase of strain rate.
Geometry

SH

Conditions

UT

NT20

673 K ; 0.0001 s-1
673 K ; 0.001

s-1

NT5

FB

0.84

0.71

0.96

1.1
0.59

1.12

0.93

673 K ; 0.01 s-1

0.76

673 K ; 0.1 s-1

0.63

s-1

0.75

723 K ; 0.001 s-1

1.1

623 K ; 0.001

NT10

Table IV-7 Summary of the equivalent fracture strains for different shapes and deformation
temperatures and strain rates
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IV.3.2 Proposed damage model
To predict the damage behavior, an uncoupled MMC criterion with the additional temperature and
strain rate influence is proposed and identified based on the equivalent fracture strains obtained from
numerical simulations.
IV.3.2.1 Model description
For the uncoupled damage criteria, the damage accumulation is formulated empirically by the
following equation



 fP

0

f ( ,  P )d P  CC

(IV.33)

where  ,  P and  fP are stress tensor, equivalent plastic strain and equivalent fracture strain, while CC is
the critical value. When the damage accumulation exceeds CC , the failure is assumed to be initiated.
Based on the stress-based Mohr-Coulomb fracture criterion, Bai and Wierzbicki [113] have
proposed a modified version of this damage criterion. The resulting modified Mohr-Coulomb (MMC)
criterion could be written as follows
A
c2

 fP ( , )MMC  { [c3 



3
2 3

(cax  c3 )(sec(

6

)  1)][

1

1  c12

1

cos( )  c1 (  sin( ))]} n (IV.34)
3
6
3
6

where A and n  are two power hardening coefficients, c1 , c2 and c3 are three fracture parameters. The
value of cax depends on which type of reference test is used to calibrate the strain hardening function
[164]. For our case, uniaxial tension test is used, then cax  1 . In the special case of plane stress, the
stress triaxiality and the Lode angle parameter are uniquely related through [112, 165]


27
1
cos[ (1   )]    ( 2  )
2
2
3

(IV.35)

Thus, for the sheet material, the ductile fracture criterion only depends on the stress triaxiality.
The MMC criterion described above is limited to the condition of cold deformation. For the
aluminum alloys deformed at elevated temperatures, both the constitutive and ductile fracture behavior
are influenced by temperature and strain rate [119]. To include those influence in the MMC criterion,
two methods can be used: one is to set the parameters of the original MMC criterion as function of
temperature and strain rate; the other technique is to define an extension of the MMC criterion by
introducing a Johnson-Cook type [166] of strain rate and temperature scale factor. In this study, the later
method is used, and the MMC criterion under the plane stress condition can be extended to

 fP ( ,  P , T )   fP ( )MMC [1  D1 ln  * ][1  D2T * ]
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(IV.36)

where D1 and D2 are two parameters, the dimensionless strain rate parameter  * is the ratio between the
equivalent plastic strain rate  P and the reference strain rate ref , while T * is defined by the following
equation

T* 

T  Tref
Tm  Tref

(IV.37)

where T is the testing temperature, Tref is reference temperature and Tm is the melting temperature.
As our fracture locus is defined under monotonic loading conditions, a linear incremental
relationship between the damage indicator, D, and the equivalent plastic strain is assumed here

D( ) 
P

P


0

d P
f ( ,  P , T )

(IV.38)

In the finite element simulation, the integration point is considered to fail when the limit of ductility is
reached  P   fP , or D( fP )  Dc  1 . Under a known stress state loading process, above equation can be
integrated to give

 fP   fP ( ,  P , T )  f ( ,  P , T )

(IV.39)

IV.3.2.2 Parameters identification process
The parameters identification process employed here is similar to the one performed by Bao and
Wierzibicki [112, 115]. In most tests on various types of specimens, the stress state parameters are
variable. In our research, it is proposed to determine the fracture locus based on the initial, final and
average value of the stress triaxiality in the loading process. The average value is obtained from the
weight loading path function

av 

1

 fP



 fP

0

 ( P )d  P

(IV.40)

where  ( P ) is the stress triaxiality evolution from the numerical simulation and  fP is equivalent fracture
strain which has been determined in last section. For all tested specimens geometries, the  ( P ) at 673
K and 0.001 s-1 is shown in Figure IV-18. Except the free bulging test, the stress triaxiality changes with
the evolution of the equivalent plastic strain. However, the variations of triaxiality are in an accepted
range.
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Figure IV-18 Evolution of the stress triaxiality and the corresponding average values for different
shapes of specimen deformed at 673 K and 0.001 s-1
MMC criterion employed in our work contains five original parameters ( A , n  , c1 , c2 , c3 ) and two
new parameters ( D1 , D2 ), which include the influence of strain rate and temperature. The reference
strain rate is set to ref  0.001 s-1 and the reference temperature to Tref  623 K. The criterion parameters
have been calibrated by minimizing the objective function  D :

D ( A, c1 , c2 , c3 , n, D1 , D2 ) 

1 N exp P pre P
(  f ,i   f ,i ( ,  P , T )) 2

N i 1

(IV.41)

where N is the number of calibration experiments. For parameter identification, a genetic algorithm with
10 000 individuals, a crossover probability of 0.8 and a mutation probability of 0.02 has been used. The
parameters of the MMC criterion for the AA5383 alloy are listed in Table IV-8.
A [MPa]

c1 [-]

c2 [MPa]

c3 [-]

n [-]

D1 [-]

D2 [-]

D [-]

150

-0.0036

75.27

0.960

0.135

-0.069

1.106

0.057

Table IV-8 Identified parameter values of MMC criterion and the corresponding residual value
The resulting fracture locus with respect to triaxiality at 673 K and 0.001 s-1 is shown in Figure
IV-19 (a). It could be remarked that the predictions of the fracture criterion are following the trend of
the experimental data. The fracture locus is divided into three domains according to the value of
triaxiality: 0~0.33, 0.33~0.6 and 0.6~0.67. In the middle range, the equivalent fracture strain decrease
with the triaxiality. While there exists opposite tendency for the other two ranges. In general, the fracture
locus can precisely predict the fracture strains at the deformation condition of 673 K and 0.001 s-1.
The response of the criterion when varying the temperature and the strain rate is illustrated by
Figure IV-19 (b, c). The calibrated model seems to predict accurately the fracture strains. The average
error does not exceed 5.2%.
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Figure IV-19 Comparison between the fracture locus against stress triaxiality obtained from the
MMC criterion and the experimental data at: (a) 673 K and 0.001 s-1; (b) different temperatures and (c)
different strain rates
IV.3.2.3 Validation by the experiments used for parameter identification
In this part, the numerical simulations of above tests are performed again after the implementation
of the identified MMC criterion. Figure IV-20 and Figure IV-21 present the experimental and numerical
force-displacement curves for all the tested configurations.
For the different shapes of specimens deformed at 673 K and 0.001 s-1, it is shown from Figure
IV-20 that the damage model can accurately predict the fracture displacement. The largest average error
is around 9.5% and it is obtained from NT5 test. While for NT20 test at different temperatures and strain
rates (Figure IV-21), the largest error (around 7%) is under the condition of 673 K and 0.01 s-1. The
fracture displacement error is related to the predictability of MMC criterion. In generally, the proposed
damage model can accurately predict the fracture displacement for all the studied conditions.
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Figure IV-20 Force-displacement curves for different shapes of specimen at 673 K and 0.001 s-1:
(a) SH; (b) UT; (c) NT20; (d) NT10 and (e)NT5
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Figure IV-21 Force-displacement for NT20 at different temperatures and strain rates: (a) 623 K and
0.001 s-1; (b) 723 K and 0.001 s-1; (c) 673 K and 0.0001 s-1; (d) 673 K and 0.001 s-1; (e) 673 K and
0.01 s-1; (f) 673 K and 0.1 s-1
IV.3.2.4 Validation using notched specimen NT2
The notched NT2 specimen has not been used for the calibration of the MMC criterion. In this
section, this test is simulated to verify the efficiency of the identified model. Full model is used in the
simulation in order to compare with the experimental results. As shown in Figure IV-22 (a), the model
underestimates fracture displacement by about 6.5% compared to the average of experimental results.
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Figure IV-22 (b) shows that fracture is initiated from the boarder of notched as it has been observed in
the experimental tests.
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Figure IV-22 Experimental and numerical results for NT2 specimen at 673 K and 0.001 s-1: (a)
force-displacement curves; (b) numerical equivalent plastic strain distribution and (c) experimental
specimen at the initiation of fracture

IV.4 Summary
In this chapter, constitutive and fracture models are proposed and identified to describe the hot
deformation behavior of AA5383 alloy.
For the description of the flow behavior at different temperatures and strain rates, the straincompensated Arrhenius type model and the composite model are both proposed. The composite model
is chosen as the flow model due to its relative easy implementation. Based on the experimental results
obtained from deformation condition of 673 K and 0.001 s-1, BBC2003 yield criterion is proposed and
identified. Anisotropic Hill48 yield criterion is used as a reference. It is shows that BBC2003 yield
criterion can predict the experimental Lankford coefficients and yield stresses accurately, while Hill48
yield criterion exhibits a higher yield stresses in the 45° and 90° directions and a lower biaxial yield
stress prediction. The models are implemented into user subroutine UMAT by a semi-implicit
integration scheme.
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With the identified constitutive model, the numerical simulations are performed to obtain the
equivalent fracture strains at different stress states, temperatures and strain rates. As the material is
deformed under the plane stress condition, the stress states is represented only by the stress triaxiality.
At a fixed deformation temperature and strain rate, the equivalent plastic fracture strain is not linear with
the response to the stress triaxiality. While at a fixed stress state, the equivalent plastic fracture strain
generally increases with the increase of temperature and decrease of strain rate.
Finally, with the equivalent fracture strains obtained at different deformation conditions, the MMC
damage model, which includes the influence of temperature and strain rate, is proposed. The parameters
are identified by using genetic optimization method to minimize the root mean squared error directly.
The numerical simulations, which have been used for identifying the equivalent fracture strains, are
performed again by including the damage influence. It is seen that the MMC damage model can
accurately predict the fracture displacement for all the studied conditions.
With above identified models, the hot forming simulations on the complex geometry of die will be
performed in the next chapter to obtain the pressure law, which will be used as an input in the forming
experiments.
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Chapter V.
Numerical simulation and experimental forming
In this chapter, bulging of complex parts (axisymmetric die and cross shape die) is investigated.
The forming experiments are carried out on the SPF instrumented demonstrator of the laboratory. The
device is designed to be able control the time evolution of: (i) the furnace temperature and (ii) the
forming gas pressure. The numerical simulations are performed on ABAQUS©. The thermalmechanical behavior of AA5383 alloy is described by the identified constitutive law and the MMC
damage criterion which are implemented in a user subroutine (UMAT). Specific subroutines
(UEXTERNALDB, DLOAD and URDFIL) have been developed to control the forming cycle and
exchange post processing data. Various strategies for adjusting the bulging pressure in relation to the
strain rate are proposed and discussed. The numerical results, including the forming time, thickness
distribution and fracture conditions are discussed in detail. The forming (Pressure vs Time) curve is
extracted from the numerical simulations as a tabulated law. This table is then used as input to perform
the gas forming of the considered shape on the SPF machine. Finally, the numerical and experimental
results are compared with regarding to the maximum principal logarithmic strain, thickness evolution
and the fracture initiation locus.

V.1 Numerical simulation of the forming process
V.1.1 Material models
Material model

Formulation

Flow behavior

  K ( P   0P )nˆ exp(b P )( P )m{1  (

(Composite model )

T  Tref
Tm  Tref

Yield criterion
(BBC2003)

Damage behavior
(MMC criterion)

ˆ

) }

1

  [a (   ) 2 k  a (   ) 2 k  (1  a )(2  ) 2 k ] 2 k

 (, )MMC
P
f

1 c12
A
3


1   1n
ax
 { [c3 
(c  c3 )(sec( ) 1)][
cos( )  c1 (  sin( ))]}
c2
6
3
6
3
6
2 3

 fP ( , )   fP ( ,  ) MMC [1  D1 ln  * ][1  D2T * ]

Table V-1 Summary of the material models used for forming simulations
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In the previous chapter, the material model suited to AA5383 alloy in the studied forming
conditions has been proposed and identified. These constitutive equations, summarized in Table V-1,
are used to describe the material behavior in the forming simulations.
The implementation algorithm and the values of the identified parameters can be referred to
Chapter IV.
V.1.2

Simulation of the forming process

According to the experimental hot forming conditions, two types of geometries have been chosen
for the process simulations: a complex axisymmetric shape and a cross-shape. The corresponding
numerical models are shown in Figure V-1.

(a)

(b)

Figure V-1 Numerical models used for forming simulation. (a) Axisymmetric shape; (b) Crossshape
For the axisymmetric case, only a quarter of the flange is used due to the geometric symmetry in
order to reduce CPU time. The boundary conditions of X-symmetry and Z-symmetry are imposed. For
the cross-shape, the whole part is considered due to the asymmetry of all the blend radii and clearance
angles. Generally, the stress state in the deformed flange is more complex in the cross shape case
compared to the axisymmetric one.
For both types of simulations:
-

The general static step of ABAQUS© Standard is adopted as the time integration process.

-

The proposed material law is chosen as a user material, implemented in a subroutine (UMAT)
as shown in the previous chapter.

-

The die is set as a discrete rigid surface with element size of 4.0 mm while the sheet as a
deformable shell element (S4R with five through-thickness integration points in the ABAQUS
element library) with initial thickness of 3.2 mm and global mesh size of 1.0 mm. The
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selections of element size for the die and sheet are based on convergence study by using
different mesh size.
-

The interaction between sheet (Slave) and die (Master) is controlled by a hard contact algorithm
(surface to surface) with Coulomb friction (f = 0.1).

-

For the boundary conditions, the outside circle of the sheet and the reference point of the die
are fixed.

-

The experimental forming pressure is applied on the upper face of the sheet. The magnitude of
this pressure is controlled by a user subroutine (DLOAD) according to the strain rate control
strategy.

-

In order to avoid the convergence problem at the beginning of each simulation, a clearance of
0.01 mm is set between the blank and the rigid die.

-

An initial step with a 0.001MPa pressure for 1.0 s is imposed before the actual forming step
with the controlled pressure law.

V.1.3

Forming pressure control strategies

In SPF like processes, the forming speed is commonly controlled by the bulging pressure. Generally,
this forming speed is associated to the equivalent plastic strain rate, which is a major parameter of the
material laws. In the forming simulation, the applied pressure P is to be varied throughout the process
P
to maintain the real equivalent plastic strain rate real
at the target equivalent plastic strain rate value
P
tarP . The ratio between real
and tarP is defined as follow
P
 real  real
/ tarP

(V.1)

The evolution of the forming pressure is adjusted according to the value of real by the following function

Pˆn1 / Pˆn  f ( real )

(V.2)

where Pˆn1 is the new pressure value corresponding to the iteration n  1 and Pˆn is the old pressure value
corresponding to the iteration n . Different pressure control strategies are presented as follows.
V.1.3.1

ABAQUS pressure control strategy

This pressure control algorithm was first proposed by Bellet [167] and now is implemented by
default in ABAQUS©. The relation follows
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 real  0.2
0.2   real  0.5
1.2
0.5   real  0.8
1.0
0.8   real  1.5
1 / 1.2 1.5   real  3.0
0.5
 real  3.0





Pˆn 1 / Pˆn  





2.0
1.5

(V.3)

This controlling algorithm is simple and relatively rough. It can be used directly and generate the
desired pressure time profile at a low computational cost.
V.1.3.2

Pressure control strategies developed by LAMPA

The band pressure algorithm described above can lead to the instabilities of forming strain rate, as
well as the forming pressure. In order to stabilize the strain rate and pressure, Robert [168] proposed a
smooth pressure control algorithm by using the third order algorithm:

Pˆn1 / Pˆn  5( real  1)3  0.5( real  1)  1

(V.4)

To take into account the response time by the forming machine, the following condition is added

dPˆ dPˆ

dt
dt

real

(V.5)

To avoid setting an initial forming pressure, the forming pressure value for the first incremental is set as

dPˆ
Pˆ1  dt
dt
dPˆ
where dt is numerical integration step and
dt
V.1.3.3

real

(V.6)

real

is the real pressure variation.

New pressure control strategy

In the presented work, the pressure algorithm is applied to simulate forming pressure for a complex
part. A further modification is implemented to consider the strain rate gradient or the applying of a
progressive pressure. After testing various mathematical approaches, the following equation is proposed:



Pˆn1 / Pˆn  



2.43
 10log103 ( real )  1
0.99

 real  0.3
0.3   real  1.26
 real  1.26

(V.7)

There are two limits for the range of real which are used to smooth the pressure change. The pressure
algorithm used in our forming pressure process is shown in Figure V-2.
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This pressure algorithm is implemented in ABAQUS© using different user subroutines listed
below:
-

UEXTERNALBD for the external interface and the computation of the pressure law.

-

UMAT for the material behavior and the controlled fields computation.

-

DLOAD to apply the pressure.

-

URDFIL to obtain fields values at integration points.

dPˆ
Input:
dt

max

P
and tar

dPˆ
dPˆ

dt
dt

max

Finite element calculation

 real  

P
real



Pˆn 1 / Pˆn  



/ 

P
tar

dPˆ
dPˆ

dt
dt

2.43
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 real  1.26
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ˆ
ˆ
dP
dP dPˆ
 sign( )
dt
dt dt
Finite element calculation
Figure V-2 Pressure algorithm
V.1.3.4

Pressure control influence

In this section, the effect of above three different pressure control strategies is studied. All the
forming simulations are performed on the axisymmetric shape at 673 K with a constant target equivalent
plastic strain rate tarP  1103 s1 .The effect of the different forming strategies is shown in Figure V-3.
The pressure curves exhibit different shape, being ABAQUS© curve the roughest. The other two
pressure control strategies show a smooth change before the forming time of 1000 s. After the forming
time of 1000 s, the third order pressure control algorithm exhibits more instability. By using the new
strategy, the pressure is smooth and stable throughout the whole deformation range.
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The same pattern is visible in the Figure V-3(b) where are presented the strain rate ratios for the
same simulations. The ABAQUS© pressure control strategy shows a quite rough answer. While the
third order pressure control strategy gives a good strain rate control only in the middle of the time range.
The strain rate ratio is quite stable and always near to one for almost whole forming simulation range
when we use the new pressure control strategy. The only unstable of strain rate happens at the beginning
of deformation, which is due to the initial contact between the sheet and the die.
Based on the above analysis for the output pressure and strain rate ratio evolution as the function
of time, the new smooth pressure forming strategy is chosen for all forming simulations.
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Figure V-3 Comparison of different pressure control schemes for (a) pressure evolution and (b)
strain rate ratio evolution
V.1.4

Different integration point number selections

The most common method to estimate the real strain rate is to use maximum strain rate of the whole
numerical model which is obtained at only one integration point. In the case of a complex shape forming,
the computed pressure would be quite low due to the strain rate concentration. In this section, the real
strain rate is extracted at a defined series of integration points, and the target equivalent plastic strain
rate is fixed at tarP  1103 s1 . User subroutine URDFIL is used to read strain rate components and
calculate the equivalent strain rate for every integration point and average it. Then a percentage of
integration points with the highest values of equivalent strain rate is at first chosen, while rejecting the
points at maximum values. The new pressure law control strategy is used and the simulations are
performed with different integration point number selections [169] as proposed by Jarrar et al. [170]:
-

One integration point (classical method)

-

0.5 % integration points (25 integration points in current case) and rejecting the 0.05% with
the highest strain rate values (2 integration points)
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-

2 % integration points (101 integration points in current case) and rejecting the 0.5% with the
highest strain rate values (25 integration points)

-

5 % integration points (254 integration points in current case) and rejecting the 1 % with the
highest strain rate values (50 integration points)

The computed pressure curve for the above cases is shown in Figure V-4. It can be seen that the
pressure obtained by using the maximum strain rate from one integration point is obviously lower than
the one obtained from other conditions. This can be explained by the fact that the strain rate is highly
concentrated in the first contact region between the sheet and the axisymmetric die. As the deformation
continues, the high strain rate region moves to the un-contact region and distributes more homogenous.
When increase the chosen percentage of the element to calculate the real strain rate, the forming pressure
at the beginning also increases and the total forming time decreases. The sudden increase of pressure at
the end of the simulation indicates the full contact of sheet with the die. The full contact time for different
integration points number selection changes also severely. For example, the full contact time for 5 %
integration points is around 2500 s while for 2 % integration points is around 4000 s.
The results obtained in this section showed that the use of several integration points technique
changes the pressure-times curves significantly. In the forming simulation of Jarrar et al. [170], a 20 %
of integration points average and the main 5 % integration points rejection is used, which would be an
excessive approach in our forming simulation.
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Figure V-4 Pressure time curves obtained by new pressure control strategy with different
integration point numbers for obtaining the targeting strain rate
With the discussion above, we can see that the pressure-time profiles can be modified in several
ways. It also would be interesting to avoid the effect of distorted integration points in the controlled
scheme. During this work for the axisymmetric shape forming, the new pressure control strategy with
an average strain rate (obtained from 2 % of integration points) is used to compute the pressure vs time
curves. For the cross-shape forming simulation, the same method is adopted. It’s found that the new
pressure control strategy with 5% of integration point average can have a good result.
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V.1.5

Different strain rate approaches

The main objective of this thesis is to reduce the forming time without sacrificing the part quality.
In this section, the numerical simulations with different aimed strain rate evolution are performed at the
homogenous temperature of 673 K. The axisymmetric shape forming is chosen due to an easier result
comparison. The detailed aimed strain rate evolution is listed in Table V-2. The new pressure control
strategy with the average of 2 % of integration points is used. Three simulations for different target
strain rate are performed until the vertical displacement of 35.2 mm, as shown in Figure V-5 (a). The
total forming time for high constant strain rate, changed strain rate and low constant strain rate
simulations are 1274 s, 5001 s and 11718 s, respectively. The maximum principal logarithmic strain and
thickness are measured on the node points from the center to the board along the rolling direction and
the detailed values are shown in Figure V-5 (c, d). For the most deformed area, the maximum principal
real strain for the high constant strain rate forming is obviously higher than the other two forming
conditions, while the thickness evolve in the opposite way. When compared the results between the
changed strain rate forming and the low constant strain rate forming, there exists a limited difference
for the whole deformed area. Thus, from the numerical simulation point, the changed strain rate strategy
can reduce the forming time around 57% without sacrificing the forming part quality compared to the
constant low forming strain rate strategy.
Strain rate strategy

Strain rate values

High constant strain rate

 P  0.001 s 1

Changed strain rate

  0.01 s 1

 P    0.001 s 1
  0.0001 s 1


Low constant strain rate

 P  0.0001 s 1

 P  0.5
0.5   P  0.9
 P  0.9

Table V-2 Different aimed strain rate control strategies
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Figure V-5 Comparison of three different strain rate simulations for axisymmetric shape forming:
(a) deformed specimen; (b) pressure evolution; (c) maximum principal real strain and (d) thickness
distribution.

V.2 Experimental bulging tests
V.2.1

Experimental forming conditions

The configuration of the gas forming machine and the pressure scheme has been introduced in
Chapter III. While the details of the operation order for the machine and the system of controlling the
experimental temperature and gas pressure can be seen in the thesis of Yang [171]. Unlike the free
bulging forming, two types of die (Figure V-6) are put inside the furnace to form flanges into the
designed shapes. The initial flange is a round shape sheet of AA5383 alloy with the diameter of 290 mm
and the thickness of 3.2 mm which is placed on the die upper face. After closing the furnace, the
atmosphere inside is full of argon in order to avoid oxidation at the high temperature. Before the gas
forming, the furnace is heated to the aimed temperature and kept for one hour to ensure the homogenous
temperature distribution in the whole sheet. The thermal sensor is used to measure the temperature inside
the furnace.
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(a)

(b)

(c)
Figure V-6 (a) Axisymmetric die; (b) Cross Die and (c) Configuration for forming experiment
V.2.2

Experimental results

In order to measure the surface strain after bulging, Boron nitride white painter and a black painter
have been put on the sheet surface. For the forming experiments, one test is carried out for the
axisymmetric shape and two tests for the cross-shape. A GOM measurement system is used to obtain
the maximum principal logarithmic strain and thickness distribution of the deformed parts.
V.2.2.1

Axisymmetric shape forming

In order to verify the performances of the proposed material laws, the axisymmetric shape forming
is carried out at the constant target strain rate of 0.001 s-1 prior to the phenomenon of fracture. The input
pressure law for the bulging test is computed from the numerical simulation. The comparison between
the input pressure and the real pressure imposed on the flange is shown in Figure V-7 (a). The real
pressure evolution can generally follow the input pressure except for the highest pressure level due to
the machine limitation. The two sides of the deformed shape are shown in Figure V-7 (b).
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Figure V-7 (a) Experimental pressure evolution and (b) the deformation for the axisymmetric shape
With the aid of GOM system, the maximum principal logarithmic strain is measured and the
corresponding distribution is shown in Figure V-8 (a). The maximum strain is concentrated on inner
edge area. We have to notice that as the painter at some points is got off during the forming experiment,
the measured strain is not continuous for the whole studied area. The measured strain in the
discontinuous region is not correct. Thus, the strain distribution, as well as the thickness evolution are
measured along a line, which avoids the discontinuous area from the center to the board. As shown in
Figure V-8 (b, c), the maximum value of the principal logarithmic strain is 0.42 while the thinnest
thickness is 1.63 mm, which both are located at 40 mm away from the center point.
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Figure V-8 Experimental results for axisymmetric forming measured by GOM software. (a)
Maximum principal real strain field distribution; (b) Maximum principal real strain and (c) Thickness
from the center point to the board
V.2.2.2

Cross shape forming

The aim of the cross shape forming is to experimentally study the influence of strain rate strategy
on the part quality. Two cross shape forming tests are performed: low constant strain rate forming at
0.0001 s-1 and changed strain rate forming from 0.01 s-1 to 0.0001 s-1.
Low constant strain rate at 0.0001 s-1
Similar to the axisymmetric shape forming, the pressure evolution computed from the numerical
simulation is used as an input in the machine, while the real pressure can precisely follow the input
pressure (Figure V-9 (a)). The total forming time for low constant strain rate forming is around 15000
s. As the geometry of the cross-shape die is voluntary asymmetric, the strain and the thickness evolution
exhibit different values for four corners. The minimum thickness, whose value is 0.99 mm, is located at
corner where the fracture happens. As shown in Figure V-9 (b), there exists a crack at one corner for the
deformed part.
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Figure V-9 (a) Experimental pressure evolution and (b) the deformed plate for the cross die
deformed at constant low strain rate
The major principal logarithmic strains and thickness evolution in the center part of the deformed
specimen are checked by GOM software. Their evolutions are plotted against the position in the bottom
area of the deformed part, as shown in Figure V-10. The major principal logarithmic strain is the lowest
in the center region and increases progressively when the position is shifted to the board. The thickness
has its largest value at the center position. The average values for logarithmic strain and thickness at the
bottom part are 0.14 and 2.5 mm, respectively. For the corners areas of the deformed part, the GOM
software cannot measure the logarithmic strain due to the peeling of painter during the bulging
deformation. In the next section, which talk about comparison between experiment and simulation, the
strain distribution will only be investigated in the bottom of deformed part. While for the analysis of
other area, only thickness distribution will be discussed.
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Figure V-10 Experimental results for cross shape forming measured by GOM software. (a)
Maximum principal real strain field distribution; (b) maximum principal logarithmic strain and (c)
thickness evolution at the bottom of deformed part
Changed strain rate from 0.01 s-1 to 0.0001 s-1
Seen above, there exists a crack when the sheet fulfills the die at constant low strain rate forming
for the temperature of 673 K. Having seen the results from the axisymmetric shape forming simulations
at different strain rates, the formed part quality between the changed forming strain rate and low constant
forming strain rate can be neglected. In this section, the second experiment for the cross shape is carried
out to a large deformation without damage, using changed strain rate strategy. The input pressure law is
obtained from the numerical simulation, in which the strain rate evolution follows

 P  0.4
0.4   P  0.9
 P  0.9

  0.01 s 1

 P    0.001 s 1
  0.0001 s 1


(V.8)

As shown in Figure V-11 (a), the input pressure suddenly dropped around the forming time of 500 s
due to the change of forming strain rate. While real forming pressure cannot change in large scale
immediately due to the limitation of the machine. Thus, in the forming time between 500 s and 1000 s,
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the real forming pressure is bigger than input pressure. However, the real forming pressure generally
follows the input pressure in the whole forming range. The whole forming time is 6000 s. No fracture
exists on the deformed flange under these bulging conditions, seen in Figure V-11 (b). By checking the
thickness of the whole deformed part, it is found the minimum thickness, whose value is 1.17 mm, is
located in the same of corner as the fracture occurs for the low constant strain rate forming. Thus, the
strain concentration position is the same for different strain rate forming strategies.
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Figure V-11 (a) Experimental pressure evolution and (b) the deformed plate for the cross die
deformed at changed strain rate
The strain field and thickness evolution in the middle area of the deformed part are presented in
Figure V-12. Same reason as cross shape forming at low constant strain rate, we can only see a part of
maximum principal logarithmic strain in the bottom of the deformed specimen. The average value in
the checked area is around 0.1, which is lower than the one observed at low constant strain rate.
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Figure V-12 Experimental results for cross-shape forming measured by GOM software. (a)
Maximum principal real strain field distribution; (b) maximum principal logarithmic strain and (c)
thickness evolution from the center point to the board

V.3 Comparison between forming experiments and simulations
In this part, the experimental and simulated results for the forming of axisymmetric shape and cross
shape are compared. The axisymmetric shape forming is mainly used to verify the predictability of the
proposed constitutive law. While the cross-shape forming at low constant strain rate is dedicated to the
verification of damage model. The two cross-piece forming tests allow to verify the interest of the
changed strain rate strategy which can significantly reduce the forming time without sacrificing the
quality of the part.
V.3.1

Axisymmetric shape forming

The real experimental bulging pressure is imposed on the axisymmetric shape forming simulation.
The material models and boundary conditions are kept the same. The comparison between the
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experiment and simulation regarding to the principal logarithmic strain and the thickness distribution is
shown in Figure V-13. For a better comparison, the simulation results obtained from the Hill48 yield
criterion for the same deformation displacement are also presented. It is found that the Hill48 yield
criterion overestimates the logarithmic strain in the center part and underestimates the value in the most
deformed area. For the thickness distribution, the difference between the experiment and numerical
simulation from Hill48 is quite significant in the sever deformed zone. While by using the BBC2003
yield criterion, the simulation can generally predict the experimental results both in the logarithmic
strain and thickness distribution. The predicted error for the principal logarithmic strain and thickness
at the 40 mm distance from center point is 4.3% and 7.9%, respectively. Thus, the BBC2003 yield
criterion can be used to describe the constitutive behavior under complex forming conditions.
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Figure V-13 Comparison between experiment and simulation for axisymmetric shape forming
regarding (a) principal logarithmic strain and (b) thickness distribution
V.3.2

Cross shape forming

In this section, two numerical simulations are performed on cross shape die with different strain
rate control strategies: low constant strain rate and changed strain rate. The pressure evolutions are the
same as in the experimental conditions. The identified composite flow law with BBC2003 yield criterion
and the MMC damage criterion are used to describe the material behavior in the simulations. The board
of the deformable sheet is fixed as the boundary condition. While the pressure laws input on the flange
surface are the real forming pressure evolution. The integration points are considered to fail and are
deleted when the damage indicator value in the simulation is greater than 0.99.
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Figure V-14 Numerical cross shape forming at the low constant strain rate
Figure V-14 shows the crack initiation position in the numerical cross shape forming at low
constant strain rate, which coincides with the experimental failure locus. Thus, the identified MMC
damage model can give, for this forming case, a good failure prediction. While for the cross shape
forming using the changed strain rate strategy, the damage indicators for all the integration points are
lower than 0.99, showing no failure for these forming conditions. The comparison between the
experimental and numerical results, concerning maximum logarithmic strain and thickness evolution,
are compared in Figure V-15. The simulated strain and thickness evolution for both two cross-shape
forming can predict the corresponding experimental results precisely, indicating the constitutive model
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Figure V-15 Comparison for cross shape forming between experiment and simulation : (a)
maximum principal logarithmic strain and (b) thickness
As discussed in Chapter III, the forming limit of AA5383 alloy at high temperatures increase with
the decrease of forming strain rate. In the cross forming experiment, though the forming strain rate is
low, namely at 0.0001 s-1, there exists a crack when the flange fulfills the die. This is due to the inherent
ductility limitation of the material. Improving the ductility of material by sever plastic deformation or
performing the forming at higher temperature will be discussed in the future.
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Different from the low constant forming strain rate, the cross-shape test is also performed at
changed forming strain rate to bulge the deformed flange without failure. Seen in Figure V-15, the cross
deformed part from the changed strain rate strategy exhibits less strain level compared to the part
deformed from the low constant strain rate.
The simulations are performed on the cross-shape die to obtain the same extend of deformation, by
using two different strain rate strategies control. Shown in Figure V-16, the total forming time for the
cross-shape forming with the changed strain rate strategy is about 54% less than the one with the low
constant forming strain rate. Thus, changed strain rate forming strategy can be used to reduce the
forming time without sacrificing the part quality. In the future, we can propose some methods to increase
the material hot deformation ductility in order to fulfill the sheet into the cross-shape die by using the
changed strain rate control strategy without failure.
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Figure V-16 Pressure evolution for cross-shape forming by using changed strain rate and low
constant strain rate strategies

V.4 Summary
In this chapter, two types of forming simulations, axisymmetric shape and cross shape, are carried
out by using the identified material models. The Subroutine UEXTERNALDB, DLOAD and URDFIL
are chosen to perform loading cycle to control the forming strain rate. After comparing three different
pressure control strategies, it is found the new developed strategy can better follow the aimed strain rate.
Thus, this method is used for all the forming simulations. The integration point number selection is also
an important issue. This pressure control strategy can avoid strain rate concentration effects, for complex
shapes forming. The classic one maximum strain rate selection would lead to a quite low forming
pressure. It is found that 2% of integration point average for axisymmetric shape bulging while 5% of
integration point average for cross shape forming can have a quite good result. From the numerical point,
the changed strain rate strategy can reduce the forming time while keep the part quality when compared
to the low constant strain rate approach.
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Three forming experiments are carried out at the temperature of 673 K: an axisymmetric shape
forming test at constant equivalent plastic strain rate of 0.001 s-1; a cross shape forming test at a constant
equivalent plastic strain rate of 0.0001 s-1 and a changed strain rate, respectively. The axisymmetric
shape forming is performed to verify the identified material models. BBC2003 yield criterion exhibits a
better prediction for the principal logarithmic stress and the thickness distribution compared to Hill48
yield criterion. For the two cross shape tests, the simulated principal logarithmic strain can track the
experimental results in the bottom area of deformed sheet. The fracture initiation position for the low
constant equivalent plastic strain rate of 0.0001 s-1 is quite well predicted by the numerical simulation.
In the case of cross-shape forming, from both experimental and simulation results, the changed strain
rate strategy can reduce the forming time significantly without sacrificing the part quality.
Due to the inherent limitation of high temperature ductility, the sheet cannot fulfill the die without
damage for our testing conditions. Two method in the future can solve this problem: enhance the forming
temperatures to have higher ductility or use some techniques (like sever plastic deformation) to improve
the initial mechanical properties.
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Conclusion and perspectives
Conclusion
This section describes the conclusions of this research. The main objective of the work is to reduce
the forming time without sacrificing part quality. The major stages to achieve this goal are distinguished:
Material characterization: The present study focuses on the AA5383 aluminum-magnesium alloy.
This alloy has been microstructurally and mechanically characterized. For the as-received state, because
of the rolling process, the microstructure is composed of elongated grains along the rolling direction.
The crystallographic texture is quite pronounced, with an important brass component. In the present
work, the AA5383 is heat-treated at 623 K for 5 min prior to any deformation to increase the ductility.
As a result of this treatment, grains are equiaxed and the brass component of the crystallographic texture
is largely attenuated. The mechanical characterization of AA5383 alloy has been carried out in wide
range of temperature, strain rate and stress state. The main conclusions of these tests follow:
-

First, some uniaxial and biaxial tests have been performed to evaluate the flow behavior and
yield criterion. As expected, the flow stress is largely influenced by strain rate and temperature.
The material exhibits a hardening behavior at low strain rates while slight softening occurs for
high strain rates. The softening phenomenon is related to dynamic recrystallization. Also,
uniaxial tension tests for different angles with respect to rolling direction have been employed
to study the anisotropic properties at 673 K and 0.001 s-1. The yield stress along the rolling
direction is a little higher than the ones for the 45o and 90o directions.

-

Second, to characterize the fracture behavior under hot deformation, uniaxial tension speicmen,
four notched tension specimens, a shear specimen, together with a free bulging, are used to study
the influence of stress state, temperature and strain rate on the forming limit. For a fixed
deformation temperature and strain rate, the fracture displacement decreases with the decrease
of radius value for notched specimens. Also, for a fixed stress state, the maximum displacement
increases with an increasing temperature and a decreasing strain rate. The corresponding results
allow determining the parameters of ductile fracture.
Model identification and implementation: material models, including a constitutive model and

a damage model, are proposed to describe the thermo-mechanical behavior of AA5383 alloy. The main
conclusions are summarized:
-

Flow behavior. To describe the flow behavior, the strain-compensated Arrhenius type model
and the composite model are proposed. The composite model is selected as the flow model due
to its easier implementation and lower relative error.

-

Yield criterion. Based on the experimental results obtained from deformation condition of 673
K and 0.001 s-1, BBC2003 yield criterion is proposed and identified. Anisotropic Hill48 yield
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criterion is used as a reference. It is shows that BBC2003 yield criterion can predict the
experimental Lankford coefficients and yield stresses accurately, while Hill48 yield criterion
exhibits a higher yield stresses in the 45° and 90° directions and a lower biaxial yield stress
prediction. The models are implemented into user subroutine UMAT by a semi-implicit
integration scheme.
-

Damage behavior. The MMC damage model, which includes the influence of temperature and
strain rate, is proposed. The parameters are identified by using genetic optimization method to
minimize the root mean squared error directly. The numerical simulations, which have been
used for identifying the equivalent fracture strains, are performed again by including the damage
influence. It is seen that the MMC damage model can accurately predict the fracture
displacement for all the studied conditions.
Numerical simulation and experimental forming: two types of forming simulations,

axisymmetric shape and cross shape, are carried out by using the identified material models. The
subroutine UEXTERNALDB, DLOAD and URDFIL are chosen to perform loading cycle to control the
forming strain rate.
-

The new proposed pressure control strategy allows to follow the aimed strain rate. For the
integration point number selection, 2% of integration point average for axisymmetric shape
bulging while 5% of integration point average for cross shape forming can have a quite good
result.

-

For axisymmetric shape test, BBC2003 yield criterion exhibits a better prediction for the
principal logarithmic stress and the thickness distribution compared to Hill48 yield criterion.

-

The simulated principal logarithmic strain can track the experimental results in the bottom area
of deformed sheet. The fracture initiation position of cross-shape forming at the low constant
equivalent plastic strain rate of 0.0001 s-1 is quite well predicted by the numerical simulation.

-

In the case of cross-shape forming, from both experimental and simulation results, the changed
strain rate strategy can reduce the forming time significantly without sacrificing the part quality.

Perspectives
The present dissertation has proposed the material models to accurately describe the hot
deformation behaviors of material. However, some works could still be done in the future regarding to
perfect our existing results and to try other techniques.
For perfecting the existing results:
-

In the numerical simulation part, we have used two assumptions to predict material hot
deformation behavior. In the future work, the Lankford coefficients at different temperatures
and strain rates could be measured to verify if those values are appropriate to be regarded as a
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constant. While fracture strains of more than one type of specimen can be checked to verify the
fracture locus.
-

To predict the damage behavior, some couple damage models can also be proposed and
compared with the results obtained by the MMC criterion

-

In the experimental forming part, only the influence of strain rate on final part quality has been
exclusively studied. While testing temperature is also an important factor for sheet metal
forming. Thus, the temperature influence on the damage localization and initiation would be
investigated in our studied temperature range.

-

GOM software can be used in the Gleeble machine to measure the evolution of strain field
during the hot temperature deformation directly. In our study, the fracture strains have been
obtained by using inverse method. The experimental failure strains can be regarded as a method
to compare and verify the simulated results. Also, the whole surface strain field of deformed
parts in the forming tests could be measured by using the GOM software and be compared with
corresponding numerical results.
For trying other techniques:

-

Other forming chaining techniques would be tried to reduce the total forming time. In our study,
all the complex forming processes have been realized by gas forming. In the future, the predeform step could also be tried by hot stamping.

-

Some techniques, like constrained groove pressing, could be used to improve its initial
mechanical properties. Seen in the cross shape forming, no matter the strain rate, there exists a
failure when the sheet full contacts with the die. Thus, by increasing the initial ductile properties,
the sheet can fulfill the die without damage with the same processing conditions.

-

The deformed specimen obtained from the gas forming in our research could be compared to
the one obtained from the incremental forming. It would be interesting to compare the part
quality of the parts obtained from different forming techniques.
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Appendix
Appendix A. Flow rule associated with BBC2003 yield criterion
The flow direction n is given by

n=
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MISE EN FORME A CHAUD DE TOLES FINES EN ALLIAGE AA5383 :
APPROCHES EXPERIMENTALES ET NUMERIQUES
RESUME : Les alliages d'aluminium ont été largement utilisés dans l'industrie automobile et
maritimes en raison des avantages d'une faible densité, d'une bonne résistance à la corrosion.
Les travaux présentés dans ce mémoire de thèse s’intéressent à la mise en forme à chaud de
tôles minces en alliage d’aluminium AA5383. L'objectif principal est de réduire le temps de
formage sans sacrifier l'intégrité de la pièce. Tout d'abord, le comportement à la déformation à
chaud de l'alliage AA5383 est caractérisé expérimentalement. Une campagne expérimentale
comprenant d’essais de traction uniaxiale, de traction entaillées, de cisaillement et de
gonflement libre est réalisée pour couvrir une plage importante de températures (623~723 K)
et de vitesses de déformation (10-4~10-1 s-1). Ensuite, les modèles de matériau, tels qu'une règle
de flux composite avec le critère de plasticité BBC2003 et le critère de dommage Mohr
Coulomb Modifié, sont développés et mis en œuvre dans ABAQUS à l'aide du sous-programme
utilisateur. Enfin, les simulations numériques des processus de formation de gaz sont effectuées
et comparées aux résultats expérimentaux correspondants.
Mots-clés : Alliage AA5383, comportement à haute température, critère de plasticité BBC2003,
critère d’endommagement MMC, formation de gaz chaud

FORMING OF DEEP-PARTS IN AA5383 ALLOY: EXPERIMENTAL AND
NUMERICAL APPROACH
ABSTRACT: Aluminum alloys have been extensively used in the automotive and marine
industry due to the advantages of low density, high strength to weight ratio and good corrosion
resistance. Major challenge of their application lies in the ability to form deep-drawing shapes.
Superplastic Forming is widely used to produce this type of parts. However, high forming cycle
time due to the low forming strain rate limits their wide application. The present dissertation
focuses on hot forming strategies to produce deep drawing parts from AA5383 aluminum thin
sheets. The main objective is to reduce the forming time without sacrificing the part integrity.
Firstly, the hot deformation behavior of the AA5383 alloy is experimentally characterized. An
experimental campaign, including uniaxial tension, notched tension, shear and free bulging
tests, is performed to cover an important range of temperatures (623~723 K) and strain rates
(10-4~10-1 s-1). Then, the material models, such as a composite flow rule with the BBC2003
anisotropic yield criterion and the modified Mohr-Coulomb damage criterion, are developed
and implemented in ABAQUS by using user subroutine. Finally, the numerical simulations of
the gas forming processes are performed and compared with the corresponding experimental
results.
Keywords: AA5383 alloy, high temperature behavior, BBC 2003 yield function, MMC
damage criterion, hot gas forming
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