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Introduction 

Over the recent decades, the desire to protect the environment has influenced the design of 

products in automotive industries. Since the beginning of the 21st
 century, a variety of stringent laws 

requiring the reduction of CO2 emissions have been implemented. With contemporary legislation 

many countries request values below 120 g/km, as shown in Figure 0-1 [1].  

 

Figure 0-1. CO2 emission of cars measured and requested from 2000 to 2025 during NECD tests 

(NECD: New European Driving Cycle) [1]. 

 

However, this ecological constraint has to be implemented alongside general automotive 

guidelines such as safety, the need to ensure the comfort of passengers, and product aesthetics. The 

need to satisfy these various requirements gives rise to challenges for the company Faurecia 

Automotive Seating. For instance, seats are defined as safety and regulation parts because, in the event 

of a collision, passengers are only kept in a car by seat mechanisms. This implies that a reduction in the 

weight of car seats must not influence mechanical properties. To overcome this issue, two 

modifications can be adopted. First, lighter materials such as aluminium (2700 kg/m3), magnesium 

(1750 kg/m3), or composites can be used [2]. However, aluminium and magnesium alloys exhibit lower 

mechanical properties than steels and thus cannot be used in parts where complex mechanical 

loadings are required. In such case, a large sheet thickness should be employed, which could lead to a 

cumbersome design. Another method of remedying this problem is to develop steels that exhibit 
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superior performance properties, namely advanced high-strength steels (AHSSs). With this aim in 

mind, three generations of AHSS were developed to achieve forming and strength properties not 

previously obtained with other materials. To develop these new generations of steels, steelmakers 

modified the chemical composition of these steels and adapted the heating and cooling processes to 

obtain complex microstructures which are usually characterised by a combination of phases. Given the 

superior mechanical properties of such steels, the seats in the above example could be redesigned to 

require less steel. 

Complex phase 1200 (CP1200) steels belonging to the first generation of AHSSs are currently 

of interest to Faurecia due to their high energy absorption, high residual deformation capacity, and 

good hole expansion. The superior forming properties of these types of steels enable seat designs to 

be modified to reduce the volume of material required. However, the increased design complexity 

leads to more severe curvature radii. Thus, steels with even higher formability are required. It can 

therefore be necessary to deform the steel used to a degree that comes close to its deformation limit 

in complex loading. This project was financed to obtain a better understanding of the behaviour of 

CP1200 steels close to these formability limits. 

A previous doctoral dissertation was undertaken in collaboration between Faurecia and the 

Crystallographic and Materials Science Laboratory (CRISMAT) in 2011. This previous thesis concerned 

damage evolution on dual-phase (DP1000) steels, with a particular focus on the impact of the stress 

state [3–6]. These steels also belong to the first generation of AHSSs and exhibit two phases 

microstructure composed of ferrite and martensite islands. The results showed that the localisation of 

voids, which is characteristic of damage, occurs at the interfaces between phases or by martensite 

cracks. Indeed, the high phase contrast between ferrite and martensite caused internal stresses that 

lead to the separation of interfaces. The impact of temperature was also investigated in this study. It 

was found that an increase in temperature from 20 °C to 600 °C yielded an increase in void growth, 

leading to the tempering the martensite. 

In this thesis, the same methodology was used to investigate the damage mechanisms of CP1200 

steels. The focus was on the similarities between these two steels in order to understand the impact 

of microstructure on damage and plasticity mechanisms. Complex phase 1200 steel is defined by a 

bainitic microstructure and the presence of retained austenite, cementite and martensite. One may 

wonder how this microstructure resists damage, and how it evolves after its initiation. Moreover, the 

bainitic microstructure of these steels is less sensitive to temperature modification than martensite. 

Thus, a secondary focus of this research is on how temperature influences damage mechanisms in 

CP1200 steels. 



 

 
 

Introduction 9 

In order to answer these problematics identified above, this thesis is divided into four parts. 

First, the complex phase (CP) steels were positioned within the AHSS generations, followed by 

an explanation of their elaboration processes. After this general presentation of CP steels, the 

characteristics and influence of the phases on the mechanical properties of such steels were 

highlighted. The influence of the various phases was then related to the mechanical properties of the 

material, with a focus on cyclic hardening. Thereafter, the literature concerning the development of 

damage in multiphase steels is presented. Throughout these investigations, the impact of temperature 

on mechanical and damage properties was investigated. The first chapter closes by identifying the 

research context and objectives. 

In the second section, the microstructural and general mechanical features of various grades 

of CP1200 steel from different suppliers were investigated. To do so, the results of phase identification 

and quantification under optical microscopy (OM), scanning electron microscopy (SEM), electron 

backscattered diffraction (EBSD), and transmission electron microscopy (TEM) are presented. Based 

on the collected data, it is possible to acquire knowledge concerning the relative percentages of each 

phase as well as the degrees of misorientation among them. Finally, the thermal stability of CP1200 

steels was investigated using differential scanning calorimetry and dilatometry to determine the phase 

transition temperatures. In the final section of this chapter, the tensile properties of the specimens 

was characterised in order to relate the microstructure of CP1200 to their mechanical properties. 

To obtain additional information on the impact of the microstructure on cyclic hardening, 

tensile-compression experiments were performed. The results obtained highlight the obstacles to the 

motion of dislocations and enable the measurement of internal stresses. Subsequently, the influence 

of temperature on tensile properties is studied. Particular attention was given to the impact of the 

temperature [200 °C–600 °C] combining with tempering time. 

The final concerns the evolution of damage mechanisms at both ambient and higher 

temperatures. The quantification of the voids formed was studied as a function of the plastic 

deformation. The influence of the loading path on void fraction was examined for different geometries 

of notched specimens in order to vary the stress triaxiality. The localisation of voids was then 

investigated by microstructural analysis at room temperature, 400 °C, 500 °C, and 600 °C. 

Finally, a conclusion describing the results is provided. This section links all of the observations 

and discusses relationships among the microstructure, the mechanical properties, and the damage 

that occurs at room and high temperature.
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 Literature survey: Introduction to the 

properties of complex phase steel 

The main characteristic of CP steels is the coaction of phases with various mechanical 

properties. This combination of phases offers a large range of mechanical properties, which is provided 

by complex mechanisms. Parameters such as the shape and the amount of phases play key roles in 

determining mechanical properties and damage.  

This chapter begins by introducing CP steels in their industrial context. Complex phase steels 

belong to new generations of steels developed to respond to restrictive ecological legislation: namely, 

the AHSSs. In the second section, bainite, austenite, and cementite are presented, along with their 

microstructural specificities. A willingness to link the bainitic microstructure and the mechanical 

properties of the steel is established in this dissertation. The crystallographic orientation relationships 

that may exist between phases are presented to improve understanding of mechanical and damage 

behaviours. The third section examines the impact of each phase on the tensile properties of the steels. 

Bainite strengthening elements are presented, and the properties provided by the impact of austenite 

and cementite are studied. Damage mechanisms are investigated in the last section with a particular 

focus on phase heterogeneity, which is key to understanding those mechanisms. 

1. Complex phase steels in their industrial context 

 Position of CP on AHSSs  

Since the creation of the Ultralight Steel Auto Body (ULSAB) programme in 1994, there has 

been great willingness to create lightweight steels that exhibit a wide range of mechanical 

performances [1]. The aim of this program is to develop a better compromise between safety and fuel 

economy. Two different solutions emerged: the first is the development of new steels with higher 

resistance, while the second is the improvement of existing low-density metals. In pursuit of these 

goals, steel industries have developed new grades namely the AHSSs. A distinctive characteristic of 

these new generations is their improvement in terms of formability when compared to conventional 

grade steels. The challenge however, is to continuously develop grades in response to restrictive 

legislation. Currently, three different generations of AHSS steels have been developed to offer a large 
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range of mechanical properties [7–10]. Figure I-1 presents the total deformation as a function of 

ultimate tensile strength (UTS) of these grades. 

 

 

Figure I-1. Steel ductile diagram of various AHSS grades [1]. 

 

This report focuses on the first generation of AHSSs. The grade of steel studied is CP steel. 

Complex phase steels are defined as having a yield stress of up to 800 MPa and exhibit high energy 

absorption, high residual deformation capacity, and good hole expansion [8,9]. Over time, the 

microstructure of steels that fall under the CP category has evolved. Initially, CP steels were thin ferrite 

grains with a high volume of hard phase such as martensite and bainite, but they did not have 

austenite. This definition of the microstructure was similar to that of DP steels. The new generation of 

CP steels was inspired by the third generation of AHSSs with the addition of Mn and Si as additive 

elements. Currently, CP steels are developed with a bainitic matrix containing austenite, which leads 

to superior formability due to the low difference between phase hardness [11]. 

 Thermal process of CP steels 

The transformation of CP steels must be represented in a time-transformation-temperature 

(TTT) diagram [12], because bainite is transformed under para-equilibrium conditions that cannot 

represented in a Fe-C equilibrium diagram. The TTT diagram (Figure I-2) for steels is characterised by 

two C curves: the first represents the reconstructive transformation with the formation of ferrite and 

pearlite, and the second represents the formation of bainite, Widmanstätten ferrite and martensite. 
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Figure I-2. Time-transformation-temperature diagram of AHSSs transformation [13]. 

 

The schematic heat treatments of CP, DP, transformed induced plasticity (TRIP), and 

martensitic steels are represented in Figure I-2. The cooling path is one element that can be used to 

explain the difference among these steels. For CP steels, the heat treatment process is divided into 

three different steps: first, the steel is heated up to an austenitisation temperature and cooled down 

to a temperature that falls between bainitic start (Bs) and martensitic start (Ms). Following this cooling, 

isothermal transformation is performed to allow bainite development. Quenching is the final step of 

the transformation and enables the transformation of the second phase (cementite, austenite, or 

martensite). Several studies were carried out to investigate the impact of holding time, temperature 

and quenching on the bainitic structures of steels [12,14–16]. The findings indicate the existence of a 

wide range of microstructures, which are discussed in Section 2.1 of this thesis.  

2. Metallurgical constituents of CP steels 

 General characteristics of the bainitic matrix  

Bainite was discovered by E. S. Davenport and E. C. Bain in 1930 [12]. In initial studies, bainite 

was described as an acicular dark etching aggregate called ͚martensite-troostite͛ [17]. The 

denomination ͚bainite͛ was established in 1934 in honour of Edgar C. Bain. This component is defined 

as aggregates of plates of ferrite separated by retained austenite (RA), martensite, or cementite. These 

clusters of plates are called sheaves and the plates are referred to as sub-units [13, 14]. All sub-units 
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in a sheaf are connected by a similar crystallographic orientation. A representation of this 

microstructure is shown in Figure I-3. 

 

Figure I-3 Pattern of bainitic structure. 

 

The transformation mechanism of bainite was debated for a considerable period of time. Two 

approaches were proposed to solve the issue of bainite transformation, namely: the displacive and the 

diffusive hypotheses. Displacive transformation, as in martensite transformation, is based on the shear 

movement of atoms. A cooperative movement of atoms can be observed. On the other hand, diffusive 

transformation, also called reconstructive transformation, includes the diffusion of atoms (as with 

ferrite and perlite). In this case, rearrangements of atoms are involved. Figure I-4 provides a schematic 

representation of displacive and reconstructive transformations. 

 

Figure I-4. Schematic representation of displacive and reconstructive transformations [20]. 
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Recent studies support the displacive transformation based on analyses of surface relief, which 

is a characteristic of shear transformation. Since bainite transformation is quite similar to the 

martensite, both mechanisms have been compared in the literature. The main difference that stands 

out is the partitioning of carbon from supersaturated carbon to austenite, as presented in Table I-1[20].  

 

Table I-1. TraŶsforŵatioŶ ŵeĐhaŶisŵs preseŶt iŶ ŵarteŶsite ;α’Ϳ aŶd ďaiŶite ;αb) [9]. 

 α’ αb  α’ αb 

Nucleation and growth reaction v v Large strain v v 

Plate shape v v Invariant plane strain shape 

deformation 

v v 

Diffusionless nucleation v x Diffusionless growth v v 

Carbon diffusion during nucleation x v Carbon diffusion during growth x x 

Substitutional diffusion during 

nucleation 

x x Substitutional diffusion during 

growth 

x x 

Confined to austenite grain v v Glissile interface v v 

 

The diffusion of carbon can occur after the growth of bainitic ferrite, as shown in Figure I-5, 

which is adapted from the PhD thesis of Boucard [21]. Bainite sub-units are formed from the grain 

boundaries of austenite by displacive transformation. Subsequently, the excess of carbon contained 

inside the ferrite diffuses at the interfaces from ferrite to austenite. However, the hypothesis 

concerning the carbon diffusion mechanism has been strongly contradicted and experimental 

validations are complicated because the kinetic of the reaction occurs too rapidly to be observed. 

After bainitic transformation, a high density of dislocations has been observed. Swallow and 

Bhadeshia [22] have explained this with reference to the plastic relaxation created in austenite. This 

relaxation creates defects that resist the advancement of bainite/austenite interfaces. The size of 

bainite platelets is then also controlled by plastic relaxation. At the end of the transformation, the 

microstructure is composed of bainitic ferrite with a high amount of dislocations and RA with carbon. 
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Figure I-5 Displacive transformation of bainite with diffusion of carbon after sub-unit growth [17,21]. 

 

The literature [12, 19] identifies two major types of bainite obtained by isothermal 

transformation: lower bainite (LB) and upper bainite (UB). The main difference between them is 

carbide localisation, which is controlled by the heat treatment process (see Figure I-6) [24]. Upper 

bainite is formed at high temperatures. It is defined by sheaves of ferrite plates with cementite 

between them. During this transformation, the excess of carbon has time to partition into austenite 

before precipitation within the ferrite. Compared to UB, LB has thin cementite particles within the 

bainitic ferrite in addition to those between plates. This transformation occurs at lower temperature, 

which results in slower diffusion. Complete partitioning of carbon does not occur, which enables the 

precipitation in the supersaturated ferrite. A sharp overlap of temperature transition exists between 

both transformations, allowing bainite shapes to co-exist in the same steels. 
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Figure I-6. Diffusion of carbon during UP and LB transformations [24]. 

 

For many years, new classifications of bainite [19,25] have appeared due to the wide range of 

possibilities offered by heat treatment and chemical compositions. For instance, the Zajac classification 

added three other morphologies to UB and LB [21, 22]: 

 Granular bainite was discovered in the 1950s. It is created through the continuous cooling of 

low-carbon steels. Granular bainite is composed of coarse plates of bainitic ferrite with 

granular aspect and austenitic-martensitic islands at the ferrite boundaries.  

 Degenerated UB, in which austenite or austenite with martensite is localised at the boundaries 

of bainitic ferrite laths. 

 Degenerated LB, which contains interlath austenite or austenite with martensite instead of 

cementite. 

All these microstructures are exhibited in Figure I-7: 

   

Figure I-7. SEM pictures of (a) upper bainite, (b) lower bainite and (c) granular bainite [25] 

 

However, bainite classification is constantly evolving. Bhadeshia identifies other structures of 

bainite, such as inverse bainite, columnar bainite, and grain boundaries bainite [17]. 
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All of these structures complicate phase identification by means of optical microscopy. These 

microstructures are differentiated using microstructural observation under SEM and also by means of 

EBSD analysis [25,27,28]. A high proportion of misorientation between 50º and 60° characterises LB. 

For UB, the amount of high misorientation angles is lower, but many low misorientation angles are 

observed. For UB and LB, no misorientation is measured between 15° and 50° (see Figure I-8). These 

misorientation angles are characteristic of granular bainite, which presents random angles [25]. 

Misorientation of austenite is also detected in this range at 45°. This misorientation derives from the 

orientation relation between the initial austenite grains and bainite.  

a 

 

b 

 

c 

 

Figure I-8. (a) Misorientation angle relations between upper, lower, and granular bainite, (b) 

Determination of bainite structure as function of angle misorientation at 60° and 5°, (c) Example 

of bainite identification with granular, upper and lower bainites  [25]. 
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 Other properties of the microstructure 

Lath-shaped RA can be observed at the interfaces between sub-units and as islands at grain 

boundaries. Retained austenite is due to the incomplete transformation of bainite. Indeed, throughout 

the transformation of bainitic ferrite sub-units, the excess carbon is partitioning into austenite [17,29]. 

Up to a certain amount of carbon, the energy required to keep austenite is lower than that required 

to transform it into bainitic ferrite. If no alloying elements are added to promote the formation of 

retained austenite, carbides are formed. In new grades, the presence of retained austenite is required, 

which is achieved by the addition of silicon. This element enhances the formation of retained austenite 

due to its low solubility in cementite [30]. The RA is then supersaturated in carbon, and carbides can 

be found in this phase.  

Carbides can be also present in microstructures at the grain boundaries and/or inside bainitic 

ferrite. Many types of carbides can be found in bainitic structures. Hoǁeǀeƌ, ĐeŵeŶtite oƌ ɸ-carbide 

are the most common ones [17]. In UB, carbides are located at the interfaces between laths of bainitic 

ferrite. Bainitic laths are formed following the partitioning of carbon into austenite during isothermal 

heat treatment and have a habit plane parallel to lath development. In LB, the temperature is not 

sufficient to permit the total diffusion of carbon. Carbides precipitate in bainitic ferrite in a single 

crystallographic orientation with their habit plane oriented at 60° to the plate axes. The structure of 

LB and UB can be identified using TEM, as it is only possible to observe the orientation of different 

carbides at this scale (see Figure I-9). 

 

  

Figure I-9. TEM microstructures of UB (a) and LB (b) [23]. 
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During the generation of bainitic steels, cementite is suppressed by the addition of silicon, 

which postpones its precipitation in austenite under para-equilibrium conditions [31]. Cementite is 

trapped by silicon during bainite transformation, which reduces the kinetics of precipitation. Above a 

percentage of 1.5 wt%Si, cementite is mostly replaced by RA, which offers better mechanical 

properties. However, the addition of silicon is ineffective during the equilibrium transition and also if 

initial austenite is too highly supersaturated in carbon. 

As all the phases are obtained under a para-equilibrium transformation, an energy 

contribution could modify the entire structure. Microstructure modifications must thus be 

investigated. 

 Impact of tempering on microstructure 

Tempering is a process that is more commonly used for martensitic steels than for bainitic 

steels. The initial aim of tempering is to increase the ductility of the material undergoing this process. 

Bainite is known to be less sensitive to tempering than martensite because the heat treatment process 

already involves austempering. Nevertheless, industrial processes such as those applied during 

galvanising treatment require the tempering of bainitic steels [32]. Garcia-Mateo has widely 

investigated the evolution of the microstructure of hard bainite (650 HV30) after tempering [33]. 

Different diffusions steps can be identified: 

 First, at 450°C, an increase in hardness is observed. This evolution leads to the decomposition 

of austenite. The large regions are transformed into pearlite, while the smallest regions create 

carbide and ferrite. 

 Below 600°C, RA is decomposed. An increase in grain microstructure size is observed.  

Figure I-10, which is adapted from publication of Bhadeshia [17], presents a summary of the 

evolutions that occur in bainitic steels during tempering. These steps depend on the bainite 

transformation. For instance, in UB, diffusion of carbon from bainitic ferrite to austenite occurs during 

austempering. The major tempering evolutions that affect the properties of material are the 

decomposition of austenite, the coarsening of cementite, and the recrystallization of bainitic ferrite. 
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Figure I-10. Microstructure evolution of bainite depending on the time of tempering at 500°C [17]. 

 

The kinetics of austenite decomposition are temperature- and time-dependent, as 

demonstrated in the PhD thesis of A. S. Podder (see Figure I-11) [34]. A small increase in temperature 

leads to a significant increase in the decomposition of austenite. 

 

Figure I-11. Evolution of austenite fraction after tempering at various temperatures in a carbide-free 

bainitic steel [32,34]. 
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3. Mechanical properties of CP steels with bainitic matrix 

The previous section presented the wide variety of microstructures that can exist in CP steels. 

These microstructures have a significant influence on mechanical properties of CP steels. Using existing 

knowledge of bainitic structures, researchers have been able to identify the properties of CP structure. 

This section presents an overview of previous studies that have linked microstructure and their 

mechanical properties.  

 Impact of microstructure on mechanical properties 

 Strengthening of bainite 

The strengthening of bainite can be expressed by five factors: the intrinsic strength of iron ሺ∆𝜎ிሻ, solid solution strengthening ሺ∆𝜎ௌௌሻ, precipitation ሺ∆𝜎ሻ, dislocations ሺ∆𝜎ௗሻ, and boundaries 

linked to the grain size ሺ∆𝜎ீ௦ሻ [22, 29]. The strengthening can be estimated by adding up the values of 

these factors: 

 ∆𝜎 = ∆𝜎ி + ∆𝜎ௗ + ∆𝜎ீ௦ + ∆𝜎ௌௌ + ∆𝜎 ( 1 ) 

Figure I-12 presents an example of the contributions made by these factors. 

 

 

Figure I-12. Impact of different elements on strengthening [17]. 

 

The results indicate that the main factor that determines strength in bainite is the thinness of 

laths, which are usuallǇ ϭϬ ʅŵ iŶ leŶgth aŶd Ϭ.Ϯ ʅŵ iŶ thiĐkŶess. Hoǁeǀeƌ, ĐoŶsideƌiŶg the high 

complexity of microstructures, determining the relationship between the mechanical properties and 

the microstructure of a bainitic steel is not straightforward. The Hall-Petch relationship, which links 
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grain size measurement to yield stress (σY), can be applied for bainitic steels. However, for bainite 

structure with laths lower than 1 ʅŵ, this relationship does not exactly correspond. Indeed, the 

presence of low and high misorientation modifies dislocation structures. A more effective estimation 

of the yield stress can be obtained by using the inverse of an effective grain size [28]: 

 𝜎௬ = 𝜎 + ݇௬݀−ଵ ( 2 ) 

Where σ0 is the internal stress of the crystal, ky is constant, and the parameter d represents 

the equivalent grain size diameter of bainite. Bhadeshia has defined the effective grain size (GS) as 

twice the plate thickness. In an EU report [28], d is measured by EBSD by identifying the grain 

boundaries between 8° and 60°. This study demonstrates that high misorientation boundaries (55°–

60°) provide more effective barriers for dislocations and thus have a greater impact on the properties 

of CP steels. However, for UB, the high presence of lower grain boundaries also influences mechanical 

properties.  

The impact of iron on strength (∆𝜎ி) is also significant. It is determined in literature as a 

constant for low-carbon bainite steels. It is estimated at 88 MPa [17]. 

A high density of dislocations (ߩd) contained inside sub-units is the third factor that can have a 

strengthening effect. Indeed, thin laths reduce the mean free path of dislocation. The density of 

dislocation is also related to the transformation temperature (Ttr) by Equation (3) [12, 20, 30]:  

݈  ଵ݃ߩௗ = ͳͲ,ʹͻʹ + ͷͲ௧ܶ − ͳͲ
௧ܶଶ   ( 3 ) 

The physical relationship that links strengthening due to dislocation to the density of 

dislocation is shown in Equation (4) below, in which α1 a is a constant material parameter, µ the shear 

modulus, and bv the Burger vector: 

 ∆𝜎ௗ = 𝛼ଵܾߤ𝑣ߩௗଵ/ଶ ( 4 ) 

For solid solution strengthening, four different elements are considered: Si, Mn, Mo, and N. 

Equation (5) enables estimation of the impact of the concentrations of these elements on 

strengthening: 

 ∆𝜎ௌௌ = 𝛴ሺܿ𝑖𝑥𝑖ሻ ( 5 ) 

Where xi is the weight percentage of the element, and ci is the stress provided by the addition 

of the element i. The strengthening impact of certain chemical elements is outlined in Table I-2. 
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Table I-2 Strengthening impact of chemical elements on solid solution [28]. 

Element ci (MPa/%) 

Si 83 

Mn 37 

Mo 11 

N 2,920 

 

 Influence of austenite on ductility 

The presence of austenite is researched to avoid the formation of cementite and to enhance 

the ductility of steels [31, 32]. However, austenite's impact on the strength of bainitic steels is marginal. 

The main parameter modified by austenite is ductility. As noted previously, in CP steels, RA (retained 

austenite) is found between laths or in the form of islands. The literature offers contradictory findings 

as to the respective impact of the shape and localisation of RA (retained austenite) on mechanical 

properties. In a study conducted by Miihkinen and Edmonds [39], RA films were found to improve 

deformation, and the impact of the island was negligible. In the research conducted by Hell [40], a 

significant increase in ductility was observed when austenite islands were present due to phase 

transformation. This finding can be explained by the fact that both total and uniform deformation 

seems to reach an optimum with the variation of RA percentage, as shown in Figure I-13, which comes 

from the publication of Sandvik et al. [41].  

 

 

Figure I-13 Evolution of tensile deformation with various percentages of RA and with various 

transformation temperatures [41]. 
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In some cases, the presence of RA prompted the TRIP effect. This phenomenon refers to the 

capacity of austenite to be transformed into martensite at room temperature. As Figure I-14 indicates, 

the presence of the TRIP effect significantly increases the uniform deformation. However, the effect 

also results in increased damage due to decohesion between martensite interfaces and initial austenite 

grain boundaries. 

 

 

Figure I-14. Evolution of ductility obtained by varying the austenite percentage in the presence of 

the TRIP effect [40]. 

 Influence of carbides on strengthening 

Carbon can contribute to strengthening both in the form of a solid solution or by carbide 

precipitation. Bhadeshia and co-workers [17] have estimated that the impact of a carbon in solid 

solution is low, as they found that it is limited to approximately 400 MPa per carbon weight percentage. 

Only carbide precipitation leads to strengthening as a result of the creation of Orowan loops, which 

are the circumvention of precipitates by a dislocation. A dislocation loop is then form around the 

precipitate. The impact of precipitation strengthening depends on the size of precipitates and the 

volume fraction of carbides (fcarbides). An estimation of the strength increment can be given by Equation 

( 6 ), which use the carbide mean size particles (xc): 

 ∆𝜎ሺܽܲܯሻ = ͷ.ͻ ݂𝑖ௗ௦ଵଶlnሺʹͲͲͲ𝑥ሻ 
( 6 ) 
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 Impact of the nature of phases on hardening properties 

The previous paragraphs outlined the impact of each phase on mechanical properties of 

multiphase steels. However, combinations of phases with different hardness can also influences 

hardening behaviour. This dissertation studies the impact of isotropic and kinematic components of 

hardening [42]. Isotropic hardening (R) corresponds to the decrease of the yield surface (see Figure 

I-15). Isotropic hardening is associated with the short-range interaction of dislocation movements. 

Kinematic hardening (X) represents the shift of the yield surface. It is influenced by the long-range 

interactions such as those that occur between a dislocation and grain boundaries, incoherent 

precipitates, and dislocation structures [43].  

 

 

 

Figure I-15 Representation of X (kinematic) and R (isotropic) components of hardening (σ1, σ2 and 

σ3 the principal stresses) 

 

In her PhD thesis [44,45] Silvestre demonstrated that these components evolve depending on 

their microstructures. Figure I-16, which is adapted from her thesis, demonstrates that AHSS steels 

such as DP and TRIP and martensitic steels (MSs) present negative isotropic hardening and, 

importantly, kinematic hardening. The results of her thesis indicate that kinematic hardening is 
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extremely pronounced in multiphase steels. These parameters have to be taken into account for the 

modelling of plasticity. 

  

Figure I-16 Evolution of isotropic (R) and kinematic (X) hardening normalised by the yield stress 

[44]. 

 

Furthermore, a study by Zhonghua [46] has demonstrated that the evolution of kinematic 

hardening can be induced by the presence of phases with different properties. The authors 

investigated the differences in hardening between MSs and DP steels with various amounts of 

martensite. The results indicate that kinematic hardening is more pronounced in DPs than in single-

phase steels such as ferrite and martensite.  

 Evolution of hardness after tempering 

The variation of mechanical properties due to tempering is less important in bainitic steels 

than in martensitic ones. Figure I-17 indicates that, for low temperature, mechanical properties remain 

constant. For tempering temperatures higher than 650 K, a rapid decrease of hardness is observed. In 

the research conducted by M. J. Peet and F. G. Caballero [47], X-ray diffraction analysis demonstrated 

that the decomposition of austenite does not lead to a significant reduction of hardness. Their results 

confirm that the coarsening of bainitic grains determines the extent to which hardness is reduced.  
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Figure I-17 Modification of hardness and volume fraction of austenite (Vγ) as a function of tempering 

temperature (holding time of 1 h) [47]. 

4. Study of the damage evolution of multiphase steels 

 Methods to quantify damage 

Lemaitre et al. compared in their publication different methods to quantify brittle, ductile and fatigue 

damage. They classified them depending on their efficiency as follows: *** very good, **good and 

*not the most appropriate. (see Figure I-18) 

 

Figure I-18. Comparison of damage measurement methods for brittle, ductile and fatigue damage 

[48]. 
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Ductile fracture is observed in CP steel during tensile testing, therefore quantification of 

damage by void measurement with X-ray tomography and metallographic techniques are presented 

in this report. The quantification of damage by the variation of steel properties such as hardness 

modification and Young modulus reduction are also introduced. This list is however not exhaustive. 

For all these methods, the properties of the virgin material are compared to the values obtained for 

the damaged material. 

 X-Ray tomography is a non-destructive method based on radiography. The energy of 

X-rays can be used to observe voids inside metallic pieces by detecting thickness or density 

variations. A 3D image which provides a spatial distribution of damage can be then obtained. 

This method of damage identification was found in literature, an example is the work of Maire 

and al. which quantifies the damage of DP steels [49–51]. A representation of a 3D 

reconstruction displayed in a publication by Maire et al. is exhibited in Figure I-19. The location 

of damage at the centre of the specimen is clearly visible and quantification is accurate. 

 

Figure I-19. Localisation of damage using X-ray tomography [49]. 

 

 Metallographic technique is a destructive method, which consist on fine polishing of 

a specimen to observe and quantify voids by microscopy after deformation. This method is more 

time consuming as it needs to collect a high amount of data to obtain good statistics that implies 

a high number of tests. However, it does not require a complex device and gives a good idea of 

damage evolution. Patak et al. and Heibel used this method to quantify damage on different 

grade of AHSS used in the autoŵotiǀe field ;DP, CP, …Ϳ [4,52,53] 

 

 Hardness variation is a non-destructive method that enables the quantification of 

damage. During deformation the hardness of the metal increases due to strain hardening. A 

standard plasticity law can model this variation. With the development of damage, the plastic 



 30 Chapter I. Literature survey: Introduction to complex phase steels properties 

law is modified as the creation of voids reduces the analysed surface. Thus, the difference 

between the hardness estimated with the plastic law and the measured one enables the 

quantification of damage as shown in Figure I-20. 

 

Figure I-20. Measurement of damage by hardness measurements [54]. 

 

 The last method presented in this thesis is the quantification by the degradation of the 

Young modulus [48,55]. This method can be used for metals that experience isotropic ductile 

damage. The initial Young modulus (E) is compared with the effective Young modulus measured 

on damaged material to determine damage using the following equation (more details are given 

in section IV.2.1): 

ࡰ  =  −  ( 7 ) ࡱ̃ࡱ

 Impact of differences in phase hardness on damage 

Studies that focus on damage to multiphase steels are based on the differences between the 

hardnesses of different phases. To observe the evolution of damage, the results of damage to CP steels 

are usually compared to those of DP steels and MSs. Dual-phase steels with a mixture of ferrite and 

martensite present a high phase contrast. These grades of steels are currently widely used in the 

automotive field.  

In edge stretching tests, N. Pathak et al. have demonstrated that more damage develops in DP 

than in CP800 at the same equivalent strain [53]. Figure I-21 presents the measured damage in these 

two grades. The results obtained by Pathak et al. reveal that the number of voids and the void fraction 
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area are more important in DP steel than in CP steel when subject to the same equivalent strain. It is 

also possible to observe in this publication that the average void diameter increases in CP steel when 

compared to DP steel, in which it decreases with strain. The authors of the publication explain this 

difference as a consequence of the nucleation of voids, which is more frequent in DP steel. Therefore, 

the nucleation of new small voids in competition with coalescence reduces the value of the average 

diameter of voids.  

a 

 

b 

 

Figure I-21. Tensile curves of CP800 and DP780 (a), void fraction area of CP800 and DP780 as a 

function of equivalent strain (b) [53]. 

 

In the work of Heibel et al. [52], damage on various grades of DP and CP steels are studied 

Figure I-22. Their results shown damage evolution dependence on strength and ductility capacities of 

steels.  Steels with lower strength capacity as DP800 and CP800 steels developed a higher amount of 

damage than DP1000 or CP1000 steels. However if steels with same capacities are compared DP steel 

exhibits a higher amount of damage than CP as it is found on the publication of Pathak. Heibel et al. 

explained this difference by the heterogeneity of microstructure of DP steels that made it less tolerant 

to damage. 
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Figure I-22. Fraction of porosity and number of voids measured for various grades of AHSS (DP600, 

DP800, CP800, DP1000 and CP1000) [52] 

 

The damage results presented above are linked to phase contrast, which exists in different 

steels. The trends created by these contrasts are summarized in Figure I-23, which is adapted from a 

European report [56]. Three different cases are summarized: 

 For single phase-steels such as MSs, damage begins to occur fairly rapidly.  

 For multiphase steels with contrast of phases hardness such as martensitic and ferritic steel 

(DP steels), damage appears at a higher strain but evolves quickly.  

 For multiphase steels with limited contrast in terms of hardness, such as ferrite and bainite, 

the first voids appear at a higher level of strain. However, these voids exhibit the most rapid 

development. Damage in these steels is largely controlled by the nucleation, rather than the 

growth, of new voids however growth of voids can also be observed at inclusions.  
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Figure I-23. Schematic trend of volume fraction of void evolution as a function of contrast in hardness 

phases obtained during hole expansion tests, tensile tests and bending tests [56]. 

 Impact of the presence of austenite and cementite on 

damage evolution 

With regard to the influence of austenite on damage mechanisms, the literature emphasises, 

the importance of shape and localisation. Thin laths of RA are offer good damage resistance, as they 

allow a steel to withstand high internal stress [40]. However, the literature provides contradictory 

findings with regard to the impact of martensite and austenite (M/A) islands. In Hell͛s PhD thesis, 

austenite islands were found to have a negative impact on damage (see Figure I-24). The explanation 

is that voids are created at the boundaries between austenite and bainitic ferrite. Therefore, increasing 

the austenite percentage increases the probability of void nucleation. This result, however is 

contradicted by the findings published in a European report [56]. If the RA is transformed during 

deformation, the expansion of martensite (volume expansion of 3%) fills the voids created. 
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Figure I-24. Evolution of fracture section reduction as a function of austenite percentage [40]. 

 

Carbides also have a negative impact on damage. They are responsible for the nucleation of 

voids. In the absence of carbide particles, which is a goal of research into new generations of steels, 

the number of voids nucleated is small. 

During tempering, the decomposition of austenite leads to the creation of carbides, which 

increase the number of void nucleation sites. The subsequent modification of the microstructure of a 

steel leads to increased damage sensitivity by tempering. However, few studies investigated the 

evolution of damage on CP steels as a result of tempering. 

 Impact of the temperature and the stress triaxiality on the 

damage mechanisms 

A study similar to the present work was performed 10 years ago in collaboration with Faurecia, 

this study focused on DP1000 steels [3]. This previous work investigated the impact of a 

thermomechanical loading path on damage evolution. It found that voids were initiated at the 

interfaces between ferrite and martensite or by the cracking of martensite during tests performed at 

room temperature. The plastic incompatibilities between these phases created the internal stresses 

responsible for the void nucleation. Taking the findings of this previous study further, Figure I-25 

presents the impact of temperature and stress state on damage. 
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a 

 

b 

 

Figure I-25. Evolution of the void area fraction at various temperatures in DP1000 steel during 

tensile tests on (a) smooth and (b) notched specimens ;η = 0,5)[4]. 

 

For DP1000 steels, the critical plastic strain, where the damage begins, increases with 

temperature. Moreover, a decrease of the void area fraction and the number of voids is observed 

between 293 K and 573 K. Above these temperatures, an increase in these two parameters can be 

highlighted. These modifications to the damage mechanisms may be coupled with microstructure and 

mechanical modifications. Therefore, as indicated in Figure I-26, a significant reduction of ultimate 

tensile strength was observed after 550 K. This reduction is caused by a decrease and a softening of 

the martensite percentage within the microstructure above 450 K due to carbon diffusion. 

 

a 

 

b 

 

Figure I-26. Evolution of tensile properties (a) and modification of phases (b) at various 

temperatures [4]. 
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To complement these observations, a microstructural investigation was conducted using TEM. 

These experiments led to the following conclusions: At temperatures of above 423 K, an increase in 

the plastic straining of ferrite is observed, without any changes to martensite deformation. At this 

stage, localisation of voids is identified at the interfaces and in ferrite. Above 673K, a significant 

increase in martensite strain can be noted. This softening of the martensite leads to an increase of void 

growth and a reduction of the number of voids.  

5. Conclusion and goals of the PhD 

Complex phase 1200 steels are a new generation of steels that are currently being studied and 

used by Faurecia because they exhibit good forming properties. Therefore, one may wonder if these 

steels could replace the DP1000 steels in some applications. Indeed, as has been shown in this section, 

many publications have reported on the benefits of a bainitic matrix of limiting damage evolution. 

However, because each of these steels presents a complex microstructure that requires a precise 

heating process, considerable variation in terms of microstructures and mechanical properties may be 

observed among the steels provided by different suppliers. Hence, a precise investigation of the grades 

used by Faurecia was conducted to acquire data for numerical simulation and to better understand 

the role of a steel's microstructure in terms of determining its mechanical and damage properties, 

which are important in specifying steel requirements. 

In addition, the impact of temperature on this grade of steel has not been extensively 

investigated. In contrast to DP1000 steels, the critical temperature for CP1200 steels should be 

increased, as the bainitic microstructures of such steels are more stable at high temperatures. It would 

then be interesting to investigate whether CP1200 steels exhibit the same damage mechanisms as 

does DP1000 steels at room and high temperatures. 
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 General metallurgical and mechanical 

characteristics of CP steels 

The aim of this chapter is to present the metallurgical and mechanical characteristics of CP1200 

steels. To do so, many grades provided from different suppliers were initially studied. However, in this 

report, only three of grades are presented. To simplify their identification, the samples are labelled 

CP1, CP2, and CP3, and their general properties as specified in supplier data sheets are presented in 

Table II-1.  

 

Table II-1. General properties of the studied CP1200 steels  

 σM (MPa) σ0. 2 (MPa) A80 %C Sheet Thickness (mm) 

CP1 1180–1330 ≥ 850  ≥ 11 ≤ Ϭ.23 1.6 

CP2 1180–1350 900–1100 ≥7 ≤ Ϭ.23 1.6 

CP3 980–1140 710–950 ≥ 10 ≤ Ϭ.23 1.7 

 

In the first section of this chapter, the standard metallurgical features of CP1200 steels are 

investigated. XRD, SEM coupled with an electron backscattered diffraction (EBSD) detector, TEM, and 

spectroscopic chemical methods were used to analyse the chemical compositions, microstructures, 

and phases of these grades. 

The second section presents an analysis of the thermal stability of CP steels. The forming 

process may include tempering treatments such as electrogalvanising (around 200°C), which makes it 

easier to paint steels. The transition temperatures were determined by differential scanning 

calorimetry (DSC) and dilatometry analyses. Moreover, since mechanical properties are highly linked 

to the microstructure of the steel, general mechanical analyses through hardness and tensile tests 

were performed. The results thereof are presented in the last section of this chapter.  
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1. Quantification of chemical composition using glow-

discharge optical emission spectroscopy 

Alloying elements and carbon content have an important effect on the stabilisation or 

suppression of certain phases in steels and can also affect the physical properties of microstructural 

components. The effects of some of these elements are summarised in Table II-2. 

 

Table II-2. Impact of the main chemical elements present in CP steels [17]. 

Alloying elements Effects 

C Increases the hardness of bainite. 

Si Suppresses the formation of cementite during bainitic transformation. 

Mn Improves strength as a solid-solution element. 

Al Enhances the C content in RA. 

Cr + Mo 

Cr improves the quench hardenability and the strength while Mo delays the 

decomposition of austenite and extends the range of cooling rates for 

bainitic transformation. 

 

In order to quantify alloying elements, the samples were analysed using a spectroscopy 

method involving a GD Profiler Horiba Scientific glow-discharge optical emission spectrometer 

(GDOES)1. This device extracts elements at the surface of a bulk specimen and projects them in plasma 

created between the specimen and its anode. Each element emits a radiation signature. The emission 

is then analysed by spectroscopy, which determines its chemical nature. In order to verify the 

repeatability of the experiments, the tests were performed three times on polished specimens. Table 

II-3 compares the data for the three CP alloys. The detection limits are also displayed.  

 

                                                             
1 All tests were performed by Margaux Marnier (a doctor-Engineer at Faurecia) and Olivier MASSON-

LEHERICY (an assistant technician at Faurecia) 
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Table II-3. Chemical composition (weight percentage + Standard Deviation (SD)) of CP grades.  

  C Si Al Mn Cr Mo CE (%) 

Detection limits 

(ppm) 

 
< 5 < 5 < 1 < 1 < 1 < 1 

 

CP1 

%wt 

SD 

0.11 

0.04 

1.7 

0.03 

0.033 

0.001 

1.91 

0.02 

0.31 

0.004 

0.0049 

0.0008 
0.61 

         

CP2 

%wt 

SD 

0.12 

0.0004 

0.91 

0.0009 

0.021 

0.0001 

2.6 

0.01 

0.19 

0.0005 

0.0034 

0.0001 
0.65 

         

CP3 

%wt 

SD 

0.11 

0.0002 

0.84 

0.0007 

0.023 

0.0001 

2.6 

0.009 

0.24 

0.0008 

0.0045 

0.0001 
0.65 

 

The results exhibit significant differences among grades. Particular attention was given to the 

amounts of Si, C, and Mn. As noted in the literature, Si is used in CP1200 to avoid the formation of 

cementite, which is a brittle phase that can lead to fracture [31]. This element delays the formation of 

cementite and promotes the presence of RA. The results show that CP1 had the highest amount of 

silicon. Therefore, based on the literature, it was expected that CP1 would exhibit austenite islands, 

which would result in this sample having superior ductility properties [31, 46]. Since the Si content is 

the lowest in CP3, this grade was expected to present less austenite and worse ductility when 

compared to CP1. Like silicon, carbon also has an impact on mechanical properties when included as a 

strengthening element. However, the current trend is to produce bainitic steels with low amounts of 

carbon to reduce the precipitation of cementite [30]. With a carbon percentage of approximately 0.10 

wt%, all grades are considered as being low carbon steels. 

In order to estimate the impact of chemical elements on hardenability, the carbon equivalent 

was assessed using Equation ( 8 ). This equation is usually used to obtain information concerning 

weldability. However, it can also be linked to hardness. When used as alloying elements, Mn, Cr, Mo, 

V, Si, Cu and Ni tend to increase hardness.  

ܧܥ  = ܥ% + ݊ܯ% + 𝑟ܥ% + ܯ% + %ܸͷ + %ܵ𝑖 + ݑܥ% + %ܰ𝑖ͳͷ  ( 8 ) 

The expression of CE denotes the influence of the strengthening element Mn, which is present 

in CP2 and CP3 in high amounts.  
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In the next section, phase quantification is performed to confirm the links that exist among the 

chemical composition, phases, and mechanical properties of CP1200 steels.  

2. Metallurgical characterisation 

To characterise and differentiate the steel grades presented in this report, microstructural 

analyses were conducted. To provide a wide range of observations, various methods were applied at 

different observation scales. First, phases were identified using XRD analysis. Second, to obtain data 

on phase quantification and repartition, microstructural observations were performed using optical 

and electron microscopy. Thereafter, to obtain more information about microstructural 

characteristics, the crystal orientation relationship was investigated using EBSD and TEM analyses to 

draw final conclusions concerning the thermal stability of these microstructures.  

 Phase identification and quantification 

a. Phase identification by XRD  

In order to identify phases, XRD analysis was performed using a PaŶalǇtiĐal X͛Peƌt 

diffractometer2 usiŶg Cu Kα ƌadiatioŶ ;ʄ= Ϭ.1541 nm). For each specimen, two two-hour scans with a 

ǀaƌiatioŶ of Ϯθ fƌoŵ ϮϬ° to ϭϮϬ° ǁeƌe peƌfoƌŵed. The peaks ǁeƌe ideŶtified as ďeloŶgiŶg to tǁo 

phases: austenite, which crystallises in a face-centred cubic (FCC) system, and bainitic ferrite, which 

has a body-centred cubic (BCC) structure (see Table II-4). However, bainitic ferrite and martensite 

cannot be separated using this method because their structures are quite similar.  

 

Table II-4. X-ray diffraction angles references for austenite and ferrite. 

Ferrite (α) 
{110} 

44.7° 

{200} 

65.1° 

{211} 

82.3° 

{220} 

99.3° 

{222} 

130.2° 

Austenite (γ) 
{111} 

43.5° 

{200} 

50.6° 

{220} 

74.6° 

{311} 

91.0° 

{222} 

95.5° 

 

                                                             
2 All tests were performed by Stephanie Gascoin (a research engineer at the CRISMAT) 



 

 
 

Chapter II. General metallurgical and mechanical characteristics of CP steels 41 

 

 

Figure II-1. X-ray diffraction diagram of CP1200 grades, with (a) and (b) presenting magnified 

austenite peaks. 

 

According to the results (see Figure II-1), peaks corresponding to austenite were only 

observable in CP1, whereas the percentages of austenite among the other grades were too low to be 

detected. This analysis confirms the presence of RA in CP1 steel that is observed by chemical etching 

and microstructural observation of the specimen in the following section.  

b. Phase identification and quantification by optical microscopy and 

SEM 

The challenge of multiphase steel etching was to identify a chemical solution that would reveal 

each phase. Sodium metabisulfite (SMB) concentrated at 15% enables the identification of bainitic 

ferrite, martensite, and RA [21, 47, 48]. Under optical microscopy (OM), bainite is coloured light brown, 

martensite brown, and RA islands white. The SEM pictures obtained with a secondary electron 

detector (SE2) depict austenite as the light grey phase, martensite as slightly etched, and bainite as 

dark grey areas. A comparison of the results of these two methods of phase identification when applied 

to CP1 is displayed in Figure II-2-a-b. The microstructures of the other grades visualised with SEM – 

CP2 and CP3 – are shown in Figure II-2-c-d. 
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a b 

 

c 

 

d 

 

Figure II-2. Comparison of microstructure under (a) optical microscope (OM) and (b) SEM with 

SMB etching on CP1. The microstructures of CP 2 (c) and CP3 (d) were also visualised using SEM 

and the same etching solution. 

 

The images reveal that the lath structures and RA islands are more present in CP1. After 

chemical etching, the colour contrast made it possible to quantify phase by picture analysis using the 

IGOR Pro software. The quantification was performed on 10 pictures of each grade and the average 

austenite percentage is presented in Table II-5. 

 

Table II-5. Retained austenite percentage obtained by image analysis on OM and SEM pictures. 

 
CP1 CP2 CP3 

OM 

(At this scale, only the austenite islands were detected) 
9% - 2% 

SEM 

(SEM was used to detect austenite islands and laths) 
18% 15% 11% 
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This analysis revealed the presence of RA in all grades, regardless of their chemical 

composition. However, two morphologies of austenite can be noted in Figure II-2 (islands and lath), 

which leads to the need to measure the differences between the SEM and OM results. Due to the 

thinness of lath structures, RA interlaths can only be detected by SEM, as this microscope allows for 

the highest degree of magnification. With regard to the differences between the grades, it can be 

noted that CP1 and CP2 exhibit the highest amounts of austenite, which may be due to their 

percentages of silicon. Moreover, unlike CP2, CP1 and CP3 exhibit austenite islands. (This finding is 

correlated to mechanical properties of the steels in Section 3). The presence of islands should increase 

the ductility of a material due to the TRIP effect that may occur during deformation. This effect is more 

pronounced for islands that are less stable [35, 49]. However, uncertainty concerning the phase nature 

of lath between bainitic platelets remains. Indeed, since the analysis performed did not attain a 

sufficiently high resolution, it was not possible to distinguish between austenite and carbides. 

c. Phase quantification by EBSD analysis 

Previous analyses allowed differentiation of bainite from austenite, although the bainitic 

structures could not be distinguished. In addition, the carbides that characterise LB were not identified 

during the previous analyses. Electron backscattered diffraction analyses were then performed to 

obtain further information concerning the following: 

 Phase quantification  

 Differentiation of bainite 

 Crystal orientation relationships 

Electron backscattered diffraction tests were performed on a SEM Zeiss Ultra55 operating at 

20 kV, with a tilt angle of 70° and a step size of 80 nm. To obtain a clear surface, specimens were 

carefully polished with the diamond paste of ϭʅŵ aŶd eleĐtƌopolished ǁith a solutioŶ consisting of 78 

mL of perchloric acid, 90 mL of water, 730 mL of ethanol, and 100 ml of 2-butoxyethanol. The results 

were then analysed using orientation imaging microscopy (OIM) software to obtain inverse pole figure 

(IPF) and phase quantification maps (see Figure II-3). This technique enables the differentiation of 

bainitic ferrite and austenite, as they have different crystallographic structures. However, the 

indexaing of martensite was more challenging when using EBSD due to the low image quality (IQ) 

measured on this phase. 
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a 

 

d (RA=9%) 

 

b 

 

e (RA=0.2%) 

 

c 

 

f (RA=2%) 

 

Grain boundaries Inverse pole Figure  

 

Phases  

 

<15° 

  Bainitic ferrite 

 

  Austenite 

Figure II-3. Electron backscattered diffraction orientation maps (a, b, c) and phase distribution (d, e, 

f) on CP1, CP2, and CP3. 
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Based on the IPF maps of the normal direction presented in Figure II-3, bainitic sheaves can be 

observed in all samples, whereas lath structures cannot be directly identified, as they share fairly 

similar orientations. Nevertheless, the EBSD analysis confirms the percentages of RA for CP1, CP2, and 

CP3 obtained with OM measurements. Indeed, in Figure II-3 (e, f, g) a significant amount of austenite 

islands can be observed in CP1 (9%), with less in CP3 (2%) and an extremely small percentage in CP2 

(0.2%). In contrast, the SEM results are more suitable for verifying the presence of RA laths, as such 

features are too thin to be indexed or identified with the other two methods. 

d. Differentiation of bainites 

Lower, granular, and upper bainites were identified using the method proposed by Zajac et al. 

[25], which is based on grain boundaries misorientation angles. Lower bainite is characterised by a 

significant amount of high misorientation angles (47–65°), upper bainite is defined by a higher amount 

of low misorientation angles (< 15°), and granular bainite exhibits a random orientation. Therefore, in 

Figure II-4, the number fraction of boundaries is represented as a function of their misorientation 

angles for CP1, CP2, and CP3. The results reveal four distinct peaks: 

 Between 2° and 15°, which corresponds to the low misorientation angles characteristic of 

upper bainite. 

 Approximately 45°, caused by the presence of RA. 

 From 50° to 55°, which according to the EU report [28], is predominantly located at the prior 

austenite grain boundaries.  

 Between 55° and 65°, which reflects LB. 

 

Figure II-4. Grain boundary misorientation angles measured by EBSD for CP1, CP2, and CP3. 

The results reveal that CP1200 steels exhibit a combined microstructure composed of UB and 

LB due to the peaks detected below 15° and above 55°. However, the analysis does not allow for their 
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quantification, which requires microstructural observation. Moreover, the peak at 45° represents the 

interface between RA and bainitic ferrite. The evolution of the number fraction of this misorientation 

is in agreement with phase quantification previously obtained using OM images. In terms of RA CP1 

presents the highest value and CP2 the lowest.  

In the following section, the correlation between the amount of RA islands and misorientation 

angles is highlighted, as interfaces could be involved in the initiation of damage [5, 50, 51]. 

e. Orientation relationship between bainitic ferrite and RA 

An increasing number of studies have noticed crystallographic orientation relationships during 

the transformation from prior austenite to bainite. The more commonly used models were developed 

by Bain, Nishiyama-Wassermann (NW), and Kurdjumov-Sachs (KS) [12, 35, 52, 53]. The crystallographic 

transformations of these models are displayed in Figure II-5. 

Bain Nishiyama-Wassermann Kurdjumov-Sachs 

 

{ϭϬϬ}ɶ//{ϭϬϬ}α 

<ϭϬϬ>ɶ//<ϭϭϬ>α 

 

{ϭϭϭ}ɶ//{ϭϭϬ}α 

<ϭϭϮ>ɶ//<ϭϭϬ>α 

 

{ϭϭϭ}ɶ//{ϭϭϬ}α 

<ϭϭϬ>ɶ//<ϭϭϭ>α 

Figure II-5. Orientation relationship between prior austenite (FCC) and bainite (BCC) according to 

Bain (a), NW (b), and KS (c) models. Blue atoms represent BCC structure, whereas green atoms 

represent FCC structure [18]. 

 

The differences among these models are based on weak angle rotations and parallel plan 

variations between ferrite and austenite after transformation. These models are not applied in this 

thesis due to the complexity of determining their parameters with sufficient precision. However, a 

verification of the constant misorientation angle between bainite and RA due to the transformation of 

prior austenite into bainite was performed. 

To assess misorientation relationship, the analysis was performed on CP1, as this sample 

presented the highest amount of austenite islands. Figure II-6 displays IPF maps of bainitic ferrite and 
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austenite in the same area. It can be observed that the austenitic islands contained in the same sheaves 

exhibit similar orientations (blue and green circles).  

a 

 

b 

 

Figure II-6. Crystal orientation of bainitic ferrite (a) – two clusters of laths are highlighted (blue 

and green circles), crystal orientation of austenite (b) in the same area. 

 

To estimate the misorientation angles between phases, orientation line profiles were 

presented in Figure II-7. The results denote a similar misorientation of approximately 45°, which that 

is in agreement with the previous results presented in Figure II-4.  

a 

 

b 

 

Figure II-7. Misorientation angle relationship between bainitic ferrite and austenite islands. Local 

misorientation angle on CP1 with the line profiles representation and misorientation. 

 

For this section of this dissertation, the phases were characterised and quantified, and an 

orientation of 45° was observed between them. As seen in the first chapter, an increase in the strength 

of CP steel as a result of the reduction of the lath dimension, so, in order to complete microstructural 

characterisation, the bainitic lath size was estimated using two methods.  
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f. Measurement of bainitic lath size by EBSD and linear intercept 

method 

An equation formulated by Langford and Cohen ( 9 ) was used to determine the impact of lath 

dimensions on mechanical properties [12, 54, 55]. The equation of the yield stress (𝜎௬) as a function 

of the effective grain size diameter (d) is as follows: 

 𝜎௬ = 𝜎 + ݇௬݀−ଵ ( 9 ) 

Where σ0 is the friction stress in the absence of grain boundaries and ky is a constant. 

However, since bainitic plates exhibit an anisotropic morphology, determining the grain 

diameter was not straightforward. In the work of Bhadeshia [17], d represents twice the thickness 

determined by the linear intercept method. The analysis was performed by measuring average 

thickness on random lines normal to the direction of the long edge of the plate. However, according 

to the EU report N°21245 [25], the equivalent grain size can also be measured by EBSD. This study 

found that only grain boundaries of up to 8° can influence mechanical properties. When estimating 

grain size, the low grain boundaries limit starts at 8°. Therefore, in this dissertation the lath sizes were 

estimated using the two methods discussed above. The methods were applied to CP1, CP2, and CP3, 

and the resulting lath diameter measurements are presented in Figure II-8. 

 By mean linear intercepts By EBSD measurement 

 

  

Lath 

size (d) 

CP1 : 0.3 ±0.ϯ ʅŵ 

CP2 : 0.4 ±0.ϯ ʅŵ 

CP3 : lath structure difficult to observe 

CP1 : 0,23 ± 0.29 ʅŵ 

CP2 : 0,48 ± 0.42 ʅŵ 

CP3 : 0,91 ± 1.15 ʅŵ 

Figure II-8. Comparison of lath sizes between mean linear intercepts using SEM images and unique 

grain colour map obtained by EBSD measurement with grain boundaries < 8°. 
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Similar values were obtained when applying these two methods, although there was a wide 

range of dispersion in the results. Based on these results, the lath sizes of the samples were ranked. 

The results are compared with the mechanical properties in the conclusion of this dissertation.  

g. Complementary observation by TEM 

Having general microstructure characterisation, it was possible to perform complementary 

TEM analysis3 to acquire information about initial structure of dislocations. All tests were carried out 

on a JEOL2010 electron microscope operating at 200 kV. To prepare each specimen, its thickness was 

initially reduced ďǇ ŵeĐhaŶiĐal polishiŶg doǁŶ to ϭϬϬ ʅŵ. The specimen was then electropolished 

using a double-jet procedure with a 10% perchloric acid solution (at a temperature of -10°C and a 

voltage of 20 V).  

Figure II-9 and Figure II-10 display the microstructures obtained for CP2 and CP1. These two 

samples respectively contain the lowest and the highest amounts of RA islands. Bainitic sheaves with 

thin lath structures can be observed in CP2. One lath is highlighted in red on the first picture of the 

Figure II-9. Moreover, a high amount of dislocations can be identified within the laths, which is the 

result of the plastic relaxation of austenite that occurs during the bainitic transformation (red circle in 

the second picture of the Figure II-9). 

 

  

Figure II-9. Transmission electron microscopy images of CP2 showing the lath structure and a high 

dislocation density. 

 

                                                             
3 All tests were performed by Mayerling Martinez (An assistant professor at the University of Caen) 
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In CP1, a significant difference was observed with CP2 in terms of the presence of austenite 

islands, which were identified by electron diffraction (see Figure II-10). Further analysis of the 

diffraction pattern using the procedure described in Appendix A confirmed the similar crystallographic 

orientation of austenite islands within a bainitic sheaf (see Figure II-10). 

 

 

 

Figure II-10. Transmission electron microscopy observation of the initial microstructure of CP1. 

Austenite islands are labelled with the letters A, B, and C.  

 

An initial microstructure characterisations for the three grades of CP1200 was performed. The 

results indicate a bainite lath structure with various dimensions and the presence of RA with different 

morphologies (both laths and islands). However, the chapter on the literature revealed that the 

microstructures of this type of steels are temperature sensitive. Therefore, the next section 

investigates the thermal stability of CP1200 microstructures. 

 Impact of temperature on the microstructure 

DSC experiments were performed to acquire phase transformation temperatures. Thereafter, 

dilatometry analyses were conducted to confirm these temperatures. 

A DSC analysis is a thermo-analytical method that measures the heat flow necessary to keep a 

specimen and the reference at the same temperature during a thermal programme. The DSC results 

displayed in Figure II-11 were obtained after continuous heating from room temperature up to 900°C 

at a rate of 10°C/min. The corresponding transition temperatures are presented in Table II-6. 
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Figure II-11. Differential scanning calorimetry results during heating for CP1, CP2, and CP3.  

 

Three different evolutions can be observed during heating. The first is a slight deviation from 

the baseline between 340°C and 580°C (Ausdec). According to the literature [66–68], the decomposition 

of austenite (γͿ iŶto feƌƌite ;αͿ aŶd Đementite (Fe3C) occurs at these temperatures. This explains the 

more pronounced deviation in CP1, which had the highest amount of RA. The second peak starts 

between 680°C and 728°C achieving a maximum around 750°C (Ac1). This transformation corresponds 

to the eutectoid temperature where the tƌaŶsfoƌŵatioŶ of ďaiŶite ;αb) into austenite begins. The last 

peek, which occurs between 870°C and 895°C, represents the Ac3 transition, where the complete 

transformation of bainite into austenite occurs. 

 

Table II-6. Temperature transitions measured by DSC (°C). 

 
Ausdec Ac1 Peak 1 Peak2 Ac3 

CP1 338 728 761 870 895 

CP2 365 680 734 846 870 

CP3 364 690 735 845 872 

 Ausdec: αb+ Fe3C+ ɶ αb+ Fe3C 

Ac1: αb+ Fe3C  ɶ+ α 

Ac3: ɶ+α ɶ 

 

In order to complete the phase transformation analysis and confirm its results during the 

heating process, dilatometry tests were performed. Only sample CP2 was chosen for this analysis, as 
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it is the grade currently used by Faurecia. In literature dilatometry experiments in baintic steels can be 

found to determine the temperatures of phase transformations during cooling [66]. In this PhD it is 

phase transformation temperatures during heating which were reached. 

Dilatometry tests measure the shrinkage or the expansion (see Equation ( 10 )) of a material 

with the variations in temperature. Using this information, it is possible to identify phase 

transformation temperatures. A relationship between the volume variation change (ΔV = ϯǆΔLͿ on the 

one hand and the initial width (L0), the variation of temperature (ΔTͿ, and the thermal expansion 

ĐoeffiĐieŶt ;αd) in the other hand can be obtained:  

ܮܮ∆  =∝ௗ ∆ܶ 
( 10 ) 

The thermal expansion coefficient depends on phases and can be added for multiphase metals 

following a cumulative law ( 11 ): 

 ∝ௗ= ∑𝑋𝑖 ∝ௗ𝑖𝑖
ଵ  ( 11 ) 

where Xi is the aŵouŶt of the phase i aŶd αi is its thermal dilatation coefficient. 

A Gleeble 3500-GTC thermal-mechanical physical simulation system was used to complete a 

dilatometry analysis (see Figure II-12-a and b). (Further information concerning the Gleeble device is 

provided in Appendix B.) This device provides the heat power by means of the Joule effect, which 

enables a precise control over the temperature used. Strain was measured using a C-gauge (see Figure 

II-12-c), which detects the width variation of the specimen with a precision of 0,ϰʅŵ. To ĐoŶtƌol the 

temperature, a thermocouple K (Alumel-Chromel) was welded to the surface of a specimen. This 

thermocouple provided a standard error between 2.2% and 0.75% with a control of temperature at 

+/- 1%. Specimens were heated at a rate of 10°C/s and cooled down by air quenching. Tests were 

performed on flat specimen with a thickness of 1.56 mm and a width of 10 mm.  
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a 

 

b 

 

c 

 

Figure II-12. Dilatometer installation in the Gleeble device: (a) setup of free moving clamping jaws 

on the furnace with the cooling system, (b) focus on the dilatometer installations on the specimen, 

and (c) dilatometer. 

 

This method provides additional evidence supporting the impact of temperature on a steel's 

microstructure. Figure II-13 presents the dilatometry results, while Table II-7 presents related the 

acronyms related to transformation. 
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Figure II-13. Dilatometry curve of the heating of CP2 from room temperature to 900°C performed 

on CP2. 

 

Table II-7. Temperature transitions obtained by dilatometry and DSC (°C). 

  Ausdec Ac1 Ac3 

Transition temperature  357 635  860 

Comparison with DSC 365 690 872 

 Ausdec: αb+ Fe3C+ ɶ αb+ Fe3C 

Ac1: αb+ Fe3C  ɶ+ α 

Ac3: ɶ+α ɶ 

 

Variations in temperature transitions can be noted between the DSC and dilatometry analyses. 

These variations can be explained by the differences between these devices in terms of the heating 

process and rate. These phase transformation temperatures were also determinate in the publications 

of De Moor et al. [69] on quench & Partitioning steels and Yang et al. [70] on bainitic steels by 

dilatometry and DSC methods. As for the results presented in this thesis, the decomposition of 

austenite is measured around 350°C/500°C in function of the steel grade. These publications 

highlighted different steps: the carbon segregation, the precipitation of carbides, the precipitation of 

retained austenite and the formation of cementite. However the results of these publications put 

forward the variation of transformation temperature with the heating rate and the initial heat 

treatment. 
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3. General mechanical properties 

Initially quantifying mechanical properties with Vickers hardness (HV) measurements is 

straightforward. Tests were performed using a Clemex micro-hardness device, and the applied load 

was fixed at 1 kgf to go through hardening surface issued of the specimen preparation. Ten 

measurements were taken at a quarter of the thickness of the specimen set to 1.6 mm, to obtain the 

dispersion (see Table II-8).  

 

Table II-8. Results of measuring the hardness of CP1200 steels. 

 CP1 CP2 CP3 

Vickers hardness (HV) 416 ± 9 402 ± 6 360 ± 7 

 

These results indicate a difference in hardness that is higher between CP1 and CP3. Considering 

chemical elements, CP3 contains more Manganese than CP1 for the similar amount of carbon. 

Therefore higher hardness is expected. However it is possible to observe in CP1 a high amount of 

silicon. Silicon enhances the formation of austenite which in a certain amount leads to TRIP effect. This 

phase transformation during plasticity deformation could explain the higher hardness of CP1. To 

complete this discussion of the mechanical properties, the tensile properties of CP1200 steels at room 

temperature are displayed in Figure II-14. Ten tests (five in the transverse direction [TD] and five in the 

longitudinal direction [LD]) were carried out under a quasi-static regime at a constant strain rate of   

10-3 s-1. The strain was measured with an extensometer of 50 mm using digital image correlation (DIC). 

To perform this measurement, a black pattern on a white background was painted on the specimen. 

Then, using the Aramis software, the measurement of the relative movement between points in the 

pattern enabled the acquisition of local strain. 
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a 

 

b 

 

Figure II-14. Stress-strain curves obtained during tensile tests for three grades of CP provided by 

various suppliers: (a) engineering tensile curves, (b) true tensile curves. 

 

Table II-9 presents results of the Young modulus (E), UTS, the yield stress at 0,2% of plastic 

stƌaiŶ ;σ0,2%Ϳ, the stƌaiŶ at the UTS ;ɸUTSͿ, the stƌaiŶ at the fƌaĐtuƌe ;ɸf) and the necking coefficient (Z), 

which is expressed by Equation ( 12 ) with S0 and Sf: the initial section and the final section:  

 ܼ = (ܵ − ܵܵ ) × ͳͲͲ ( 12 ) 

 

Table II-9. Tensile properties of CP1200 grades (all measurements were performed on a true curve, 

with the exception of the strain at the fracture). 

  E (GPa) UTS (MPa) σ0.2%(MPa) εUTS εf Z (%) 

        

CP1 
LD 200 ± 13 1384 ± 22 962 ± 6 0.09 ± 0,01 0.136 ± 0,005 46 ± 6 

TD 219 ± 1 1385 ± 2 977 ± 3 0.083 ± 0,006 0.133 ± 0,003 44 ± 6 

        

CP2 
LD 196 ± 8 1309 ± 5 1022 ± 13 0.059 ± 0,004 0.061 ± 0,001 64 ± 1 

TD 201 ± 2 1294 ± 7 1010 ± 13 0.049 ± 0,006 0.060 ± 0,003 65 ± 2 

        

CP3 
LD 196 ± 4 1161 ± 11 927 ± 12 0.075 ± 0,009 0.110 ± 0,001 62 ± 3 

TD 210 ± 4 1158 ± 8 921 ± 16 0.064 ± 0,004 0.08 ± 0,01 55 ± 4 

 

The specimens can be classified as a function of the maximum strength and the strain at 

rupture: CP1 > CP2 > CP3, and CP1 > CP3 > CP2. Interestingly, Z does not follow the same evolution as 
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deformation, as CP1 presents the highest deformation but the lowest Z. Conversely, CP2 and CP3 

present a high necking coefficient but the lowest deformation. This difference indicates a high 

reduction of the thickness during necking that is not detectable by the extensometer. Moreover, low 

differences were measured between the LD and TD.  

Initial microstructural and mechanical characterisations of CP steels were completed. The 

important relationships existing between both features are discussed in the next section. 

4. Synthesis of results and conclusions 

In the previous chapter, the importance of metallurgical characterisation of CP steels was 

highlighted to explain mechanical properties of CP steels. To facilitate further discussion of these 

findings, key results presented in this chapter are summarised, some results of this chapter are 

summarised in Table II-10. 

 

Table II-10. Synthesis of phase percentages measured for the three grades of CP1200. 

 
UTS 

(MPa) 
εf 

RA (%) 

Si (wt%) 
Lath size 

;ʅŵͿ 
OM 

SEM 

(morphology) 

EBSD 

CP1 1385 ± 14 0.131± 0,005 9 18 (laths +islands) 9.1 1.4 0.2 ± 0.3 

CP2 1301 ± 10 0.083± 0,006 
Small 

amount 
15 (laths) 0.2 0.91 0.5 ± 0.4 

CP3 1161 ± 8 0.105± 0,001 2 11 (laths + islands) 2 0.84 1 ± 1 

 

These results make it possible to draw the following conclusions: 

 A wide range of mechanical properties can be observed under the designation CP1200. In the 

three grades studied, 200 MPa on the UTS and a variation of 0.05 on the total deformation 

were measured between extremum values. These differences can be explained with reference 

to differences among microstructures. 
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 All grades revealed the presence of austenite presented in two different morphologies: islands 

and laths. This austenite is developed thanks to the presence of silicon, which delays the 

formation of cementite. However, the presence of austenite does not ensure the ductility of 

the material. Indeed, it has been argued that island structures are more beneficial in terms of 

ductility, and this observation is confirmed by our experiments.  

 Analysis of misorientation angles using EBSD reveals two types of bainite (upper and lower). 

The methods used in this research made it possible to identify, but not quantify, the bainite 

found. However, based on the angle misorientation investigation, it is possible to note the 

existence of an angle of 45° between bainitic ferrite and austenite, these angles could serve as 

barriers to dislocation and could be the initiation of damage. 

 Finally, measuring lath sizes confirmed their strengthening effect. Indeed, the UTS rankings 

(CP1 < CP2 < CP3) are inverted when considering lath sizes (CP3 < CP2 < CP1).  

 

Aspects of the thermal stability of CP1200 were studied by DSC and dilatometry analyses. 

Three different microstructural modifications during heating from room temperature to 900°C can be 

noted. First, the decomposition of RA into ferrite and cementite is measured. Thereafter, the phase 

transformation of bainitic ferrite and cementite into austenite occurs, and the microstructure becomes 

then fully austenitic (see Figure II-15). These results are in accordance with the publications on bainitic 

steels tempering. [29, 43, 59, 60] 

 

Figure II-15. Schematic representation of phase transformation during heating. 

 

A complete characterisation of the initial microstructure was performed in this chapter. The 

motivation for the following chapter was to obtain more details concerning the impact of this thin and 

multiphase microstructure on plasticity mechanisms. 
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 Cyclic plasticity mechanisms of CP1200 

steels and impact of thermomechanical loading 

In Chapter II, three different grades of CP were studied to investigate differences in the 

microstructural features and mechanical properties of the steels provided by different suppliers. This 

chapter focuses on the results obtained for CP2 steel, which is the grade currently used by Faurecia. 

Therefore, a summary of the characteristics of CP2 steel, as determined at room temperature in 

Chapter II, is presented in Table III-1. 

 

Table III-1. Summary of the mechanical properties and microstructural characteristics of CP2 

characterised at room temperature. 

UTS (MPa) σ0.2% (MPa)  εf Medium lath size ;ʅŵͿ RA island percentage (%) 

1301± 10 1016 ± 13 0.083 ± 0,006 0.48± 0,42 0.2 

 

In order to investigate plasticity mechanisms, cyclic tension-compression experiments were 

performed. These tests provided further information concerning the impact of the initial 

microstructure, which exhibits a high density of dislocations during the evolution of cyclic softening as 

a result of the presence of obstacles to dislocation motion. The quantification of the isotropic and 

kinematic hardening components was performed, as the investigation of Masing behaviour, which 

results from the formation of dislocation arrangements. In the second section of this chapter, the 

impact of temperature on mechanical properties is investigated and the relation between 

microstructural evolution and strength properties is discussed. 

1. Cyclic plasticity mechanisms of CP1200 steels: 

bibliography 

To support the results presented in this chapter, theories on cyclic plasticity mechanisms are 

first investigated. To begin with, an overview of dislocation motion in BCC crystals is presented. 
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Thereafter, cyclic softening and hardening are analysed, with relevant findings from the literature 

concerning bainitic steels being presented. Finally, isotropic and kinematic hardening components are 

investigated, and this chapter concludes with a discussion of the Masing behaviour. 

 Internal stress and dislocation behaviour  

At room temperature, plasticity is driven by the dislocation glide. Dislocations are linear 

defects characterised by a Burgers vector (defined by the magnitude and slip direction of the vector) 

that move in slip planes [71]. With regard to slip systems in BCC crystal, three planes from {110} and 

{112} and six from {123} contain the <111> close-packed direction. These connections enable the 

dislocations to easily slip in different planes as a function of the applied stress. Therefore, the increase 

in movement possibilities multiplies the probability of dislocation interactions and promotes plasticity. 

However, various obstacles can disturb dislocation glide. Such obstacles include incoherent 

precipitates, grain boundaries, and dense dislocation structures (cells, walls), which are characteristic 

of long-range interactions. Short-range interactions can also influence dislocation motion through 

coherent precipitates, Peierls valleys – a force due to the friction of the crystal network in opposition 

to the slip of dislocations – and forests of dislocations, which represent the tangles of non-parallel 

dislocations. All of these iŶteƌaĐtioŶs diƌeĐtlǇ ĐoŶtƌiďute to the iŶĐƌease of sheaƌ stƌess ;τͿ as 

highlighted in Figure III-1. Long-ƌaŶge iŶteƌaĐtioŶs geŶeƌate ŵiĐƌosĐopiĐ iŶteƌŶal stƌesses ;τX) and 

short-range interactions produce effeĐtiǀe stƌesses ;τeff). In order to measure these interactions at the 

macroscopic scale, cyclic solicitations can be performed. In this case, the internal stress is represented 

in the kinematic component of hardening (X) and the effective stress in the isotropic part (R) [43]. 

 

Figure III-1. Schematic representation of interactions between dislocation and obstacles related to 

effective and internal stresses [72]. 



 

 
 

Chapter III. Study of cyclic plasticity mechanisms of CP1200 steels and impact of the thermomechanical loading 61 

 

From a mechanical point of view, the kinematic and isotropic components of hardening 

influence the stress transition between elastoplasticity and plasticity mechanisms in all loading 

directions and are represented by the yield surface (f). The presence of isotropic hardening with the 

scalar R modifies the radius of the surface (see Figure I-15-a). For kinematic hardening, the tensor�̿�, 

which is indicative of kinematic hardening, shifts the elastic domain (see Figure I-15-b). 

For CP steels, the hypothesis of isotropic material with an anisotropic hardening is adopted 

due to the significant presence of a kinematic component of hardening, as reported in literature on 

multiphase steels [39, 41]. Thus, in this dissertation, the combined hardening with the non-linear 

kinematic and isotropic components of hardening is considered using the model developed by 

Lemaitre and Chaboche. Following this model, the yield stress can be expressed by R and X in 

Equation ( 13 ), which respectively verify Equations  ( 14 ) and ( 15 ). In these expressions, Q represents 

the stress saturation and bLC the rate of saturation of isotropic hardening, p is the cumulative plastic 

strain, CLC aŶd ɶLC are two constants of the kinematic hardening. 

 

 ݂ = ݂(�̿�, �̿�, ܴ) = �̿�)ܨ − �̿�) − ܴ = Ͳ ( 13 ) 

 ܴ݀ = ܾሺܳ − ܴሻ݀( 14 )   

 ݀�̿� = ʹ͵ ̿̿̿ߝ݀ܥ − ߛ �̿�݀( 15 )  

 

These components of hardening can be measured by alternating mechanical tests such as 

tensile tests, shear tests, or bending-unbending tests [40, 61–63]. In the literature, DP or TRIP steels 

have been frequently investigated under tension-compression loading [39, 64] by quantifying of the 

Bauschinger effect. This effect is characterised by the stress softening observed during compression, 

which results from kinematic hardening. Baushinger effect is a consequence of the elastic micro-

stresses present inside a polycrystal after unloading [42]. This phenomenon has been explored in DP 

steels in the work of Zhonghua and Haicheng [46]. Using experimental and numerical experiments, 

they estimated the variation in internal stresses between the soft phase (ferrite) and the hard phase 

(martensite) [41, 65, 66]. The authors concluded that a significant difference in hardness creates 

different internal stresses within phases, which lead to premature plasticity in compression. For CP 

steels, the phase contrast is less present due to the presence of a significant amount of bainite, which 

has a medium hardness compared to ferrite and martensite. However, the thin lath structure induces 
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high barriers to dislocation glide and a high amount of interfaces, which could lead to the 

development of internal stresses.  

 Cyclic stress softening and hardening of bainitic steels 

Based on alternating tensile tests, complementary results regarding dislocation motion can be 

obtained when studying cyclic softening and hardening. Softening and hardening are respectively 

defined as the reduction and the increase of stress during cyclic loading (see Figure III-2). 

 

a 

 

b 

 

Figure III-2. Schematic representation of cyclic (a) hardening and (b) softening. 

 

Q. Zhou et al. [79] and T. B. Hilditch et al. [80] proposed an explanation of cyclic hardening and 

softening in DP steels and TRIP steels that is based on dislocation motion. For these steels, at a low 

number of cycles, dislocations become entangled and immobile, which contributes to cyclic hardening. 

Hence, cyclic saturation is measured first, followed by cyclic softening. This stress decrease results from 

the annihilation of dislocations and the formation of low-energy structures such as dislocation cells. 

For bainitic steels, a fine microstructure with a high amount of dislocations is initially exhibited. This 

microstructure limits the mean free path, meaning the average distance between a dislocation and a 

particle, which in turn promotes multiple and/or cross-slipping of dislocations. Therefore, the slip 

systems that enhance dislocation annihilation can be observed even at a low number of cycles. These 

features produce softening. Figure III-3 extracted from the publication of Long et al. exhibits the cyclic 

stress softening of bainitic steels during low-cycle fatigue tests. A variation of cyclic saturation is 
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observable as a function of the strain amplitude. At 1% of strain amplitude, the cyclic softening is 

observable at a low number of cycles while at 0.6% the saturation is present until the break of the 

specimen. 

 

Figure III-3. Evolution of stress amplitude as function of the number of cycles during low-cycle 

fatigue experiments at various strain amplitude [81]. 

 Presentation of the Masing behaviour 

Masing behaviour enables the identification of relations between dislocation arrangements 

and the stress applied during cyclic loading. In fact, if a metal satisfies the Masing law, this implies that 

the same dislocation arrangement is conserved during the entire test. This behaviour can be estimated 

with an incremental cyclic test that consists of applying cycles of various strain amplitudes to a single 

specimen. Hence, stabilised cyclic curves are shifted such that the minimum of all curves coincides to 

0MPa. If there is a superposition of the loading parts of the cyclic curves as observed in Figure III-4, the 

material obeys the Masing law. The Masing behaviour can be linked to dislocation structures: if the 

Masing behaviour is obeyed similar dislocation arrangements are present for the strain amplitudes 

concerned, if the Masing behaviour is not obeyed different dislocation structures are formed. 
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Figure III-4. Validation of Masing behaviour observed in TA6V [42]. 

 

Watanabe et al. [82] investigated the non-respect of the Masing behaviour of various 

materials, including bainitic steels. This study identified different dislocation structures as a function 

of plastic strain amplitude: no dislocation arrangement, dislocation structures consisting of loop 

patches and cells. The cyclic stress-strain curves under stress control obtained of this publication are 

exhibited in Figure III-5. According to the Masing behaviour, these results reveal different stages on 

dislocation arrangement. Between 202 MPa and 226 MPa and then between 251 MPa and 260 MPa 

the Masing law is obeyed.  

 

 

Figure III-5. Stress-strain cyclic curves under stress ratio of R=-1 [82]. 

 

TEM pictures were extracted from the work of Watanabe et al. and revealed loop-patch 

dislocation structures from 180 MPa to 251 MPa of stress amplitudes. Between 251 MPa and 260 MPa 
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the formation of dislocation structure occurred from 0% to 100% cell structure as it is observable in 

Figure III-6. The respect of the Masing law was then led to the formation of dislocation cells.  

 

 

Figure III-6. TEM images showing dislocation arrangements of cyclic test under stress ratio R=-1 

(a) at a stress amplitude of 251 MPa and (b) 260 MPa [82]. 

 

Shih and al. [83] also observed the same evolution of dislocation arrangements on interstitial-

free (IF) steel. This grade of steel is ferritic, which enables an easier identification of dislocation 

structures (see Figure III-7). This work revealed a modification of dislocation structure as a function of 

strain amplitude. At low strain no dislocation structure is observable, then the formation of loop-

patches occurs and at higher strain the formation of cells can be noticed. 

a 

 

b 

 

c 

 
d 

 

Figure III-7. (a) Evolution of dislocation structures as a function of plastic strain amplitude during 

alternated tensile tests on IF steels, (b) image without dislocation arrangement, (c) picture of loop 

patch structures, and (d) picture of dislocation cells [83]. 
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The present dissertation investigates the evolution of the cyclic softening, hardening 

components and Masing behaviour as functions of strain amplitude and relate them to dislocation 

arrangements of CP2. 

2. Experimental technique: Presentation of the anti-

buckling device  

Tension/compression tests were performed4 on flat specimens using MTS servo-hydraulic 

fatigue machine with a cyclic strain ratio of -1. Unfortunately, for flat specimens, it was not possible to 

reach sufficient compression stress without encountering the problem of buckling. Thus, an estimation 

of the theoretical limit compression stress for our specimen geometry was determined using the Euler 

equation was applied to a particular configuration where the maintaining borders of the specimen 

were embedded (see Equation ( 16 )). This critical force is dependent on the Young modulus (E), the 

moment of area for a rectangular section (IGZ= 
∗ଵଶ ሺ݁ଶ +  ଶሻ), the length of buckling (l), the thicknessܮ

(e), and the width (L) of the specimen. According to this equation, the buckling starts at a stress of -58 

MPa: 

ܨ  = ܫீܧ²ߨ ௭Ͳ.ͷ݈²  ( 16 ) 

To increase the compression capacity in this experiment, two solutions can be considered. 

First, the specimen geometry can be modified. However, in this case, the range of possibilities was 

constrained by the thickness of the metal sheet. The second solution, which was adopted in this project 

is to physically prevent the buckling using an external device (see Figure III-9). Therefore, 

measurements were taken using custom-built anti-buckling devices inspired by the work of Yoshida et 

al., Silvestre et al., Schayes and Härtel [44,74,84–89]. This setup was constituted of four parts (two top 

and two bottom parts). The right-hand and left-hand parts were held together with screws. A vertical 

guide rod that allowed the clamping device to slide joined the bottom and top parts. In the front of 

the device, an aperture was included to measure strain using a ceramic extensometer, which was fixed 

in place by two indents made at the surface of the specimen. The machining of these indents inevitably 

led to a premature failure, which hindered drawing conclusions regarding cyclic fractures. Another 

disadvantage of the presence of such a device was the friction created on the lateral faces of the 

specimen even with the lubrication of the device with grease. In order to evaluate the friction created 

                                                             
4 All cyclic experiments were performed in collaboration with Dr Clément Keller (Group of Physics of Materials of 
Rouen (GPM)) 
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by the anti-buckling device, cyclic tests were carried out on a fractured specimen. A constant force of 

0.2 kN was found (see Figure III-8), which means that the friction is negligible compared to the load 

measured during the cyclic tests (maximum load 24kN). 

 

 

Figure III-8. Friction force measured during cyclic tests on a broken specimen. 

a  

 

b 

 

d 

 

c 

Figure III-9. Presentation of the clamping device: (a) three-dimensional (3D) representation drawn 

using the computer-aided design (CAD) software Catia v5, (b) positioning of the device on the tensile 

machine, (c) setup of the device on a specimen, and (d) indents at the surface of the specimen. 

 

Unfortunately, buckling was not completely avoided by the clamping device and its occurrence 

was not always repeatable. However, the results seem relevant as no significant are observed on cyclic 
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curves as it is possible to see in cyclic strain-stress curves represented in Figure III-10. Some limits and 

improvements could be made, such as the implementation of the control of screws tightening. 

Moreover, even if the clamping device slipped with deformation of the specimen, some parts of the 

specimen were not clamped at high deformation. Thus, the clamping device had to cover the entirety 

of the specimen during the test, as was the case in the study conducted by Härtel et al. [74]. 

3. Investigation of cyclic softening of CP1200 steels 

With the help of the clamping device, the alternated cyclic curves were obtained by the 

method of incremental tests. As is shown in Figure III-10, cycles with an increasing level of strain 

amplitude were applied to a single specimen. The results were acquired with three specimens (t1, t2 

and t3), where sufficient cycles were reached without a sensitive buckling. The first and second tests 

were performed with a similar strain amplitude programme to verify the repeatability of 

measurements, whereas the third was performed with higher levels of strain amplitudes. More 

details on the programme characteristics can be found in Appendix C. 

 

 

Figure III-10. Cyclic tensile and compression curves obtained with the incremental test method 

performed on CP2 at strain amplitudes of ±0.08%, ±0.3%, ±0.4%, ±0.5%, ±0.6%, ±0.7%, ±0.8% and 

±0.9%. 

 

In order to observe cyclic hardening or softening, the cyclic stress-strain curve (CSSC) is 

displayed in Figure III-11. To evaluate these results, the stress amplitude of saturated cycles for each 
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level has to be represented as a function of the strain amplitude. However, for these experiments, 

even after 100 cycles per level, cyclic saturation was not observed after ±0.4%. Therefore, the values 

of the last cycle for each strain amplitude were taken into consideration. The number of cycles was 

fixed at 100 cycles to not damage the specimen already weakened by the indents. Figure III-11 presents 

a comparison of the CSSC with the monotonous tensile curves. 

  

Figure III-11. Representation of the CSSC after alternating tests. 

 

The CSSC values reveal lower stresses than the tensile curves (see Figure III-11). Therefore, the 

CP2 steel exhibits cyclic softening. To interpolate the CSSC curve the following equation was used 

according to the work of Lemaitre and Chaboche [42]: 

ߝ∆  = (∆𝜎ܭ)ெ𝑐
 ( 17 ) 

Where Kc represents the plastic resistance coefficient, Mc the haƌdeŶiŶg eǆpoŶeŶt, Δσ the 

ĐǇĐliĐ stƌess aŵplitude aŶd Δɸp the plastic strain amplitude. To determine the coefficients, the 

logarithm function is applied to transform the equation into its linear form (see Equation ( 18 ) and 

Figure III-12): 

ߝ∆  = (∆𝜎ܭ )ெ𝑐 → ݈݊ሺ∆ߝሻ = Mclnሺ∆σሻ − MclnሺKcሻ ( 18 ) 
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Figure III-12. Linear interpolation of logarithmic equation of CSSC. 

 

The results obtained from interpolating the CSSC are Mc = 10.9 and Kc = 3207 MPa. To complete 

the analysis, the evolution of cyclic stress amplitude is displayed as a function of the number of cycles 

for all cycles (see Figure III-13). 

a 

 

b 

 

Figure III-13. Determination and observation of cyclic softening: (a) evolution of the cyclic stress 

amplitude during incremental tests and (b) magnification of the reduction of stress to observe 

cyclic softening (test t2). 

 

For cyclic strain amplitudes between ± 0.08 % and ±0.3 %, a slight increase in cyclic stress amplitude is 

noticeable. However, after ± 0.4%, cyclic softening occurs during the first cycles. These results correlate 

favourably with those of the work of Yoshida et al. [84] described in Section III.1.1.c. At a low number 

of cycles, dislocations are tangled and immobile, leading to the hardening of the material. 

Nevertheless, in bainitic steel, a high amount of dislocations was observed. Thus, their interactions 

rapidly enhance their annihilation and the formation of dislocation arrangements, which promotes the 
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softening of the steel. However, the literature indicates a dependence of cyclic hardening and 

softening on strain amplitude [67, 68] thus, more conditions have to be tested to verify these results. 

4. Masing behaviour 

The investigation into cyclic softening reveals the impact of the high density of dislocations and 

arrangement with cyclic strain amplitude. In order to confirm this finding, the Masing behaviour was 

investigated using incremental tests. To perform the analysis, true plastic strain and stress were 

calculated, and the loading elastic domains were aligned for all cycles. All minimum curve values were 

then coincided to normalise the cyclic curves (see Figure III-14). 

 

Figure III-14. Verification of the Masing law by normalisation of the cyclic curves obtained in the 

incremental tests of CP2 (test t3). 

 

Befoƌe Δɸ/ 2 = 0.9%, the superposition of loading true stress is not noticeable. BetǁeeŶ Δɸ/ 2 

= 1.1 % aŶd Δɸ/ 2 = 1.3 %, an overlap of the tensile parts of the curves can be observed. Based on the 

literature [82,83,90,91], the non-superposition of loading true stress highlights a modification of 

dislocation arrangements and the overlap of loading part reveals similar dislocation arrangement for 

these strain amplitudes. To confirm this theory, microstructural characterisation was performed. Cyclic 

tests consisting of 50 cycles were carried out at an amplitude strain of ±0.5 % and ±1 % with a cyclic 

ratio of -1. Microstructural observations were then conducted by EBSD and TEM at the centre of these 

samples.  

Electron backscatter diffraction experiments were first performed to observe microstructure 

modifications after cyclic tests. To this end, the OIM software offers various tools for analysing local 

deformation. These methods are based on the local misorientations created during deformation. 
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However, the results are highly dependent on the specimen preparation method. Therefore, in this 

dissertation the results obtained enable a comparison between the specimens.  

Figure III-15 presents the results of comparisons of GAM, GOS, and KAM intended to determine 

the local deformation between the initial state of the specimen, the specimen after cyclic deformation 

at ±0.5% and ±1% during 50 cycles (with respectively a cumulated plastic strain of 0.12 and 0.75). The 

EBSD maps and explanations of the OIM tools (GAM, GOS and KAM) used can be found in Appendix D. 

 

a 

 

b 

 
c 

 
Figure III-15. (a) KAM, (b) GOS, and (c) GAM measurements for initial and cyclic specimens (50 

cycles). 

 

The results obtained by EBSD do not reveal many differences between the initial specimen and 

the specimens that had been subjected to cyclic deformation. Even should the specimens have been 

slightly deformed, the initial amount of misorientations in bainite would be too high for any differences 

to be noticeable. Therefore, at this scale, any modification of microstructural structures is not 

noticeable. 

To take the analysis further, TEM analyses were performed to observe the dislocation 

arrangement modifications predicted from the non-compliance with the Masing law (see Figure III-16).  
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a 

 

b 

 

c 

 

d 

 

e 

 

f 

 

Figure III-16. Transmission electron microscopy images after 50 cycles at an amplitude of 0.5%, 

showing tangled dislocations (a, b, and c), and after 50 cycles at an amplitude of 1% (d, e, and f) 

displaying the presence of cells. 
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Tangled dislocations and a high number of loop patches could be observed in the 

microstructures of the deformed state after cyclic deformation (±0.5%), these features were similarly 

present in the specimen in its initial stage. For the specimen deformed at a strain amplitude of 1%, the 

formation of cells is noticeable. These results are in agreement with the work of Shih et al. presented 

in Section III.1.1.d [83].  

5. Isotropic and kinematic components of hardening  

To complete the analysis of the cyclic experiments, the evolution of the isotropic and kinematic 

components of hardening was investigated. Both the expansion of the yield stress surface (R) and the 

shift of the middle stress (X) of the elastic domain were determined, and they are presented in Figure 

III-17.  

 

 

Figure III-17. Example of the measurement of isotropic and kinematic hardening. 

 

To define the limit of the elastic domain, an offset of 0.1% of the plastic strain was applied. In 

this thesis, the model developed by Lemaitre and Chaboche was used to determine isotropic and 

kinematic hardening. According to this model, hardening is dependent on cumulative plastic strain (p). 

To obtain its expression, the cumulative plastic strain rate (̇) related to the plastic strain rate (ߝ̇) is 

used5:  

                                                             
5 The results were analysed using an IGOR Pro program initially developed by Gael Marnier and modified for this 
work. 
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̇  = (ʹ͵ ̇̿̿̿)ଵ/ଶߝ̇̿̿̿ߝ
 ( 19 ) 

In tension-compression loading, the accumulated plastic strain can then be simplified as 

follows: 

  =  | ( 20 )ߝ|∑

To quantify the isotropic hardening, the parameter R had to be determined. This parameter 

represents the expansion of the yield surface during plasticity and the integration of its expression  ( 

14 ) for tension-compression tests leads to the following equation:  

 ܴ = ܳሺͳ − ݁−𝐿𝐶ሻ ( 21 ) 

where Q is the saturation of isotropic hardening, and bLC the rate of saturation. Therefore the 

parameter R is represented in Figure III-18 as a function of the cumulated plastic strain. 

 

 

Figure III-18. Evolution of isotropic hardening as functions of the cumulated plastic strain (three 

tests: t1, t2 and t3). 

 

The interpolation of R as a function cumulated plastic strain with Lemaitre and Chaboche 

model gives as parameters: bLC = 1.82 and Q = -242 MPa. 

To determine the kinematic hardening, the parameter X was needed. It represents the shift 

of the yield surface which is expressed in a monotonous tensile test by Equation ( 22 ). When 

considering only one backstress, Equation ( 15 ) can be simplified as follows:  
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 ݂ = 𝜎ଵଵ − 𝑋ଵଵ − ܴሺሻ = 𝜎 ( 22 ) 

 𝑋ଵଵ = 𝜎ଵଵ − ܴሺሻ − 𝜎 ( 23 ) 

Then, if Equation ( 23 ) is integrated on the tensile direction, with p = ɸp the equation can be 

modified as follows: 

 𝑋 = ߛܥ ሺͳ − ݁−𝛾𝐿𝐶𝜀𝑝ሻ ( 24 ) 

The representation of X as a function of cumulated plastic strain is exhibited in Figure III-19. 

 

Figure III-19. Evolution of kinematic hardening as functions of the cumulated plastic strain (three 

tests: t1, t2 and t3). 

 

However, to interpolate the kinematic hardening, one backstress is not sufficient, as can be 

observed in Figure III-20. The kinematic hardening can be represented at high plastic strain but not at 

the beginning of deformation. This observation is explained in the work of Lemaitre and Chaboche  

[42,92] by the non-linearity of the kinematic hardening at high strain. 
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Figure III-20. Lemaitre and Chaboche interpolation with one back stress with interpolation 

parameters: C =56985 MPa and γ = 104.3 MPa. 

 

Therefore, it was necessary to determine multiple backstresses. As noted in the work of 

Silvestre et al. [45,92] and Lemaitre and Chaboche [42], the addition of three backstresses is sufficient 

to obtain a better representation of hardening (see Figure III-21 and Equation ( 25 )): 

 

Figure III-21. Evolution of stress response using three backstresses (X1, X2 and X3)[92] 

 

The model proposed by Lemaitre and Chaboche is the addition of a linear term as proposed by 

Prager and two nonlinear components (see Equation ( 26 )). The superposition of these three 

components enables the representation of the linear increase at low strain and the linear saturation 

at higher strain.  

𝑋 = ∑𝑋𝑖𝑖  ( 25 ) 
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𝑋 = 𝑋ଵ + 𝑋ଶ + 𝑋ଷ = ߝଵܥ + ଶߛଶܥ (ͳ − exp(−ߛଶߝ)) + ଷߛଷܥ (ͳ − exp(−ߛଷߝ)) ( 26 ) 

The same interpolation was performed on CP2 and the kinematic hardening was measured 

and presented on Table III-2. The representation of X1, X2 and X3 as functions of plastic strain are 

displayed in Figure III-22-b. Moreover, the Figure III-22-b exhibits the addition of all backstresses and 

its comparison to the monotonous stress-strain tensile curve.  

 

Table III-2. Kinematic parameters using three backstresses. 

 X1 X2 X3 

Ci (MPa) 2689 75196 386480 

γi  251 2919 

 

a b 

 

Figure III-22. Lemaitre and Chaboche interpolation with three back stresses (a) and representation 

of back stress curves (b). 

 

With three backstresses, a better interpolation of kinematic hardening can be observed 

(Figure III-22). However, a variation at very low strain is observed, thus, the interpolation can be 

improved. To validate these parameters, the model developed by Lemaitre and Chaboche with the 

previous findings have to be compared to the cyclic curves. This validation has not been performed 

in this work. 

After the determination of the parameters of the hardening rules the evolution of kinematic 

and isotropic components of hardening as functions of plastic strain were analysed (see Figure III-18 

and Figure III-19). At a low cumulative plastic strain, a reduction in isotropic hardening and an 
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increase of kinematic hardening can be noted. However, when the plastic strain amplitude reaches 

0.2%, a stabilisation of both components of hardening is observed. As noted in Section III.1.1.b, the 

reduction in isotropic hardening and the increase in kinematic hardening indicate the significant 

influence of long-range interactions on the mechanical properties of CP2. In accordance with the 

microstructural characterisation performed on the Chapter II of this thesis, the long-range 

interactions which impact the kinematic hardening could be induced by the high amount of 

dislocation in the initial microstructure and the high presence of grain boundaries due to the thin 

laths microstructure. To verify these hypothesis similar tests could be performed on bainitic steels 

with a different lath size.  

6. Impact of temperature on mechanical properties in 

tension 

In this section, the thermal stability of mechanical properties of CP1200 steel is investigated 

over a temperature range from 200°C to 600°C. Since the maximal temperature did not exceed Ac1, 

austenitisation did not occur during the tests. Thus, all conclusions concern the bainitic microstructure.  

 Presentation of experimental devices 

In order to analyse the thermomechanical behaviour of CP1200 steel, two devices were used: 

a tensile machine equipped with a furnace (TMF) and a thermomechanical simulator (Gleeble). The 

use of both of these devices made it possible to investigate a broad range of parameters, including 

heating rate and heating processes. However, the most significant differences identified between the 

output of these two devices have to be taken into account when the comparing the results. 

Therefore, the peculiarities of each machine are presented in Table III-3. Thereafter, the tensile 

properties of CP1200 steels at 400°C, 500°C, and 600°C are investigated in both devices and 

compared. 
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Table III-3. Comparison between the Gleeble and tensile machine. 

Tensile machine with furnace Gleeble 

 

Figure III-23. Tensile machine equipped with a 

furnace. 

 

Figure III-24. Gleeble chamber in tensile 

configuration. 

Temperature control and limit 

 Temperature measurements by 

thermocouple placed on the surface of 

the specimen  

 Thermocouples at the top, middle, and 

bottom of the furnace 

 Temperature measured by thermocouple 

welded at the centre of the specimen 

  (Type K – Alumel Chromel) 

Supplementary notes 

 Extensometer placed on the specimen 

(20 mm) 

 Fixation of extensometer on the jaws of 

the device (50 mm) 

Complementary remarks 

 No control of heating rate 

 

Figure III-25. Evolution of temperature during 

tensile tests performed on the TMF. 

 Minimum furnace temperature: 400°C 

 Heating and strain were localised in the 

middle of the specimen used  

 

Figure III-26. Heating of the round specimen on 

Gleeble6. 

 Impact of electric current on diffusion 

mechanisms not well understood 

 

                                                             
6 Image taken from the help notice of Gleeble 
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Before studying the differences in the tensile results obtained at different temperatures, the 

impact of the heating rate and the localisation of temperature observed with the Gleeble must be 

noted. Three heating rates were tested: 1000°C/s, which is approximately the heating rate reached 

during laser welding, 10°C/s and 25°C/min for two temperatures: 400°C and 600°C. All tests were 

performed with the Gleeble due to the lack of heating rate control in the furnace. The results 

displayed in Figure III-27 do not indicate a significant impact of heating rate on strength, as similar 

UTSs can be observed. These tests show that a difference in heating rate has no significant impact on 

mechanical properties.  

a 

 

b 

 

c 

 
Figure III-27. Evolution of UTS as a function of the heating rate: (a) heating instructions, (b) results, 

and (c) monotonous tensile curves. 

 

In order to explore the heterogeneous heating noted when using the Gleeble device, an 

experiment with two thermocouples - one welded to the middle of the specimen used as the control 

and another 1 cm away - was performed.  
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a 

 

b 

 
 

Figure III-28. Difference in temperature between a thermocouple placed at middle of the 

specimen and a thermocouple placed 1 cm away from the middle: (a) picture of welded 

thermocouple and (b) temperature evolution. 

 

For a temperature of 400°C, a difference of 17°C was observed (see Figure III-28). Thus, a difference in 

temperature is present throughout the specimen during heating. This inhomogeneity of heating leads 

to a localisation of maximum strain in the middle of the specimen. 

To further investigate the differences between the Gleeble machine and the TMF, 

monotonous tensile tests were conducted at a heating rate of 100°C.s-1, a tensile rate of 10-3 s-1, and 

at four different temperatures: 200°C, 400°C, 500°C, and 600°C. The tensile curves obtained with the 

Gleeble device and TMF are displayed in Figure III-29. 

 

Figure III-29. Tensile stress-strain curves at different temperatures (room temperature, 200°C, 

400°C, 500°C, and 600°C) performed on the Gleeble and the TMF. 
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A complication that arises is that great differences are noted between the results obtained 

using the Gleeble and TMF devices with regard to hardening evolution and ductility. These differences 

can be explained with the reference to the setting of the extensometer on the jaws of the Gleeble. In 

this case, the deformation measured includes not only the strain of the entire specimen but also one 

of the jaws. Moreover, the localisation of temperature at the centre of the specimen induces the 

strain localisation that reduces the total strain measurements compared to the results obtained with 

the TMF. Regardless of these differences, the evolution of UTS as a function of temperature is shown 

in Figure III-30. The figure indicates that the two devices produced similar strength results. 

 

Figure III-30. Evolution of the UTS as a function of temperature determined with the Gleeble and 

the TMF (standard deviation ±5 MPa). 

 

The main difference between the Gleeble device and the TMF devices used in this research 

is the fact that the latter measures strain using an extensometer set in the specimen. To obtain an 

evolution of the strain at fracture independent of the device used, the localised strain with section 

reduction was determined by the Bridgman equation ( 27 ) where S and S0 are the sections after and 

before deformation, respectively. 

ߝ  = ln(ܵܵ) ( 27 ) 
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Figure III-31. Evolution of plastic strain at fracture as a function of temperature. 

 

Despite the fact that the specimen geometries were different, the evolutions of plastic strain 

obtained by the two methods present similar trends. Indeed, the equivalent plastic strain increases 

significantly with temperature after 400°C. However, a more significant increase is measured with 

the Gleeble device. This difference could be due to the local heating presents with Gleeble device, as 

explained in Table III-3, which leads to a rapid localisation of strain at the middle of the specimen. 

This strain localisation is not measurable with longitudinal extensometer as it was observed in Figure 

III-29 but it have a significant influence on the results of Bridgman equation. 

 Influence of temperature and holding time on mechanical 

properties  

To investigate the thermomechanical behaviour of CP2, tensile tests were performed on 

Gleeble device at temperatures between 200ºC and 600°C, and at various holding times inferior to 1 

hour. In order to simplify the designation of tensile tests performed at high temperatures, the acronym 

HT is used. All the tensile results are exhibited in Figure III-32. 
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a 

 

b 

 

Figure III-32. (a) Tensile tests performed on Gleeble device at different temperatures [200°C–

600°C], (b) thermal programmes corresponding to these tests. 

 

The most striking results that emerge from the data are the serrated tensile curves at 200°C. 

This observation is characteristic of the Portevin-Le Chatelier effect. In steels, this effect can be 

explained by a diffusion of carbon that stops the displacement of dislocations [17,93]. The liberation 

of dislocations leads to a significant decrease in stress, which creates fluctuations on the tensile curves. 

Since this phenomenon is complex and dependent on strain rate and temperature, it was not 

investigated further during this project. At temperatures up to 400°C, a decrease in stress is highlighted 

with an increase in temperature and holding time (see Figure III-34). Viscoplasticity effects and 

microstructure modification can explain this reduction. To decorrelate these two parameters, tensile 

tests were performed at room temperature after a similar tempering at HTs (see Figure III-33). These 

tests are referred at RTs in this chapter. 
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a b 

 

Figure III-33. (a) Tensile tests performed with Gleeble device at room temperature after tempering 

at various temperatures [200°C–600°C], (b) thermal programmes corresponding to these tests. 

 

The RT tests after tempering at various temperatures made it possible to identify stress loss 

resulting from a modification of the microstructure of the samples. At HT a reduction of strength can 

be identified as a result of the increase in temperature. To compare the results of the HT and RT tests, 

the UTS are displayed as functions of the temperature and time of tempering (see Figure III-34). 

 

Figure III-34. Evolution of UTS as a function of holding time during tensile tests performed at room 

and high temperatures. 
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For all tests, a slight increase in strength is observed between specimens tested at room 

temperature and at 200°C. Hence, up to 400°C, a significant decrease of UTS is detected. However, the 

decrease in strength is less significant in the tests performed at RT. At 600°C without tempering time, 

a difference of 600 MPa in UTS is measured in Figure III-34. Such differences represent the impact of 

viscoplasticity on the investigated properties, which is more significant. Another noteworthy point is 

that no modification of the UTS is observed at HTs with an increase in holding time, whereas, for RT, a 

significant reduction is observed.  

Many publications have investigated the impact of tempering on the mechanical properties of 

steels. A linear relation between time and temperature of tempering exists and is expressed in 

Equation ( 28 ) by the relation of Hollomon-Jaffe [94–96]. 

ܪ  = ܶሺʹͲ + logሺݐሻሻ ( 28 ) 

where Hp is the Hollomon-Jaffe parameter, T the temperature (°C), and t the tempering time 

(h). This relation is usually used with hardness tests but can be applied to tensile tests due to the 

relation between UTS and hardness. The results obtained are presented in Figure III-35. 

 

Figure III-35. Representation of UTS as a function of the Hp coefficient. 

 

The results indicate that the tests followed the relation of Hollomon and Jaffe after 400°C. 

Indeed, the following linear relation is exhibited with a linear coefficient of r² = 0.98 : 

 ܷܶܵሺܪሻ = ͳͺͲ.ͺ − Ͳ.Ͳͻʹ ×  ( 29 ) ܪ

It is then possible to highlight an equivalence between tempering and time-temperature that 

controls UTS. However, this linear relation does not reveal information on microstructure 

modifications but only provides an estimation of maximum strength. 
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 Summary of the thermomechanical analyses 

The thermomechanical results of this study reveal a decrease of strength above 400°C. This 

reduction of mechanical properties can be explained with reference to two phenomena: viscoplasticity 

mechanisms and the modification of the steel͛s microstructure. At room temperature, plasticity is 

governed by the glide of dislocations, whereas diffusion mechanisms can be activated as a result of an 

increase in temperature. According to D. Hull and D. J. Bacon [71], the foƌĐe ;ΔF*Ϳ Ŷeeded for a 

dislocation to overcome an obstacle can be divided into a mechanical energy ;τ*V*Ϳ aŶd theƌŵal 

eŶeƌgǇ ;ΔG*Ϳ (see Equation ( 30 )): 

∗ܨ∆  = 𝜏∗ܸ∗ +  ( 30 ) ∗ܩ∆

Hull aŶd BaĐoŶ͛s work presents the evolution of the shear stress needed to overcome obstacles 

as a function of temperature (see Figure III-36). An observation that can be made on this graph is the 

sepaƌatioŶ of the sheaƌ stƌess iŶto iŶteƌŶal stƌess ;τG) that is not or only slightly affected by temperature 

aŶd effeĐtiǀe stƌess ;τ*) which is totally suppressed after a critical temperature (Tc). Effective stress is 

induced by short-range interactions, which can be overcome by thermal activation. The long-range 

interactions that characterise internal stress are barriers that are too large to be affected by the 

thermal activation. 

 

Figure III-36. Evolution of shear stress as a function of temperature [71]. 

 

Before Tc, a ƌeduĐtioŶ is oďseƌǀed fƌoŵ τ*;ϬͿ, which is the stress needed to overcome obstacles 

at 0 K. This parameter includes the Peierls-Nabarro stress, which is defined as atoms͛ resistance to 

dislocation motion at 0 K. At temperature T, the sheaƌ stƌess is ƌeduĐed to τ*;TͿ, which implies an 

increase in thermal energy, which can be explained by the vibration of atoms promoted by 
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temperature. Moreover, this increased atomic vibration facilitates the climbing of edge dislocations. 

Dislocation climb is characterised by the movement of a dislocation into another slip plane due to the 

creation or the annihilation of vacancies [71]. This mechanism is then encouraged by the diffusion of 

vacancies or the diffusion of interstitial atoms, which are both promoted by temperature. The 

activation of climbing facilitates the movement of dislocations, thus reducing the strength of and 

increasing ductility in CP2. 

A second phenomenon that occurred in tests performed at HTs is the modification of 

microstructure as presented in Figure III-37. According to the literature [26, 36, 58, 77], different stages 

can be observed during the tempering process: first, the decomposition of austenite into carbide, 

which induces a reduction of mechanical stress, second, the relaxation of internal stresses and finally, 

the recrystallisation of bainite into an equiaxed structure over a long tempering time. All these 

microstructural modifications reduce the mechanical properties of CP2. The microstructural 

characterisation in Figure III-37 reinforces this hypothesis by depicting carbides on the microstructure 

after tempering at 400°C for one hour. 

a 

 

b 

 

Figure III-37. Microstructure of CP2 after annealing at 400°C for 60 min (a, b). 

 

Higher temperatures increase the diffusion and the vibration of atoms, which enhance the 

formation of carbides and promote the activation of viscoplastic mechanisms. 

In the next chapter, damage in CP1200 after tensile solicitations on notched specimens is 

investigated by means of void quantification. It is observed that the presence of the internal stresses 

measured previously and the changes in the microstructure that occur due to temperature influence 

damage mechanisms. 
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 Description and quantification of damage 

mechanisms in CP1200 steels 

This chapter presents results of investigations into the impact of mechanical damage on 

CP1200 steels. Damage was quantified using two different methods. First, the sensitivity of mechanical 

properties to damage was investigated, taking into consideration the concept of effective stress 

introduced by Rabotnov [54]. In a second experiment, microstructural observation of voids was 

performed, and void evolution was studied as a function of plastic strain at various temperatures and 

stress triaxialities. Finally, void localisation inside the microstructure was investigated to understand 

the weaknesses and strengths of the material. 

1. Metallurgical and mechanical definitions of damage  

 Void evolution and definition of the damage variable 

Damage is a physical process that leads to the creation of microsurfaces, which in turn cause 

discontinuities [97], as a result of the breaking of atomic bounds and plastic enlargement. These 

discontinuities lead to a softening of the mechanical properties and then to the fracture of the 

specimen [42]. As functions of the material and the loading conditions, different fracture mechanisms 

can be reported such as brittle, ductile, creep, and fatigue fractures. This report focuses on the ductile 

fractures, which occur following the formation of the voids characterised in Figure IV-1:  

- Nucleation, which is the initiation of void formation. Nucleation usually occurs at the 

discontinuities of a material, such as inclusions, grains boundaries, and precipitates. 

- Growth, which is characterised by the expansion and shape modification of voids as a function 

of the stress state. 

- Void coalescence, which is the clustering of voids due to the distance reduction between them. 

The necking or fracture at the interfaces between two voids promotes coalescence 

mechanisms. 
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Figure IV-1. Representations of the nucleation, growth, and coalescence of voids [50]. 

 

Many publications have investigated the link between damage evolution and plasticity. Such 

studies state that strain localisation and damage can occur either simultaneously or separately. As 

functions of the material, different cases can be considered [98,99] (see Figure IV-2): 

- The localisation of strain without the development of damage, which can be observed in pure 

metals (see Figure IV-2-a). 

- The emergence of damage after the localisation of plasticity into shear bands (see Figure IV-2-

b). 

- The nucleation of voids before the localisation of strain (see Figure IV-2-c). 

- The simultaneous development of void coalescence and macroscopic strain localisation (see 

Figure IV-2-d). 

a b c d 

    

Figure IV-2. Failure as the result of (a) localised plastic flow, (b) localised plastic flow prior to 

damage, (c) damage softening simultaneously due to localised plastic flow, and (d) void 

coalescence [99]. 

 

To quantify the impact of damage, the variable D is established. This variable is defined by 

Lemaitre [54] as the surface density of discontinuities in a particular plane. If a representation volume 
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element (RVE) is considered inside a damaged material with micro-cracks, voids, and stress 

concentrations, it is possible to position a point M at a plane with the normal direction ݊  ⃗ and the width 

as abscissa x along the direction ݊⃗  (see Figure IV-3). To estimate the parameter D, the damaged section 

is considered to belong to the intersection between the plane and the RVE ;ɷSDx). The section is then 

normalised by the area of the entire material (both the daŵaged aŶd ǀiƌgiŶ ŵateƌialͿ ;ɷSͿ (see Equation 

( 31 )). Consequently, if D = 0, the material does not exhibit damage and if D = 1, the structure is fully 

fractured: 

ሺெ,௫ሻܦ  = ܵߜ௫ܵߜ  ( 31 ) 

 

 

Figure IV-3. Representation of the initial surface (S) and damaged surface (̃ࡿሻ [54]. 

 

Considering one dimension of homogeneous damage at the failure plane (suppressing the 

dependence of x), the parameter D can be rewritten as follows: 

ܦ  = ܵܵ
 ( 32 ) 

According to the literature, for metals, this representative equivalent volume is estimated at 

0.1 mm3 [54]. Moreover, in continuum damage mechanics (CDM), it is worth noting that the material 

itself does not exhibit particular modifications. Indeed, the loss loading capacity is caused by the 

section variation generated by void formation. To modify the elastoplastic response without affecting 

the proper plasticity of the material, Rabotnov introduced the concept of the effective stress (�̃�) [42].  

 �̃� = 𝜎ܵ − ܵ = 𝜎ͳ −  ( 33 ) ܦ

This notion of effective stress was then inserted into the models defined for the virgin 

materials (see Equation  ( 34 )): 
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ߝ  = ݂ሺ𝜎,… ሻ → ߝ = ݂ሺ 𝜎ͳ − ܦ ,… ሻ  ( 34 ) 

 Sensitivity of damage evolution to stress triaxiality 

As for plasticity with the von Mises criterion, a damage criterion can be established using an 

equivalent stress (σ*). For the plastic yield stress criterion, the Von Mises relation is defined by the 

shear energy. This energy depends on the slipping mechanisms responsible for plastic strain. For the 

damage criterion, the shear energy is also needed. However, the influence of the volume deformation 

energy is required, which is a consequence of the dependency between void growth and hydrostatic 

stress. Therefore, the damage equivalent criterion can be expressed as follows: 

 𝜎∗ = 𝜎 [ʹ͵ ሺͳ + ሻߥ + ͵ሺͳ − ሻቆ𝜎ு𝜎ቇଶ]ଵ/ଶߥʹ
 ( 35 ) 

This equation highlights the impact of stƌess tƌiaǆialitǇ ;ηͿ, which is the ratio between the 

hydrostatic stress (𝜎ு) and the von Mises equivalent stress (𝜎):  

 η = σHσeq  ( 36 ) 

 

 𝜎H = ͳ͵ trσ̿ 
( 37 ) 

 

 𝜎eq = √͵ʹ σ̿D: σ̿D 

( 38 ) 

 

where �̿�D is the deviatoric tensor, �̿�D = σ̿ − 𝜎ுI̿ ( 39 ) 

and ܫ  ̿is the identity tensor.  

As damage is highly influenced by stress triaxiality, damage laws used this parameter to 

describe damage evolution in multiphase steels [100–104]. The most famous model of void growth is 

the Rice and Tracey expressed by the Equation ( 40 ). This equation models the evolution of spherical 

voids growing in an infinite, rigid, and perfectly plastic material. In addition, this equation indicates 

that an exponential increase in void growth will occur in the presence of stress triaxiality: 

 ܴܴ̇ = 𝛼ଶexpቆ͵ʹ 𝜎ு𝜎ቇߝ̇ ( 40 ) 

where Rc is the iŶitial ƌadius of the ĐaǀitǇ, σeq is the von Mises equivalent stƌess, σH is the 

hydrostatic stress ߝ̇ is the equivalent plastic strain rate, and α2 is a material constant. 
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However, the determination of damage with plasticity is not constant. Indeed, the stress 

triaxiality is dependent on the specimen geometry, which is modified during the deformation. In 

literature, numerical simulation results were obtained to represent the evolution of stress triaxiality 

with plastic strain. For instance in the PhD thesis of J.Chottin [3] numerical simulation on DP1000 steels 

was performed for various specimen geometries as it is shown in Figure IV-4. 

 

Figure IV-4. Evolution of stress triaxiality as functions of equivalent plastic strain for various 

specimen geometries [3]. 

 

These results exhibit an increase of stress triaxiality with the plastic strain for all geometries. 

In this thesis, numerical simulation was not performed, therefore the initial stress triaxialities were 

used to analyse results.  

2. Quantification of damage at room temperature 

Two different methods were chosen to quantify the damage. First, the impact of damage on 

mechanical properties was studied by the reduction of the Young modulus. Second, damage at the 

microstructure scale was analysed by measuring the characteristics of voids as a function of the plastic 

strain. To take this analysis further, the impact of the stress state on damage was determined by tests 

performed at various stress triaxialities.  
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 Preliminary quantification of damage using loading and 

unloading tests 

Using the concept of mechanical effective stress, the evolution of damage can be expressed as 

the reduction of the Young modulus during loading/unloading tensile tests [48]. This method is easy 

to set up and provides a first estimation of damage evolution. However, this technique entails the 

development of a homogeneous and isotropic damage, which is not the case for CP steels. Therefore, 

in the work of Lemaitre and Chaboche, an uncertainty of ±5%. This uncertainty is estimated when 

considering measurement errors [78, 83]. For an isotropic material, the damage variable is expressed 

by Equation ( 41 ): 

ܦ  = ͳ − ܵܵ = ͳ − ܧܧ  ( 41 ) 

Loading and unloading tests were performed on a 50 kN tensile machine featuring the 

clamping device described in Chapter III. The stress strain curves are displayed in Figure IV-5-a, while 

the reduction of the Young modulus as a function of the true plastic strain (ɸpl defined in Equation ( 42 

)) is presented in Figure IV-5-b. 

ߝ  = ߝ −   ( 42 )ߝ

With ɸ the tƌue stƌaiŶ aŶd ɸe the elastic strain. 

a 

 

b 

 

Figure IV-5 (a) Stress-strain loading and unloading curves, (b) evolution of Young modulus with 

plastic strain during the loading and unloading tests. 

 

The results demonstrate a significant decrease in the Young modulus at a plastic strain below 

0.02, which stabilises thereafter. This initial reduction of the Young modulus at low plastic strain is not 

caused by damage mechanisms, it is due to the bending of dislocations and carbon diffusion [42]. To 
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represent the damage, a linear law ( 43 ) formulated by Lemaitre and Chaboche was applied to the 

results. This law was initially developed to represent the growth and coalescence of voids at high plastic 

strain. This equation features a critical damage value (Dc) and a fracture tƌue stƌaiŶ Đƌiteƌia ;ɸvR) which 

refers to when the material is totally fractured. The other main parameter is the critical true plastic 

strain range in which, Ŷo daŵage is ŵeasuƌed ;ɸvR < ɸvD). This law is applied to the evolution of the 

damage measured by Equation ( 43 ) and the results of its application are displayed in Figure IV-6.  

ܦ  = ܦ ۃ 𝑣ߝ − 𝑣ோߝ𝑣ߝ −  ( 43 ) ۄ𝑣ߝ

 

Figure IV-6. Damage parameter evolution as a function of plastic strain measured by loading and 

unloading tests. 

 

Table IV-1. Numerical results of the critical damage value (Dc) and a true strain criteria ;εvR) 

 εvR Dc 

CP2 0.066 0.075 

 

Similarly to the evolution of the Young modulus, the damage trend can be divided into two 

parts. The first is a rapid increase in the value of the parameter D, which, as explained previously is 

caused by dislocation dynamics. Then, a slight increase is observed after achieving a true plastic strain 

of above 0.02. The linear model was applied to this last part and the results reveal a critical damage 

amount of 7.5% at a fracture strain of 0,066 (see Table IV-1). However, this law cannot explain the 

impact of critical strain, as the first increase is not caused by damage mechanisms. This experiment is 

usually used to estimate a first approximation of damage. However, the efficiency of this experiment 

means that is better suited for metals that exhibit high damage evolution and high ductility [55]. 
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Therefore, to confirm these results and determine why the tensile properties of CP1200 steels have 

low sensitivity to damage at room temperature, a microstructural characterisation of damage was 

conducted. 

 Quantification of voids with the impact of stress triaxiality 

a. Presentation of the experimental procedure 

Microstructural characterisation of damage was performed using conventional metallurgical 

analysis [3, 4, 43]. To investigate the evolution of voids as a function of plastic strain, tensile tests on 

both smooth and notched specimens were initially carried out at room temperature. Figure IV-7 

presents the global experimental procedure. Four steps should be described: First, the tensile 

experiments were performed on smooth and notched geometries. Longitudinal strain was measured 

by DIC to validate the axiality of the tests. Thereafter, local strain was measured by reducing the area 

of the necking section using the Bridgman equation. Simultaneously, void quantification was 

performed by image analysis using the IGOR Pro. Thereafter, pictures were taken at the mid-thickness 

of all specimen surfaces to investigate the repartition of damage in the specimen. Finally, the 

combination of void localisation and strain measurement was considered to investigate the 

development of voids as a function of plastic strain. 

 

Figure IV-7. Experimental void quantification procedure involving metallurgical methods. 
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Further details concerning the experimental procedures are provided below: 

 Microstructural quantification by SEM measurements 

To map the damage, specimens were polished until mid-thickness with SiC discs ranging from 

grain 80 to grain ϰϬϬϬ. TheŶ, diaŵoŶd polishiŶg fƌoŵ ϯ ʅŵ to ϭ ʅŵ ǁas Đaƌƌied out to oďtaiŶ a ŵiƌƌoƌ 

surface. Thereafter, electropolishing was performed using a solution consisting of 78 mL of perchloric 

acid, 90 mL of water, 730 mL of ethanol, and 100 mL of 2-butoxyethanol. The electropolishing was 

conducted under a tension of 40 V for 10 s. The aim of this polishing was to eliminate the particles and 

to suppress surface residual stresses inserted during the preparation. However, a drawback of this 

method was the enlargement of voids that could occur during the chemical etching process. Following 

the preparations for mapping of images covering the entire surface were taken with SEM (Figure IV-8). 

Approximately 150 pictures per specimen were necessary for each analysis.  

 

Figure IV-8. Schematic representation of the void measurement procedure. 

 

To choose the best magnification of pictures, a compromise between void size and time of 

analysis was considered. For tensile specimens tested at room temperature, a high amount of large 

voids was observed for a specimen width of 12.5 mm. Thus, the magnification chosen was x100, which 

gave a minimum void size of 6.ϰ ʅŵ² usiŶg a ŵiŶiŵuŵ suƌfaĐe of ϱ piǆels. In case of notch tests, smaller 

voids were observed, and the width of the specimen was reduced to 5 mm. Therefore, a higher 

magnification of x750 was used to obtain a minimum void measurement of 0.11 ʅŵ². TheŶ, foƌ the 

high-temperature tests, the width was fixed at 5 mm for both the smooth and notched specimens. 

Thus, all measurements were carried out with a magnification of x750, with the exception of those 

specimens without notches that were measured at room temperature.  
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Using the approach described above, there are several sources of potential errors that can be 

discussed. Indeed, since the tests were performed on the surfaces of the specimens, it was only 

possible to represent volume defects by means of two-dimensional measurements. Therefore, a great 

deal of void dimension information was lost. Moreover, the low amount of damage present on CP steel 

does not provide sufficient data to obtain good statistics. Hence, with regard to the number of 

uncertainties, only qualitative damage evolution was considered. 

 Measurement of local plastic strain 

The Bridgman equation ( 44 ) was used to link the plastic strain to void evolution. The logarithm 

of the ratio between the initial section (So) and the deformed section (S) was calculated using this 

equation: 

ߝ  = ݈݊ (ܵܵ) ( 44 ) 

To obtain the plastic strain, the thickness and width of the specimens were measured as a 

function of the distance to the fracture, as shown in Figure IV-9.  

 

 

Figure IV-9. Thickness and width measurement as a function of the distance to the fracture. 

 

However, the acquired measurements are not fully representative of the local strain. Indeed, 

the formation of shear bands with the highest level of plastic strain could be observed during strain 

localisation. Figure IV-10 represents a schematic representation of this phenomenon. The red and blue 

areas represent the two parts of the specimen obtained after fracture, while the yellow part is the 

superposition of the both parts where the necking appears. In this area, the shear bands create an 

inhomogeneity of strain along the width of the specimen that that reduces the value of the plastic 

strain estimated by the Bridgman equation.  
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Figure IV-10. Schematic representation of shear band localisation during tensile tests. 

 

During the mechanical tests, additional strain measurements were performed using DIC using 

the Aramis software. This experiment enabled the identification of the von Mises equivalent strain at 

the surface of the specimen. With the Von Mises strain, an estimation of plastic deformation during 

complex solicitations of an isotropic material can be obtained. The von Mises criterion is frequently 

used in the literature because it provides a good estimation of strain for ductile material. This strain is 

expressed by Equation ( 45 ) corresponding to a general strain tensor defined in Equation ( 46 ): 

𝑣ெߝ = ʹ͵ (ͳʹ [ሺ𝜺 − 𝜺ሻ + ሺ𝜺 − 𝜺ሻ + ሺ𝜺 − 𝜺ሻ + 𝜺 + 𝜺 + 𝜺 ])/
 ( 45 ) 

̿ߝ = ଵଵߝ) ଵଶߝ ଶଵߝଵଷߝ ଶଶߝ ଷଵߝଶଷߝ ଷଶߝ  ଷଷ) ( 46 )ߝ

To measure the von Mises equivalent strain, a speckle pattern of black points on a white 

surface was painted on the surface of the specimen. The software then acquired pictures of the 

specimen throughout the test and calculated the deformation of the pattern. When taking DIC 

measurements, the size of the mesh, which enables the calculation, has a significant influence on the 

results. All along the tensile test, pictures of the specimen were taken which enable the measurement 

of strain. Therefore, the calculated strain is exhibited as the function of the picture numbers for various 

mesh parameters (Figure IV-11-b). As, displayed in Figure IV-11-c, the mesh size was changed from 15 

to 8 pixels with a recovery fixed at 2 pixels. 
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a b 

 

 

c 

 

Figure IV-11. ;aͿ StraiŶ ŵeasureŵeŶt oďtaiŶed ďy DIC oŶ η05 specimen, (b) influence of mesh on 

this measurement (notation: mesh size in pixel_ number of pixel recovered), and (c) schematic 

representation of mesh size and shift for the 5 x 5-pixel mesh size. 

 

For the largest mesh (15_13), a smoother curve is obtained. Thus, a loss of data concerning the 

fracture strain is observed. For the smallest mesh (8_6), a noisy curve is obtained, which also leads to 

a loss of information. To acquire the best compromise, a mesh of 13 pixels² with 11 shifted pixels was 

used. Inevitably, inaccuracies remain, as only a 2D measurements were obtained. Therefore, no 

information on any thickness reduction could be collected. 

 Evolution of stress triaxiality 

Finally, to perform experiments with various stress triaxialities, tensile tests were performed 

on the notched specimens. The geometries displayed in Table IV-2 enabled the coverage of a range of 

stress triaxiality range of 0.33 during tensile tests to 1. To simplify the notation, the notched specimens 

with radii of 5 mm and 0.5 mm and the grooved specimen on the thickness and the width are called 

η0.5, η0.6, aŶd η1, respectively. 
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Table IV-2. Specimen geometries and corresponding stress triaxiality. 

  
 

Thickness (mm) 1.6 1.6 1.6 

Smooth R = 5 mm R = 0.5 mm 
R = 0.5 mm (with grooves in the 

thickness and the width) 

η = 0.3 η = 0.5 η = 0.6 η = 1 

Monotonous 

tensile tests 
Biaxial tensile tests   

 

Despite the stress triaxiality evolves with the deformation of the specimen section, the initial 

theoretical values was used in this thesis calculated by the Equation ( 47 ) with R0 the radius of the 

notch and a the initial width of the speciemen [101,105]. For the specimen with the grooves (η=1) 

previous estimation of the stress triaxiality performed on the thesis of J.Chottin was used [3]. To obtain 

the variation of stress triaxiality with deformation, a coupling with numerical simulation should be 

performed as it was developed in section IV.1.2. 

 𝜂 = ͳ + ଶܣ√͵ܣʹ + ܣ + ͳ ( 47 ) 

ܣ  = ln[ͳ + ܽ/ሺʹܴሻ] ( 48 ) 

b. Influence of stress triaxiality on the strain at fracture 

The evolution of fracture plastic strain was highly investigated in literature to understand 

fracture mechanisms. The publication of Bao et al. [106] highlighted an increase of plastic fracture 

strain between 0 and 0.4 of stress triaxiality and a decrease after 0.4. The results of this publication 

revealed a fracture transition between shear and void formation fracture as it is shown in Figure IV-12.  
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Figure IV-12. Evolution of strain to fracture as a function of average stress traxiality [106] 

 

To acquire the fracture criterion of CP1200 steel as a function of the stress triaxiality, 

mechanical properties of the notched specimens were investigated. The results with regard to the 

tensile curves are displayed in Figure IV-13. 

a 

 

b 

 

Figure IV-13. (a) Tensile curves obtained on notched and grooved specimens, (b) maximum force 

and fracture strain as a function of the theoretical stress triaxiality. 

 

The results indicate an increase in mechanical strength with stress triaxiality and a decrease of 

plastic strain at fracture. The transition between complete ductile fracture and a mixture between 

ductile and shear fracture is represented in Figure IV-13-b. However this transition was not precisely 

defined as specimen geometry at 0.4 is missing to complete data. As was noted in the procedure 
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section, strain was measured using DIC and the Bridgman equation. Table IV-3 presents a comparison 

of the results of these methods.  

 
Table IV-3. Strain fracture measurements using the Aramis software and the Bridgman equation. 

 
Von Mises equivalent strain (%) 

(measured by Aramis software) 
Bridgman fracture strain (%) 

η0,6 19.7 66 

η1 13.6 13.3 

η0,5 42 62 

 

A high difference of strain at fracture for notched specimens with stress triaxialities of 0.5 and 

0.6 can be observed. A reduction in thickness, which would not be visible through DIC, might account 

for these diffeƌeŶĐes. Foƌ η1, this reduction of thickness is negligible, as this specimen did not present 

ductility for tensile loading.  

c. Fractography of smooth and notched specimens 

To obtain further information on fracture mechanisms, fractography analyses were performed 

using SEM. The pictures obtained for the smooth specimens are presented in Figure IV-14. 

a 

 

b 

 

Figure IV-14. Fractography of tensile specimen perforŵed at rooŵ teŵperature ;η = 0.33). 

 

In these fractography, a ductile fracture characterised by dimples and a shear fracture on the 

edge can be observed. This surface is characteristic of a cup and cone fracture, in which the localisation 

of plastic deformation occurs first, followed by the creation of a fibrous fracture. Then, the coalescence 
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of voids begins, which continues until the formation of cracks at the centre of the specimen. 

Subsequently, a rapid fracture appears as the result of shear fracture development (see Figure IV-15). 

 

Figure IV-15. Schematic representation of a cup and cone fracture [107]. 

 

Fractography was then performed on the notched specimens, the results of which are 

displayed in Figure IV-16. A global view of the fractures is presented in the first row of images, followed 

by magnified images of the centre in the second row and of the border in the third. 

   

   

   

Figure IV-16. Fractography of notched specimens ;ϭͿ η= 0.5, ;ϮͿ η= 0.6, aŶd ;ϯͿ η= 1 at the centres 

(a) and at the border of each specimen (b). 

 

Foƌ η0.5 aŶd η0.6, dimples can be observed at the centres of the specimens and shear fractures 

at the edges. For the smooth tensile tests, cleavage fractures can also be observed, but in lower 
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amounts. Foƌ η1, the fracture surface presents a high amount of cleavage areas. The presence of brittle 

fractures is in accordance with the lack of plasticity observed during tensile loading. 

d. Damage evolution depending on stress triaxiality and plastic strain 

Before analysing the void evolution of the specimens as functions of plastic strain, the 

dependence of the maximum void area fraction on stress triaxiality is presented in Figure IV-17.  

 

 

Figure IV-17. Void area fraction as a function of stress triaxiality.  

 

The results show a significant reduction of the maximum void area fraction with an increase in 

the stress triaxiality. This evolution can be explained by the decrease in plastic strain with the increase 

of stress triaxiality, as reported by Figure IV-13. In Figure IV-18, the maximum void area fractions are 

displayed as a function of plastic strain at fracture.  

 

Figure IV-18 Void area fraction as a function of plastic strain at fracture. 
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Results exhibit an important increase of the maximum void area fraction with the increase of 

plastic strain at fracture. The formation of voids is then promoted by the ductility of the specimen. To 

obtain further information on damage, the evolution void area fraction, number of voids and average 

area of voids as functions of plastic strain were investigated for each specimen. First, analyses were 

carried out on tensile specimens (see Figure IV-19-b). The void area fraction is displayed as a function 

of plastic strain (Figure IV-19-b) and the repartition of void area fraction on the surface of the material 

is presented in Figure IV-19-a. The number and average area of voids were then plotted as functions 

of plastic strain (see Figure IV-19-c-d). These parameters provide information on nucleation and void 

growth, respectively. 

a 

 

b 

c d 

Figure IV-19. (a) Mapping of the void area fraction at the mid-thickness of the specimen after 

fracture, (b) evolution of area fraction, (c) number, and (d) average diameter of voids as a function 

of plastic strain. 
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The mapping of damage reveals the localisation of voids at the crossing of the shear bands 

created during necking. Moreover, with regard to the evolution of the void parameters, two stages can 

be considered: At a plastic strain of 0.2, which seems to be the critical value for the initiation of 

damage, a low number of voids with small dimensions  (below 1 µm²) are measured. Then, above this 

level of plasticity strain, an increase in the number of voids, as well as larger areas can be observed. 

However, the amount of damage stays low even at fracture (0.15%). It is therefore possible to conclude 

that the fracture of the specimen is rapid and occurs at the first appearance of damage.  

According to previous studies on DP1000 steel [4], an exponential law deducted from the 

model developed by the Rice and Tracey model can be used to represent the evolution of the void area 

fraction as a function of plastic strain: 

 �݂� =  ሻ ( 49 )ߝܤሺ𝑥݁ܣ

where A is defined as the estimation of the initial void fraction before the beginning of void 

growth and B depends on the stress triaxiality. The results of the parameters A and B can be compared 

to these measured on DP1000 steel on the publication of Hug et al.  

 

Table IV-4. Numerical values of parameters A and B of the equation (49) for DP1000 [4] and CP1200 

steels. 

 A B fvmax (%) 

CP1200 4.6 .10-5 4.59 0.16 

DP1000 1.46 .10-6 12.7 0.8 

 

Results reveal that few amount void are quantified before the void growth in CP1200 as in 

DP1000 steels. The variation between these two steels is observable on the parameter B which is 

higher for DP1000 steel. Therefore, large voids in DP1000 steel are formed more rapidly on this 

specimen. However the maximum void area fraction is noticed on Table IV-4 and exhibits a significant 

reduction of void area in CP1200 steel compared to DP1000 steel. In CP1200 steel, the fracture of 

specimen occurs then rapidly after the beginning of void growth.  Void growth, number, and fraction 

were also plotted for notched specimens in Figure IV-20. Foƌ η1, the measured plastic strain was too 

low to be measured as a function of the distance of the fracture. Hence, the void area fraction, number 

of voids and average void area are only represented at the maximum plastic strain value in Figure 

IV-20. 
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a 

 

b c 

Figure IV-20. (a) Void area fraction, (b) number of voids, and (c) average void area as functions of 

plastic strain. 

 

The results obtained for each specimen exhibit increases in fraction, growth, and number of 

voids with plastic strain. With regard to the evolution of the ǀoid aƌea fƌaĐtioŶ, η0.5 aŶd η0.6 exhibit a 

similar critical strain (0.6), after which a rapid development of voids can be oďseƌǀed. Foƌ η1, the void 

area fraction is lower, which is consistent with the low ductility observed during the tensile tests. This 

lack of ductility reduces the development of voids. It is therefore possible to suppose that a transition 

between ductile and brittle fracture occurs at a stress triaxiality between 1 and 0.6. Further 

experiments with an intermediate stress triaxiality should be performed to confirm this hypothesis.  

Moreover, the number of voids is Ƌuite siŵilaƌ foƌ η0.5 aŶd η0.6, and a lower amount of voids 

was ŵeasuƌed foƌ η1. However, for η0.6 and η1, the average void area is approximately 1.5 µm². Slightly 

high values of average void area are measured in η0.5. Therefore, the growth of voids accelerated with 

stress triaxiality, as η1 presented similar void areas at a lower plastic strain than η0.5 aŶd η0.6. This 



 

 
 

Chapter IV. Description and quantification of damage mechanisms in CP1200 steels 111 

observation is in accordance with the Rice and Tracey model, which predicts an increase in void growth 

with stress triaxiality. Nevertheless, it is possible to conclude that the microstructures of CP1200 steels 

do not permit a high development of damage, as they exhibit low values for the area fraction, growth, 

and number of voids. 

e. Damage localisation in CP1200 steels 

To explore the impact of the microstructures of CP1200 steels on void nucleation, void 

localisation was performed. Figure IV-21 presents images depicting the smallest voids present in the 

microstructure. These images were taken to determine their localisation.  

 

 

Figure IV-21. SEM pictures of CP1200 microstructure after tensile tests to observe void localisation 

(η=0.3).  

 

In the tensile test specimens, voids were mostly found to be located at the interfaces between 

laths or between austenite and bainitic ferrite. This observation can be extended to the specimens 

subjected to higher stress triaxialities. Figure IV-22 presents an example of the images obtained for 

η0.5. Based on these findings, it can be concluded that modifying the stress state does not influence the 

localisation of voids. 
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Figure IV-22. SEM picture of η0.5 to observe the void localisation in the microstructure. 

3. Influence of temperature on damage evolution 

As shown in Chapter III, the mechanical properties of CP1200 are highly modified by an 

increase in temperature. Consequently, strain at fractures and damage mechanisms could also be 

influenced by a change in temperature.  

a. Fractography of tensile specimens performed at high temperatures 

[400°C–600°C] 

The fracture surfaces of the tensile specimens tested on the TMF were analysed. Figure IV-23 

presents the fractographies observed during the tests conducted at the temperatures of 400°C, 500°C, 

and 600°C. 
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a b 

  

c d 

  

Figure IV-23. Impact of temperature on fractography of tensile specimens at (a,b) 400°C, (c) 500°C, 

and (d) 600°C. 

 

From room temperature to 500°C, two different populations of dimples can be observed. For 

example, at 400°C, larger voids surrounded by smaller dimples are exhibited (see Figure IV-23-a and 

b). At 600°C, a single population of voids of the same magnitude can be observed. Moreover the 

measurements of voids on fracture surfaces (see Table IV-5) indicate a reduction in void size with 

temperature.  

Table IV-5. Average void area oŶ fraĐture surfaĐe ;ʅŵ²Ϳ. 

400°C 500°C 600°C 

26  11.7  3.7  

 

Two mechanisms of fracture surface creation are suggested by these observations: Below 

500°C, a first nucleation of voids occur. These voids are responsible for the shear band formation. 

Thereafter, the creation of localised plasticity accelerates voids growth and nucleation [108]. This 
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fracture mechanism is not observed at 600°C, however, where only one population of voids can be 

observed.  

b. Influence of high-temperature mechanical stresses on damage 

evolution 

According to the previous results, damage evolution is modified by an increase in temperature. 

Having obtained this result, as before, the void area fraction, number, and growth of voids were 

investigated (see Figure IV-24).  

a 

 

b 

 

c 

 

Figure IV-24. Evolution of (a) void area fraction, (b) number of voids, and (c) growth of voids as 

functions of the plastiĐ straiŶ for teŶsile speĐiŵeŶs ;η = 0.33). 

 

For all temperatures, a critical strain after which the void area fractions increase significantly 

can be observed: At 400°C, the critical strain is measured at 0.6, at 500C 1.14 and, at 600°C 1.6. Below 

these plastic strains, the measured damage is stable. As shown in Figure IV-24-a, this critical strain 

value increases with temperature. Following this augmentation of voids characteristics, a reduction or 

stabilisation of void formation is observed near the fracture. With regard to the number of voids, an 



 

 
 

Chapter IV. Description and quantification of damage mechanisms in CP1200 steels 115 

increasing trend, which is dependent on the plastic strain, is found for all temperatures. However, it 

should be noted that a small amount of voids developed below 500°C and that a significant increase in 

void formation occurred at 600°C. Finally, the growth of voids was measured. In Figure IV-24-c, to keep 

the graphic readable, only the average values are represented. Indeed, for all temperatures, a standard 

deviation twice above the average was calculated. The results indicate that, at 400°C, an increase in 

void size occurred as a result of greater plastic strain, whereas, at 500°C, a medium value of 

approximately 10 ʅŵ², with a high dispersion of results, can be identified. Finally, at 600°C, a higher 

number of voids is observed, with the average size being approximately ϭ ʅŵ². Based on these results, 

two different stages can be identified: Below 500°C, the number of voids increases slightly with 

temperature, and a high increase in average void area was measured. The growth mechanism seems 

to be responsible for the damage. At 600°C, a significant increase in the number of voids can be 

observed. Moreover, a high reduction of the void area is measured. Then, at 600°C, nucleation appears 

to become the main damage mechanism. These results suggest that a transition between damage 

mechanisms occurs between 500°C and 600°C.  

To further explore the impact of the stress state, the same analysis was performed on the 

notched specimens (see Figure IV-25). 
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a 

 

b 

 

c 

 

Figure IV-25. Evolution of (a) void fraction area, (b) number of voids, and (c) growth of voids as a 

function of the plastic strain for the ŶotĐhed speĐiŵeŶs ;η= 0.5). 

 

As for the smooth tensile tests, below 500°C, an increase in the void fraction area and growth 

of voids can be observed. However, at 600°C, a significant increase in the number of voids can be 

observed. Furthermore, the reduction in void size should also be noted.  

To sum up the results, the evolution of the number of voids, the maximum average void area 

and the critical strain after which the void area fractions increase were represented as functions of 

temperature and stress triaxiality in Figure IV-26. 
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Figure IV-26. Evolution of (a) the maximum average void area , (b) the number of voids and (c) the 

critical strain where after which the void area fraction increase as functions of temperature and 

stress triaxiality (η=0.3 and η=0.5). 

 

Both the smooth and notched specimens exhibit similar behaviour in temperature. In order to 

understand the transition between void localisation and the metallurgical characterisation of the 

specimens after tempering were then studied. 

c. Observations of void localisation and microstructure transformation 

 Figure IV-27 presents the evolution of void localisation with temperature and stress triaxiality.  
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a 

 

b 

 

c 

 

d 

 

Figure IV-27. Example of void localisation with the temperature and stress triaxiality: 400°C (a) 

sŵooth speĐiŵeŶ aŶd ;ďͿ η = 0.5, 600°C ;ĐͿ sŵooth speĐiŵeŶ aŶd ;dͿ η= 0.5. 

 

For all specimens, void nucleation occurred at the interfaces between bainitic-ferrite and 

austenite. Disturbed microstructures similar to those observed after the tensile tests at room 

temperature become observable at 400°C and 500°C. However, the modifications that occur to the 

microstructures of the samples at 600°C are remarkable. Therefore, to obtain further information on 

this modification, EBSD analyses of the specimens deformed at 600°C were performed. In addition, IPF 

cartographies are displayed in Figure IV-28. 

a 

 

b 

 

Figure IV-28. (a) Inverse pole figure and IQ mapping, (b) IPF mapping with low angle (white: 2°–

15°) and high angle (black: < 15°) boundaries of tensile specimens deformed at 600°C. 



 

 
 

Chapter IV. Description and quantification of damage mechanisms in CP1200 steels 119 

 

In the image depicting the superposition of the IQ and IPF maps, a similar microstructure to 

that portrayed in the SEM pictures can be observed. However, the IPF mapping reveals that no 

modification of crystallographic orientation is observable between these structures. These 

observations can be explained by the recrystallisation of the microstructure during the tensile test 

performed at 600°C. Two factors may have influenced this recrystallisation: the temperature and the 

applied stress. Therefore, in order to explore the impact of stress on this microstructure, a 

metallurgical characterisation of the head of the tensile specimen was performed. In this localisation, 

the microstructure was tempered but not deformed (see Figure IV-29).  

 

 

Figure IV-29. Scanning electron microscopy image of the head of a specimen tempered at 600°C 

(η = 0.33). 

 

The above image does not reveal the presence of the equiaxed structure observed previously. 

It is therefore possible to suppose that the applied stress had an influence on the recrystallisation. 

Therefore, at 600°C, a dynamic recrystallisation can be observed in CP1200. 

Microstructures similar to those depicted in Figure IV-27 were observed by TEM in the work 

conducted by Garcia Mateo et al. [33], as is shown in Figure IV-30. These images were obtained after 

subjecting a bainitic steel sample to different temperatures and various tempering times. As was found 

to be the case for the steels investigated in this dissertation, RA was found to be present in both island 

and films in the samples considered by Garcia-Mateo et al. 
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a 

 

b 

 

c 

 

Figure IV-30. TEM images of the microstructure of the samples in the work of Garcia-Mateo et al: 

(a) the initial microstructure, (b) the microstructure at 600°C after 1 h of tempering, and (c) the 

microstructure at 730°C after 42 days [33]. 

 

The different microstructures observed by Garcia-Mateo et al. suggest that the precipitation 

of carbides occurs due to the diffusion of carbon promoted by the temperature. After 42 days, the 

sample tempered at 730°C exhibits the recrystallisation of ferrite and the formation of large carbides. 

The experiments conducted for this thesis used lower tempering times. However, the formation of 

ferrite grains was also observed in the present study. Therefore, it is possible to suggest the hypothesis 

that a diffusion of carbon occurs during the tensile test and that this carbon leads to the modification. 

It was noted in the literature review that carbides are brittle phase and lead to a premature fracture 

of bainitic steels. Therefore, an increase in the number of voids could be explained by the formation 

of carbides. To confirm this hypothesis, carbides should be identified by diffraction analysis performed 

by TEM.  
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4. Synthesis of the results with regard to damage 

evolution 

Four main results can be extracted from this chapter: 

 The first investigation of damage using loading and unloading tests highlighted the low impact 

of damage on tensile properties of CP2. However, this method was only used to obtain a first 

approximation as is usually used for metals exhibiting greater ductility and damage than CP2. 

Therefore, this method is not the most efficient means of quantifying damage. 

 

 The evolution of damage was also studied with the void evolution as a function of plastic strain. 

The results indicated a high dependence of the void area fraction on stress triaxiality and 

plastic strain. A reduction in the number of voids without significant modification of the 

average diameter was observed with an increase of stress triaxiality. However, a specimen 

geometry featuring an intermediate stress triaxiality would be required to draw more 

complete conclusions. 

 

 Following the quantification of voids, their localisation within the microstructure was 

investigated. The majority of voids were found to be located at the intersection between RA 

and bainitic ferrite. These results are in accordance with previous studies on multiphase steels 

that have highlighted the nucleation of voids at the interfaces of bainitic-ferrite and austenite 

[4,56]. 

 

 Next, the influence of temperature on damage was studied. An intriguing transition of damage 

mechanisms was observed after 600°C. Indeed, below this temperature, the main modification 

related to the rise of temperature was the increase in the critical strain, at which point the 

nucleation of damage became measurable. At these temperatures, no significant impact on 

the number and growth of voids was observed. However, at 600°C, an important increase in 

the number of voids, along with a reduction in void growth, was noted. This modification can 

be linked to the dynamic recrystallisation of the microstructure. 

One problematic aspect of this subject was comparing the results obtained for DP1000 and 

CP1200 steels. To this end, a summary of the general mechanical, metallurgical, and damage 

characteristics of these steels is presented in Table IV-6. 
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Table IV-6. Comparison of damage properties between DP1000 and CP1200 steels. 

 DP1000 CP1200 

General metallurgical and mechanical properties 

UTS (MPa) 1040 1301 

Deformation 0.8 0.8 

Critical temperature of 

mechanical properties 

reduction 

290°C 400°C 

Microstructure Martensite and ferrite Bainite and RA 

Impact of temperature on 

microstructure 

Tempered martensite with 

carbides and soft ferrite 

Bainitic structure with carbides 

until 500°C; above 600°C, 

dynamic recrystallisation  

Damage properties 

Void quantification + - 

Void localisation 

At the interfaces by martensite 

cracking and debounding at the 

inclusions 

At the interfaces between 

bainite and austenite and 

between bainite sheaves 

Void localisation under 

mechanical solicitations at 

high temperatures 

By ferrite cracking 
At the interfaces between 

bainite sheaves 

 

To understand the difference in damage mechanisms between DP1000 and CP1200 steels, the 

conclusions regarding the damage evolution observed in DP steels are presented first [4]. Damage in 

DP steels depends on the nucleation and growth of voids due to decohesion of the interfaces between 

ferrite and martensite, by the cracking of martensite, and by debonding around the inclusions. These 

mechanisms result from micro-strain heterogeneities between the hard and soft phases. During this 

study, the impact of temperature (ranging between 20°C and 480°C) on this microstructure was 

investigated. At low temperature (130°C), voids were observed at the interfaces and inside the ferrite. 

These observations can be explained by the higher deformation of ferrite and the low plastic straining 

of the martensite. When the temperature increases (380°C), both phases are highly deformed, which 

produces both an increase in void size and a decrease in the number of voids. Moreover, at high 
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temperatures, the formation of carbides within the martensite was detected. This diffusion leads to 

the austempering of martensite, which generates high number of mobile dislocations. This causes a 

softening of the ferrite, which increases its capacity to nucleate voids and promotes void growth.  

Complex phase steels present lower damage than DP steels. The results presented in Chapter 

III initially indicated that a high amount of internal stress leads to kinematic hardening. Thus, this thin 

microstructure of CP2, which is characterised by a high density of dislocations, hinders void growth. 

However, with an increase in strain, multiple slip systems are activated, which promotes the softening 

of the material. In spite of this, the first appearance of damage leads to the formation of shear bands, 

which accelerate the growth and the formation of voids.  

With an increase in temperature, certain mechanisms of damage evolution in CP steels 

become similar to those exhibited by DP steels. Indeed, below 500°C, the decomposition of austenite 

discussed in Chapter II occurred in CP2. The creation of carbides was then observed, which led to the 

softening of bainite. After 600°C, dynamic recrystallisation was observed. It was observed that an 

increase in void nucleation was achieved without an enlargement of void size. 

 



 124 



 

 
 

Conclusion 125 

Conclusion 

The objectives of this thesis were to acquire information on the plasticity and damage 

mechanisms of the CP1200 multiphase steels. The company Faurecia Automotive Seating, which seeks 

such information to improve the requirements with regard to steels, initiated this study. At the 

moment, the company is confronted with the difficulty of having to choose among the various steels 

offered by different suppliers and the variable microstructural and mechanical properties of these 

steels. Thus, the first aim of this project was to define the metallurgical and mechanical properties of 

CP1200. The second objective of this project was to develop a better understanding of complex phase 

steels and obtain data concerning the plastic and damage behaviours of these steels.  

The main findings with regard to the characteristics of these steels at room temperature can 

be summarised as follows: 

 Steels depending on their suppliers exhibit a large range of mechanical properties and 

microstructures. Chapters I and II investigated the impact of bainitic lath size and the presence 

of RA on the mechanical and damage properties of CP1200. It was found that the thinness of 

the bainitic structures determines the strength and that the presence of RA islands leads to an 

increase in ductility.  

 

 The investigation concerning the plasticity mechanisms by cyclic tension/compression 

experiments made it possible to explore the development of the kinematic hardening caused 

by the long-range interactions of dislocations. The rapid apparition of cyclic softening for low 

amounts of plastic strain, confirmed the presence of a high density of dislocations in the initial 

microstructure.  

 

 The evolution of damage with an increase in stress triaxiality at room temperature confirm 

that damage amount is reduced with triaxiality. The localisation of voids at the interfaces 

between bainitic ferrite and austenite can also be observed. As soon as the first voids are 

created the fracture of the material occurs rapidly, which implies a high sensitivity of CP1200 

steel to damage. Large deformation was not observable after apparition of damage. 

Moreover, studying the thermal stability of CP1200 enables the acquisition of new information 

concerning the behaviour of these steels: 
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 The microstructure of bainitic steels is highly influenced by temperature. According to the DSC 

and dilatometry experiments, the decomposition of austenite into ferrite and cementite 

occurs at temperatures between 300°C and 400°C. At higher temperatures, the transformation 

of ferrite and cementite into austenite can be observed.  

 

 The microstructure of bainitic steels is highly influenced by temperature, and has an important 

impact on the mechanical behaviour. In fact, a significant reduction in strength and an increase 

in strain at fracture were observed after 400°C, with the transformation of ferrite and 

cementite into austenite. In addition to this metallurgical transformation, viscoplastic effects 

caused a reduction in tensile properties. 

 

 Investigating the impact of temperature on damage revealed a change in damage mechanisms 

at 600°C. Below this temperature, an increase in void growth was observed. However, after 

600°C, a significant increase in the number of voids was depicted, which was accompanied by 

a decrease in void growth. This phenomenon can be linked to a modification of the 

microstructure. 

The above mentioned results provide information on the plasticity and damage mechanisms 

of CP1200 steels. However, it would be interesting to continue the investigation conducted in this 

project by exploring the following areas: 

 To improve the results that concern the damage investigation, the experiments should be 

repeated to acquire more statistical data. With enough data, the damage laws could be 

applied. Moreover, an additional specimen geometry between the stress triaxialities of 0.6 and 

1 must be performed to complete the figure depicting the evolution of void area fraction as a 

function of stress triaxiality.  

 

 The use of numerical simulation could add value to future works. For example, the stress 

triaxiality during tensile tests on notched specimens could be better determined using 

numerical tools. Moreover, the use of numerical simulations could enable the application and 

verification of the hardening coefficient identified during the tension-compression tests. 

 

 The evolution of microstructures at 600°C under the conditions used for the tensile tests was 

observed but not deeply investigated. Complementary experiments such as in situ tensile tests 

under SEM at high temperature temperature could be performed to investigate the 
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phenomenon that leads to this microstructure modification and why this structure promotes 

the nucleation of voids. 

 

 Three grades of steel, with various amounts of RA and lath sizes, were studied. However, 

mechanical and damage properties were only investigated for one grade of steel. The 

literature review indicated that the percentage of RA islands influences the plasticity and 

damage properties of CP. Therefore, it could be interesting to perform similar tests on the 

other grades of CP1200 steels to examine the impact of RA islands and lath sizes on the 

properties of these steels. Such new tests could make it possible to investigate the impact of 

the TRIP effect. 

 

Results collected on this thesis provide supplement knowledge and data for Faurecia. A 

complete microstructural characterisation was performed on different steel grades coming from 

various suppliers. This microstructural proprieties were associated to general mechanical properties. 

Thereafter experiments with cyclic tensile revealed a high impact of kinematic hardening provided by 

dislocation long-range interactions. Finally this PhD thesis provides information on the evolution of 

damage at various stress triaxialities. A rapid fracture of the specimen was observed after the first 

apparition of damage. Therefore, it is possible to conclude that the forming of the CP1200 steel is 

limited as soon as the first apparition of damage, otherwise the fracture of the product could occurs 

suddenly. However, the damage evolution is highly modified in temperature: the growth of voids was 

more present in temperature and the nucleation occurred at higher strain.
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Appendix A. Identification of phase using electron diffraction pattern 

The use of electron diffraction in TEM enables the identification and establishment of the 

crystallographic orientation of the analysed phases. To identify the phase and the zone axis, the 

distances between diffraction spots (in mm) and the angle between them are measured. Then, the 

interplanar spacings (dhkl) are estimated using Equation (50), where DD is the distance in mm between 

the diffraction spots. 

 ݀ℎ = ͳͺ.ͺͷʹܦ  (50) 

The determination of different DD in mm and the corresponding interplanar space in Å are 

displayed in the example in Fig A-1, the diffraction pattern obtained corresponds to austenite islands. 

 

Fig A-1. Identification of interplanar spacing on TEM diffraction pattern. 

 

First, the interplanar distances are compared to figures contained in the CaRine 

Crystallography software database. Once the phase is determined, the zone axis can be identified. If 

the correlation between theoretical and measured data is closed, the identification is confirmed. 

Concerning the identification of austenite islands in Fig A-2, D1 represents the diffraction of the planes 

{131}, D2 {220}, and D3 {111}, and the zone axis is [112]. The theoretical diffraction pattern of this zone 

axis is exhibited in Fig A-2, and the corresponding planes and angles are listed in Fig A-3. 
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Fig A-2. Theoretical diffraction pattern for FCC structure on zone axis [112]. 

 

 

dhkl (hkl) 

 

 

 

 

Fig A-3. Planes and angle presented on the software used to identify crystallographic structure. 
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Appendix B. Supplementary information on Gleeble apparatus 

Gleeble device is thermo-mechanical simulators used to characterise heat-affected zones 

(both when welding and performing heat treatments). A coupling between temperature and 

mechanical load enables observation of the evolution of the mechanical properties of the specimen 

with temperature and allows the acquirement of the TTT and continuous cooling transformation 

diagram. However, it is worth noting that, in this researching, heating applied using the Joule effect. It 

was thus produced by a dissipation of electric energy due to the resistance of atoms to the 

displacement of current. The impact of this energy on diffusion mechanisms is currently not well 

understood. Table B-2 presents the main characteristics of this device. 

Table B-1. Main characteristics of Gleeble 3500-GTC device. 

Properties Limit 

Heating rate 10000°C/s 

Maximum temperature (°C) 1250°C (K- thermocouples limit) 

Thickness of specimens (for flat geometry) 
From 1 to 2.25 mm 

From 4 to 5.25 mm 

Load capacity 100kN 

 

 

Fig B-1. Photograph of Gleeble 3500-GTC. 
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Only the interior of the chamber was used while preparing of tests. Fig B-2 depicts the furnace 

set up used for the tensile tests performed at high temperature.  

 

 

Fig B-2. Tensile configuration in the interior of the Gleeble chamber. 
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Appendix C. Supplementary details on tension/compression tests 

Example of programme for alternated tests 

Table C-1. Cyclic programme test 1. 

 
Number of cycles Max Strain (%) Min strain (%) Frequency (Hz) 

1 100 0.08 -0.08 1 

2 100 0.3 -0.3 1 

3 50 0.4 -0.4 2 

4 50 0.5 -0.5 1,5 

5 50 0.6 -0.6 1 

6 50 0.7 -0.7 0.75 

7 22 0.8 -0.8 0.5 

 

Table C-2. Cyclic program test 2 

 Number of cycles Max Strain (%)  Min strain (%)  Frequency (Hz)  

1 100 0.08 -0.08 1 

2 100 0.3 -0.3 1 

3 50 0.4 -0.4 2 

4 50 0.5 -0.5 1.5 

5 50 0.6 -0.6 1 

6 50 0.7 -0.7 0.75 

7 50 0.8 -0.8 0.5 

8 50 0.9 -0.9 0.5 

9 39 1 -1 0.5 
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Table C-3. Cyclic program test 3 

 
Number of cycles Max Strain (%) Min strain (%) Frequency (Hz) 

1 25 0.3 -0.3 1 

2 25 0.5 -0.5 1.5 

3 25 0.7 -0.7 0.75 

4 25 0.9 -0.9 0.5 

5 25 1.1 -1.1 0.5 

6 10 1.3 -1.3 0.5 
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Appendix D. Introduction to local strain deformation by EBSD and results 

 

To assist to understand the misorientation investigation within grains,7 kernel average 

misorientation (KAM), grain average misorientation (GAM), and grain orientation spread (GOS) are 

explained below. 

 Kernel average misorientation is a local misorientation analysis. The misorientation of each pixel 

is compared with the misorientation of its neighbours. Misorientations are taken into account if 

they do not exceed a maximum value. Otherwise, values are not considered for the average. The 

local misorientation between a pixel and its neighbours is then represented in Fig D-1. 

 

Fig D-1. Representation of KAM. 

 

The average of misorientation is then calculated as follows (using the example of the first 

neighbour): 

 ∆݃ = ͳͅ ሺ∆݃𝐴ଵ + ∆݃𝐴ଶ + ∆݃𝐴ଷ + ∆݃𝐴ସ + ∆݃𝐴ହ + ∆݃𝐴 + ∆݃𝐴 + ∆݃𝐴଼ሻ (51) 

 Grain average misorientation: the misorientation between two pixels inside a grain is measured. 

An average of the overall misorientations with the grain is then determined (see Fig D-2). 

                                                             
7 Help notice OIM software 
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Fig D-2. Representation of grain average misorientation. 

 

 Grain orientation spread: The average value of the misorientation within a grain is measured. 

The misorientation between this average and the orientation of each pixel from that grain is 

then calculated. Finally, the average of these measurements is performed. This analysis 

provides information on the scatter within the misorientation of one grain (see Fig D-3). 

 

Fig D-3. Grain orientation spread representation. 

 

The results obtained from EBSD analyses were presented in Chapter III and corresponding 

maps are exhibited in Fig D-4. 
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Fig D-4. Electron backscatter diffraction maps at various strain amplitudes: 0, 0.5% and 1% (a, a', 

a'') IPF, and (b, b', b'') Kernel + IQ, and (c, c', c'') GAM, and (d, d', d'') GOS. 
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Introduction 

Au cours des dernières décennies, la problématique de la protection de l'environnement a 

influencé la ĐoŶĐeptioŶ des pƌoduits daŶs l’iŶdustƌie autoŵoďile. Depuis le XXIe siècle sont mises en 

œuǀƌe des lois strictes concernant la réduction des émissions de CO2, exigeant des valeurs inférieures 

à 120 g/km comme le montre la Figure 0-1 [1]. Néanmoins, cette contrainte écologique doit être 

ĐoŶĐiliĠe aǀeĐ les diƌeĐtiǀes gĠŶĠƌales de l’iŶdustrie automobile concernant la sécurité, le confort des 

passageƌs et l’esthĠtiƋue des pƌoduits. Toutes Đes eǆigeŶĐes ĐƌĠeŶt uŶ dĠfi pouƌ la soĐiĠtĠ FauƌeĐia 

Automotive Seating. En effet, les sièges sont définis comme des éléments impactant fortement sur la 

sécurité du passager. Loƌs d’uŶ ĐhoĐ, les passageƌs Ŷe soŶt ŵaiŶteŶus daŶs la ǀoituƌe Ƌue paƌ les 

mécanismes présents dans les sièges. Cela iŵpliƋue Ƌue l’allğgeŵeŶt du siège dans les voitures ne doit 

pas diminuer ses propriétés mécaniques. Pour surmonter ce problème, deux méthodes peuvent être 

adoptées. Premièrement, des matériaux plus légers tels que l'aluminium (2700 kg/m3), le magnésium 

(1750 kg/m3) et les composites peuvent être utilisés [2].  

 

Figure 0-1. Émissions de CO2 des voitures mesurées et requises de 2000 à 2025 lors des tests NECD 

(NECD: New European Driving Cycle) [1]. 

Cependant, les alliages d'aluminium et de magnésium présentent des propriétés mécaniques 

inférieures à celles des aciers et ne peuvent donc pas être utilisés dans des pièces où des sollicitations 

mécaniques complexes sont attendues. UŶe solutioŶ seƌait d’utiliseƌ une importante épaisseur de tôle, 

mais cela conduirait à un design de pièces encombrant. Une autre méthode consiste à développer des 

aciers plus performants, à savoir les aciers avancés à haute résistance (AHSS). Dans cette optique, trois 

générations d'AHSS ont été développées afin d'atteindre des propriétés de mise en forme et de 
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résistance encore non obtenues avec d'autres matériaux. Pour développer ces nouvelles générations 

d'aciers, les sidérurgistes oŶt ŵodifiĠ la ĐoŵpositioŶ ĐhiŵiƋue de l’alliage et adapté les processus de 

mise en température et de trempe afiŶ d’obtenir des microstructures complexes généralement 

composées d'une combinaison de phases. Avec une augmentation des propriétés mécaniques, la 

conception du siège peut être repensée pour réduire le volume d'acier utilisé. 

Les aciers complexes phases 1200 (CP1200) classés dans la première génération d'AHSS sont 

au centre des préoccupations de Faurecia pour leur forte absorption d'énergie, leur grande capacité 

de déformation et leur bonne résistance lors des tests d’eǆpaŶsioŶ de tƌous. Cette amélioration des 

propriétés de mise en forme permet l’utilisatioŶ d’uŶe ŵoiŶdƌe ƋuaŶtitĠ d’aĐieƌ. Cependant, cela 

induit aussi une complexification du design qui conduit à des rayons de courbure plus sévères. Ainsi, 

des aciers avec une formabilité encore plus élevée sont exigés. Il pourra être nécessaire de déformer 

l'acier au plus près de sa limite de déformation lors de chargements complexes. C’est pour mieux 

comprendre le comportement des aciers CP1200 proches de ses limites de formabilité que ce projet a 

été financé. 

 L'étude des mécanismes d'endommagement a précédemment été effectuée sur les aciers 

CP1200 en utilisant la même méthodologie que la thèse de J.CHOTTIN [3] sur les aciers DP1000. La 

recherche des similitudes entre ces deux aciers a été réalisée pour comprendre l'impact de la 

microstructure sur les mécanismes d'endommagement et de plasticité. Les aciers complexes phases 

1200 sont définis par une matrice bainitique avec la présence d'austénite résiduelle et de martensite. 

Il s’agit de saǀoiƌ ĐoŵŵeŶt Đette ŵiĐƌostƌuĐtuƌe ƌĠsiste à l’eŶdoŵŵageŵeŶt et la façon dont elle 

évolue après la nucléation des vides. De plus, la microstructure bainitique est moins sensible que la 

martensite à la température. Ainsi, un deuxième axe de recherche de ce projet concerne l’iŶflueŶĐe 

de la températuƌe suƌ les ŵĠĐaŶisŵes d’eŶdoŵŵageŵeŶt dans les aciers CP1200. 

Afin de répondre à ces questions, ce rapport est divisé en trois parties. 

 Le premier chapitre vise à effectuer une présentation générale des aciers CP ainsi que des 

caractéristiques microstructurales et mécaniques de nuances d'aciers CP1200 provenant de différents 

fournisseurs. Pour ce faire, les résultats de l'identification et de la quantification des phases en 

microscopie optique (OM), en microscopie électronique à balayage (MEB) et en diffraction d'électrons 

rétrodiffusés (EBSD) sont présentés. Nous avons ensuite étudié la stabilité thermique des aciers 

CP1200 en utilisant la calorimétrie à balayage différentiel et la dilatométrie afin de déterminer les 

températures de transition de phase. Enfin, la caractérisation en traction des éprouvettes est effectuée 

afin de faire le lien entre les propriétés mécaniques et l’aspeĐt ŵiĐƌostƌuĐtuƌal. 
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Pouƌ oďteŶiƌ des iŶfoƌŵatioŶs supplĠŵeŶtaiƌes suƌ l’iŵpaĐt de la ŵiĐƌostƌuĐtuƌe suƌ le 

durcissement cyclique, des expériences de traction-compression ont été réalisées et sont présentées 

dans le deuxième chapitre. Les résultats obtenus mettent en évidence les obstacles au déplacement 

des dislocations et permettent de mesurer les contraintes internes. L’influence de la température sur 

les propriétés de traction est aussi étudiée. Une attention particulière est accordée à l'impact de la 

température sur un intervalle de 200 °C à 600 °C, combiné au temps de revenu. 

Enfin, le dernier chapitre concerne l’ĠǀolutioŶ des ŵĠĐaŶisŵes d’eŶdoŵŵageŵeŶt à 

température ambiante et à des températures plus élevées. La quantification des vides formés est 

étudiée en fonction de la déformation plastique. L'influence du chemin de chargement sur la fraction 

de vides est examinée pour différentes géométries d'échantillons entaillés afin de faire varier la 

triaxialité de contraintes. La localisation des vides est ensuite étudiée par analyse microstructurale à 

température ambiante, à 400 °C, à 500 °C et à 600 °C.  

Une conclusion des résultats est enfin incluse pour relier toutes les observations et discuter de 

la relation entre la microstructure, les propriétés mécaniques, l’eŶdoŵŵageŵeŶt à température 

ambiante et à températures élevées. 
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Chapter I. Caractérisation métallurgique et mécanique générale des 

aciers CP  

L'objectif de ce chapitre est de présenter les caractéristiques métallurgiques et mécaniques 

des aciers CP1200. Pour ce faire, de nombreuses nuances fournies par différents fournisseurs ont été 

initialement étudiées. Ce rapport se concentre sur trois nuances : CP1, CP2 et CP3. Pour caractériser 

et différencier les nuances d'acier présentées dans ce rapport, des analyses microstructurales ont été 

effeĐtuĠes. AfiŶ de fouƌŶiƌ uŶ laƌge ĠǀeŶtail d’oďseƌǀatioŶs, diǀeƌses ŵĠthodes oŶt ĠtĠ appliƋuĠes à 

différentes ĠĐhelles d’oďseƌǀatioŶ. Tout d'aďoƌd, les phases oŶt ĠtĠ ideŶtifiĠes à l'aide d'uŶe aŶalǇse 

DRX. Des observations microstructurales ont aussi été effectuées à l'aide de la microscopie optique et 

électronique (MEB et MET) pour obtenir des données sur la quantification et la répartition des phases. 

Pour obtenir plus d'informations, la caractérisation des orientations cristallines a été réalisée à l'aide 

d'analyses EBSD. Cela a permis de tirer des conclusions finales concernant la stabilité thermique de ces 

microstructures. 

1. Quantification des phases par microscopie optique et 

électronique à balayage 

La difficulté quant à effectuer une attaque chimique sur les aciers multiphasés est d’identifier 

une solution chimique capable de révéler chaque phase. Le métabisulfite de sodium (SMB) concentré 

à 15% permet l'identification de la ferrite bainitique, de la martensite et de l’austĠŶite ƌĠsiduelle [4–

6]. En microscopie optique (OM), la bainite, la martensite et les îlots d’austĠŶite ƌĠsiduelle sont 

respectivement colorés en brun clair, en marron et en blanc. Les images au microscope optique à 

balayage (MEB) obtenues avec un détecteur d'électrons secondaires (SE2) montrent l'austénite sous 

la forme d'une phase gris clair, la martensite est légèrement attaquée et la bainite est observée en gris 

foncé. La Figure I-1 montre pour la nuance CP1 une comparaison des résultats de ces deux méthodes 

d'identification de phases.  

Les iŵages ƌĠǀğleŶt uŶe ŵiĐƌostƌuĐtuƌe sous la foƌŵe de lattes aǀeĐ des îlots d’austĠŶite 

résiduelle. Après l’attaƋue chimique, le contraste de couleur a permis de quantifier la phase par 

aŶalǇse d’iŵages à l’aide du logiĐiel IGOR Pƌo. La ƋuaŶtifiĐatioŶ a ĠtĠ effeĐtuĠe suƌ dix images de 

chaque nuance et le pouƌĐeŶtage ŵoǇeŶ d’austĠŶite est présenté dans la Table I-1. 
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                                     a b 

 

Figure I-1. Comparaison des images obtenues par OM et par MEB après une attaque chimique au 

SMB sur la nuance CP1.  

Table I-1. Pourcentages d’austénite résiduelle obtenus paƌ aŶalǇse d’iŵage en MO et au MEB. 

 CP1 CP2 CP3 

OM 
(AustĠŶite ƌĠsiduelle sous foƌŵe d’îlots dĠtectĠe) 

9% - 2% 

SEM 
(Lattes et îlots d’austĠŶite ƌĠsiduelle dĠtectĠe) 

18% 15% 11% 

 

Cette aŶalǇse a ƌĠǀĠlĠ la pƌĠseŶĐe d’austĠŶite ƌĠsiduelle daŶs toutes les ŶuaŶĐes, quelle que 

soit leur composition chimique. Cependant, deux morphologies d'austénite peuvent être notées sur la 

Figure I-1 (îlots et lattes), ce qui conduit à des différences entre les résultats obtenus par MEB et par 

microscopie optique. En raison de la finesse des lattes, les inter-lattes de l’austĠŶite ne peuvent être 

détectées que par MEB, ce microscope permettant un grossissement plus important. 

Les nuances CPϭ et CPϮ pƌĠseŶteŶt les ƋuaŶtitĠs les plus ĠleǀĠes d’austĠŶite, Đe Ƌui peut ġtƌe dû à 

leurs pourcentages de siliĐiuŵ. De plus, ĐoŶtƌaiƌeŵeŶt à l’aĐieƌ CP2, les aciers CP1 et CP3 présentent 

des îlots austénitiques. La présence d'îlots devrait augmenter la ductilité du matériau en raison de 

l'effet TRIP pouvant se produire lors de la déformation. Cet effet est plus prononcé quand les ilots sont 

moins stables [35, 49]. Cependant, des incertitudes subsistent quant à la nature de la phase entre les 

lattes de ferrite bainitiques. En effet, l'analyse effectuée Ŷe peƌŵet pas d’atteiŶdƌe une résolution 

suffisamment élevée, il n'a donc pas été possible de distinguer l'austénite des carbures. 

 Différenciation des bainites paƌ l’Ġtude de la dĠsoƌieŶtatioŶ des joiŶts de 

grains 

Des analyses antérieures ont permis de différencier la ferrite bainitique de l'austénite, bien 

que les structures bainitiques n'aient pas pu être distinguées. De plus, les carbures caractérisant la 

bainite inférieure n'ont pas été identifiés lors des analyses précédentes. 
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Les bainites inférieure, granulaire et supérieure ont été identifiées à l'aide de la méthode 

proposée par Zajac et al.[7], qui repose sur les angles de désorientation des joints de grains. La bainite 

inférieure est caractérisée par un nombre important de joints de fortes désorientations (47 à 65 °), la 

bainite supérieure est définie par un plus grand nombre de joints de faibles désorientations (<15 °) et 

la bainite granulaire présente une orientation aléatoire. La Figure I-3 présente la distribution des angles 

de désorientations des joints pour les trois nuances et quatre pics sont distingués : 

• EŶtƌe Ϯ ° et ϭϱ °, ĐaƌaĐtĠƌistiƋue de la ďaiŶite supĠƌieuƌe. 

• A 45 °, ĐausĠ paƌ la pƌĠseŶĐe d’austĠŶite ƌĠsiduelle. 

• De ϱϬ ° à ϱϱ °, correspondant aussi aux joints de grains d'austénite (valeurs limites selon le 

rapport de l'UE [28]). 

• EŶtƌe 55 ° et 65 °, reflétant la bainite inférieure. 

 

Figure I-2. Distribution des angles de désorientations obtenus par analyse EBSD sur les nuances CP1, 

CP2 et CP3. 

Les résultats révèlent que les aciers CP1200 présentent une microstructure combinée 

composée de bainite supérieure et inférieure en raison des pics détectés au-dessous de 15 ° et au-

dessus de 55 °, respectivement. De plus, le pic à 45 ° représente l'interface entre l'austénite résiduelle 

et la ferrite bainitique. L'évolution de la fraction en nombre de ces joints de grain de désorientation 

particulière est en accord avec la quantification de phase précédemment mesurée à l'aide d'images 

obtenues au microscope optique. Concernant l’austénite résiduelle, la nuance CP1 présente le 

pourcentage le plus élevé et la nuance CP2 possède le plus bas taux. 
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 Mesure de la taille des lattes bainitiques via l’utilisatioŶ de l’EBSD et la 

méthode des interceptions 

Une équation formulée par Langford et Cohen (Equation 1) a été utilisée pour déterminer 

l'impact des dimensions des latte sur les propriétés mécaniques [8–10]. L'équation de la limite 

d'élasticité (σy) en fonction du diamètre effectif de la taille des grains (d) est la suivante : 

 𝜎𝑦 = 𝜎 + 𝑘𝑦𝑑−ଵ (1) 

Cependant, comme les plaques bainitiques présentent une morphologie anisotrope, la 

dĠteƌŵiŶatioŶ du diaŵğtƌe des gƌaiŶs Ŷ’est pas siŵple. Dans le travail de Bhadeshia [9], d représente 

deux fois l'épaisseur déterminée par la méthode de l'interception linéaire. L'analyse a été réalisée en 

mesurant l'épaisseur moyenne sur des lignes aléatoires perpendiculaires à la direction du bord long de 

la plaque. Selon le rapport de l'UE n ° 21245 [11], la taille de grain équivalente peut également être 

mesurée par EBSD. Cette étude a révélé que seuls les joiŶts de gƌaiŶs jusƋu’à ϴ ° peuǀeŶt iŶflueƌ les 

propriétés mécaniques. Lors de l'estimation de la taille des grains, la limite basse de la désorientation 

des joints de grains est fixée à 8 °. Dans cette thèse, les dimensions des lattes ont été estimées à l'aide 

des deux méthodes décrites ci-dessus. Les méthodes ont été appliquées aux nuances CP1, CP2 et CP3, 

et les mesures résultantes du diamètre des lattes sont présentées à la Figure II-8. 

 Par interception linéaire Par mesure EBSD 

 

  

Taille des 

lattes (d) 

CP1 : 0,3 ± 0,3 μm 

CP2 : 0,4 ± 0,3 μm 

CP3 : Structure des lattes difficile à observer 

CP1 : 0,23 ± 0,29 

CP2 : 0,48 ± 0,42 

CP3 : 0,91 ± 1,15 

Figure I-3. Comparaison des tailles des lattes obtenues par interception linéaire sur des images MEB, 

et avec la cartographie des grains obtenue par EBSD (orientation minimale de joint de grain fixée à 

8°). 

Des valeurs similaires ont été obtenues en appliquant ces deux méthodes, bien que les 

résultats présentent une large dispersion. Les tailles de lattes des échantillons ont été classées et les 

résultats sont comparés aux propriétés mécaniques dans la conclusion de rapport de thèse. 
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2. Impact de la température sur la microstructure 

 Détermination des températures de transformation de phases par 

calorimétrie différentielle à balayage (DSC) 

Des expériences DSC ont été effectuées pour acquérir les températures de transformation de 

phase. Des analyses de dilatométrie ont ensuite été effectuées pour confirmer ces températures. 

Une analyse DSC est une méthode thermo-analytique qui mesure le flux de chaleur nécessaire 

pour maintenir un échantillon et la référence à la même température pendant un programme 

thermique. Les résultats DSC présentés à la Figure I-4 ont été obtenus après un chauffage continu de 

la température ambiante jusqu'à 900 °C à une vitesse de 10 °C/min. Les températures de transition 

correspondantes sont présentées dans la Table I-2. 

 

Figure I-4. Résultats des expériences DSC pour les nuances CP1, CP2, et CP3.  

Trois écarts à la ligne de base sont observés pendant le chauffage. Le premier est léger et a 

lieu entre 340 °C et 580 °C (Ausdec). Selon la littérature [12–14], la décomposition de l'austénite (γ) en 

ferrite (α) et en cémentite (Fe3C) se produit dans cette gamme de teŵpĠƌatuƌes. CeĐi eǆpliƋue l’ĠĐaƌt 

plus prononcé de CP1, qui présente la plus gƌaŶde ƋuaŶtitĠ d’austénite résiduelle. Le second pic 

commence entre 680 °C et 728 °C pour atteindre un maximum autour de 750 °C (Ac1). Cette 

transformation correspond à la température eutectoïde où commence la transformation de la bainite 

(αb) en austénite. Le dernier pic, observable entre 870 °C et 895 °C, représente la transition Ac3 où se 

produit la transformation complète de la bainite en austénite. 



 

 

 

 

Synthèse en français 9 

Table I-2. Températures de transition mesurées par DSC (°C). 

 Ausdec Ac1 Peak 1 Peak2 Ac3 

CP1 338 728 761 870 895 

CP2 365 680 734 846 870 

CP3 364 690 735 845 872 

 Ausdec: αb+ Fe3C+ γ αb+ Fe3C 

Ac1: αb+ Fe3C  γ+ α 

Ac3: γ+α γ 

 

Des variations dans les températures de transitions peuvent être notées entre les analyses DSC 

et les analyses dilatométriques présentées dans le manuscrit de thèse rédigé en anglais. Ces variations 

peuvent être expliquées par les différences entre ces appareils en termes de processus et de vitesse 

de montée en température. En ce qui concerne les résultats présentés dans cette thèse, la 

décomposition de l'austénite est mesurée autour de 350 °C / 500 °C en fonction de la nuance de l'acier. 

Ces températures de transformation de phases ont également été déterminées dans les publications 

de De Moor et al. [15] sur les aciers Q&P et de Yang et al. [69] sur les aciers bainitiques analysés par 

dilatométrie et DSC. Ces publications mettent en évidence différentes étapes : la ségrégation du 

carbone, la précipitation des carbures, la précipitation de l'austénite résiduelle et la formation de 

cémentite. Cependant, ces auteurs ont soulignés l’iŵpoƌtaŶĐe de la variation de la température de 

transformation avec la vitesse de montée en température et le traitement thermique initial. 

3. Introduction des propriétés mécaniques en traction 

Pour compléter la ĐaƌaĐtĠƌisatioŶ gĠŶĠƌale des aĐieƌs CPϭϮϬϬϬ, l’aŶalǇse des propriétés 

mécaniques via des essais de traction monotone à la température ambiante a été menée. Les résultats 

sont présentés à la Figure I-5. Dix essais (cinq dans le sens transversal [TD] et cinq dans le sens 

longitudinal [LD]) ont été réalisés sous un régime quasi-statique à une vitesse de déformation 

constante de 10-3 s-1. La déformation a été mesurée avec un extensomètre de 50 mm en utilisant la 

corrélation d'images numériques (DIC). Pour effectuer cette mesure, un motif noir sur fond blanc a été 

peiŶt suƌ la suƌfaĐe de l’ĠĐhaŶtilloŶ. EŶsuite, à l’aide du logiĐiel Aƌaŵis, la ŵesuƌe du ŵouǀeŵeŶt ƌelatif 

eŶtƌe les poiŶts du ŵotif a peƌŵis l’aĐƋuisitioŶ des données de déformation locale. 
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a 

 

b 

 

Figure I-5. Courbes de tƌactioŶ des tƌois ŶuaŶces d’acieƌ CP1200 provenant de différents fournisseurs : 

(a) courbes de traction conventionnelles, (b) courbes de traction rationnelles. 

La Table I-3. Résultats des essais de traction de CP1, CP2 et CP3 

  E (GPa) UTS (MPa) σ0.2%(MPa) 
εUTS εr Z (%) 

CP1 
LD 200 ± 13 1384 ± 22 962 ± 6 0,09 ± 0,01 

0,136 ± 
0,005 

46 ± 6 

TD 219 ± 1 1385 ± 2 977 ± 3 0,083 ± 0,006 
0,133 ± 
0,003 

44 ± 6 
 

       

CP2 
LD 196 ± 8 1309 ± 5 1022 ± 13 0,059 ± 0,004 

0,061 ± 
0,001 

64 ± 1 

TD 201 ± 2 1294 ± 7 1010 ± 13 0,049 ± 0,006 
0,060 ± 
0,003 

65 ± 2 

 
       

CP3 LD 296 ± 4 1161 ± 11 927 ± 12 0,075 ± 0,009 
0,110 ± 
0,001 

62 ± 3 

TD 210 ± 4 1158 ± 8 921 ± 16 0,064 ± 0,004 0,08 ± 0,01 55 ± 4 

 

 présente les résultats du module de Young (E), de l’UTS, de la limite d'élasticité à 0,2% de la 

déformation plastique (σ0,2%), de la déformation au niveau de la contrainte maximale (εUTS), de la 

déformation à la fracture (εf) et du coefficient de striction (Z), exprimé par l'équation (2) avec S0 la 

section initiale et Sf  la section finale. 

 𝑍 = (𝑆 − 𝑆𝑓𝑆 ) × ͳͲͲ ( 2 ) 
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Table I-3. Résultats des essais de traction de CP1, CP2 et CP3 

  E (GPa) UTS (MPa) σ0.2%(MPa) 
εUTS εr Z (%) 

CP1 
LD 200 ± 13 1384 ± 22 962 ± 6 0,09 ± 0,01 

0,136 ± 
0,005 

46 ± 6 

TD 219 ± 1 1385 ± 2 977 ± 3 0,083 ± 0,006 
0,133 ± 
0,003 

44 ± 6 
 

       

CP2 
LD 196 ± 8 1309 ± 5 1022 ± 13 0,059 ± 0,004 

0,061 ± 
0,001 

64 ± 1 

TD 201 ± 2 1294 ± 7 1010 ± 13 0,049 ± 0,006 
0,060 ± 
0,003 

65 ± 2 

 
       

CP3 LD 296 ± 4 1161 ± 11 927 ± 12 0,075 ± 0,009 
0,110 ± 
0,001 

62 ± 3 

TD 210 ± 4 1158 ± 8 921 ± 16 0,064 ± 0,004 0,08 ± 0,01 55 ± 4 

 

Les éprouvettes peuvent être classées en fonction de la résistance maximale : CP1 > CP2 > CP3, 

et de la déformation à rupture : CP1 > CP3 > CP2. Il est intéressant de noter que Z ne suit pas la même 

évolution que l'allongement, puisque CP1 présente l'allongement le plus élevé mais le paramètre Z le 

plus faible. Inversement, CP2 et CP3 présentent un coefficient de striction élevé, mais l'allongement le 

plus faible. Cette différence indique une réduction importante de l'épaisseur pendant la striction qui 

n'est pas détectable par l'extensomètre.   

4. Synthèse des résultats et conclusion 

Dans ce chapitre, l’iŵpoƌtaŶĐe de la ĐaƌaĐtĠƌisatioŶ ŵĠtalluƌgiƋue des aĐieƌs CP a ĠtĠ ŵise eŶ 

évidence pour expliquer les propriétés mécaniques. Les résultats majeurs de ce chapitre sont résumés 

dans la Error! Reference source not found.. 

Table I-4. Récapitulatif du pourcentage d’austĠŶite ƌĠsiduelle ŵesuƌĠ daŶs les tƌois ŶuaŶces d’acieƌs 

CP1200. 

 UTS (MPa) εr 
RA (%) 

Si 
(wt%) 

Dimension 
moyenne des 
lattes  (μm) OM 

SEM 
(morphologie) 

EBSD 

CP1 1385 ± 14 
0,131± 
0,005 

9 
18 (lattes 

+ilôts) 
9,1 1,4 0,2 ± 0,3 

CP2 1301 ± 10 
0,083± 
0,006 

Faible 
quantité 

15 (lattes) 0,2 0,91 0,5 ± 0,4 

CP3 1161 ± 8 
0,105± 
0,001 

2 
11 (lattes 

+ilôts) 
2 0,84 1 ± 1 
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Ces résultats nous permettent de conclure que : 

• UŶ laƌge ĠǀeŶtail de pƌopƌiĠtĠs ŵĠĐaŶiƋues peut ġtƌe oďseƌǀĠ sous la dĠsigŶatioŶ CPϭϮϬϬ. 

Dans les trois nuances étudiées, 200 MPa sur l'UTS et une variation de 0,05 sur l'allongement total ont 

été mesurés entre les valeurs extrêmes. Ces différences peuvent être expliquées par les différences de 

microstructures. 

• Tous les ŶuaŶĐes oŶt ƌĠǀĠlĠ la pƌĠseŶĐe d’austĠŶite ŵais aǀeĐ deuǆ ŵorphologies différentes 

: les îlots et les lattes. Cette austénite est développée grâce à la présence de silicium qui retarde la 

formation de cémentite. Cependant, sa quantité n'assure pas forcément la ductilité du matériau. En 

effet, il a été souligné dans la littérature que les îlots d’austénite sont plus bénéfiques pour la ductilité, 

ce que nos expériences tendent à confirmer. 

• L'aŶalǇse des aŶgles de dĠsoƌieŶtatioŶ à l'aide de l'EBSD ƌĠǀğle deuǆ tǇpes de ďaiŶite 

(supérieure et inférieure). Les mesures effectuées permettent de les identifier mais pas de les 

ƋuaŶtifieƌ. CepeŶdaŶt, l’Ġtude peƌŵet de ŵettƌe eŶ ĠǀideŶĐe uŶ aŶgle de 45 ° entre la ferrite bainitique 

et l’austĠŶite, Đe Ƌui pouƌƌait ĐoŶstitueƌ uŶ oďstaĐle auǆ ŵouǀeŵeŶts de disloĐatioŶs et le point de 

départ de l’eŶdommagement. 

• Les mesures de la taille des lattes confirment leur effet sur la résistance mécanique. En effet, 

le classement de l'UTS (CP1 < CP2 < CP3) est inverse à celui de la taille des lattes (CP3 < CP2 < CP1). 

Les caractéristiques de stabilité thermique de l’aĐieƌ CP1200 ont été étudiées par analyses DSC 

et dilatométrie. Trois modifications microstructurales différentes lors du chauffage de la température 

ambiante à 900 °C sont mises en évidence. Tout d'aďoƌd, la dĠĐoŵpositioŶ d’austĠŶite ƌĠsiduelle en 

ferrite et cémentite est mesurée. Ensuite, la transformation de la ferrite et de la cémentite bainitiques 

en austénite se produit, puis la microstructure devient complètement austénitique. 
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Chapter II. Etude des mécanismes de plasticité cyclique des aciers 

CPϭϮϬϬ et iŵpact d’uŶ chargement thermomécanique 

1. Mécanismes de plasticité cyclique des aciers CP1200 

Dans ce chapitre, les ƌĠsultats ĐoŶĐeƌŶaŶt l’Ġtude des ŵĠĐaŶisŵes de plastiĐitĠ pƌĠseŶts daŶs 

les aciers CP1200 sont étudiés. Dans un premier temps, une étude de l’iŵpaĐt de la quantité des 

disloĐatioŶs suƌ l’adouĐisseŵeŶt ĐǇĐliƋue est menée. Ensuite, les composants de écrouissage 

cinématique et isotrope sont mesurés et la présence du comportement de Masing dans ces alliages 

est observé. Le détail des expériences est développé dans le manuscrit de thèse. 

 Effet de la densité de dislocation sur l’adoucisseŵeŶt cǇcliƋue daŶs l’acieƌ 

CP1200 

Les courbes cycliques alternées ont été obtenues par la méthode des tests incrémentaux, à 

l’aide d’uŶ Ġtau. Comme le montre la Figure II-1, des cycles avec des amplitudes de contrainte 

croissantes ont été appliqués à la nuance CP2. Les résultats ont été acquis avec trois échantillons (t1, 

t2 et t3), où suffisamment de cycles ont été atteints sans flambement sensible. Les deux premiers tests 

ont été réalisés avec un programme d'amplitudes de déformation similaire afin de vérifier la 

répétabilité des mesures, tandis que le troisième a été réalisé avec des niveaux d'amplitudes de 

déformation plus élevés.  

 

Figure II-1. Courbes de traction cycliques obtenues par la méthode des tests incrémentaux sur le 

CP2 à des amplitudes de déformation de ± 0,08%, ± 0,3%, ± 0,4%, ± 0,5%, ± 0,6%, ± 0,7%, ± 0,8% et 

± 0,9%. 

Afin d'observer le durcissement ou l'adoucissement cyclique, la courbe de contrainte-

déformation cyclique (CSSC) est présentée à la Figure II-2. Pour évaluer ces résultats, l'amplitude de 
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contrainte des cycles saturés pour chaque niveau doit être représentée en fonction de l'amplitude de 

déformation. Cependant, pour ces expériences, même après 100 cycles par niveau, la saturation 

cyclique Ŷ’est plus observée après ± 0,4%. Par conséquent, les valeurs du dernier cycle pour chaque 

amplitude de déformation ont été prises en compte.  

Pour compléter l'analyse, l'évolution de l'amplitude de contraintes cycliques est affichée en 

fonction du nombre de cycles. 

a 

 

b 

 

Figure II-2. DĠteƌŵiŶatioŶ de l’adoucisseŵeŶt : (a) EvolutioŶ de l’amplitude des contraintes 

cycliques pendant les tests, (b) Réduction de la contrainte observée loƌs de l’adoucisseŵeŶt 

cyclique. 

Pour les amplitudes de déformation cyclique comprises entre ± 0,08% et ± 0,3%, une légère 

augmentation de l'amplitude de contrainte cyclique est perceptible. Cependant, après ± 0,4%, un 

adoucissement se produit pendant les premiers cycles. Ces résultats sont en accord avec les travaux 

de Yoshida et al. [16]. À faible nombre de cycles, les dislocations sont enchevêtrées et inamovibles, 

entraînant le durcissement du matériau. Néanmoins, dans l'acier bainitique, une grande quantité de 

dislocations a été observée. Leurs interactions permettent rapidement leur annihilation et la formation 

d'arrangements de dislocations, ce qui favorise le ramollissement de l'acier. Cependant, la littérature 

indique une dépendance du duƌĐisseŵeŶt ĐǇĐliƋue et du ƌaŵollisseŵeŶt à l’amplitude de déformation 

[17,18]; il est donc nécessaire de tester davantage de conditions expérimentales pour vérifier ces 

résultats. 

 Analyse des structures de dislocations par l’application de la loi de Masing 

L’Ġtude de l’adoucissement ĐǇĐliƋue ƌĠǀğle l’iŵpaĐt de la foƌte deŶsitĠ de disloĐatioŶs et de 

leur aƌƌaŶgeŵeŶt aǀeĐ l’aŵplitude des ĐoŶtƌaiŶtes. AfiŶ de ĐoŶfiƌŵeƌ cela, le comportement de 

Masing a été étudié à l'aide de tests incrémentaux. Pour effectuer l'analyse, les cycles en déformations 
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plastique ont été calculés et les domaines élastiques ont été alignés pour tous les cycles. Toutes les 

valeurs minimales ont ensuite été coïncidées pour normaliser les courbes cycliques (Figure II-3). 

 

Figure II-3. Vérification de la loi de Masing par la normalisation des courbes cycliques obtenues 

paƌ des tests iŶcƌĠŵeŶtauǆ suƌ l’acieƌ CPϮ. 

AǀaŶt Δε/Ϯ = Ϭ,ϵ%, la supeƌpositioŶ de la ĐoŶtƌaiŶte ƌĠelle de ĐhaƌgeŵeŶt Ŷ’est pas 

peƌĐeptiďle. EŶtƌe Δε/Ϯ = ϭ,ϭ% et Δε/Ϯ = ϭ,ϯ%, oŶ peut oďseƌǀeƌ uŶ ĐheǀauĐheŵeŶt des paƌties eŶ 

traction des courbes. D'après la littérature [19–22], la non-superposition de la contrainte de 

chargement vraie met eŶ ĠǀideŶĐe uŶe ŵodifiĐatioŶ daŶs l’aƌƌaŶgeŵeŶt des dislocations et le 

chevauchement de la partie de chargement révèle un arrangement de dislocations similaire pour ces 

amplitudes de déformation. Pour confirmer cette théorie, une caractérisation microstructurale a été 

réalisée. Des tests cycliques comprenant 50 cycles ont été effectués avec une contrainte d'amplitude 

de ± 0,5% et ± 1% avec un rapport cyclique de -1. Des observations microstructurales ont ensuite été 

effectuées par EBSD et TEM au centre de ces échantillons. 

Les résultats obtenus par EBSD ne révèlent pas beaucoup de différences entre l’ĠĐhaŶtilloŶ 

initial et les échantillons qui ont été soumis à une déformation cyclique. Même s’ils avaient été 

seulement légèrement déformés, le nombre initial de mauvaises orientations dans la bainite serait 

trop élevé pour que toute différence soit perceptible. Par conséquent, à cette échelle, aucune 

modification des structures microstructurales n'est visible. 

Pour tenter de percevoir ces changements microstructuraux et le non-respect de la loi de 

Masing, des analyses MET ont été effectuées  (Error! Reference source not found.). 
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 ∆�ʹ� = Ͳ.5% 
∆�ʹ� = ͳ% 

a 

 

c 

 

b 

 

d 

 

Figure II-4. Images MET  après (a), (b) 50 cycles à une amplitude cyclique de 0.5% montrant 

l’eŶchevġtƌeŵeŶt des dislocatioŶs et (c), (d) 50 cycles à une amplitude cyclique de 1% exposant la 

présence de cellules. 

Des dislocations enchevêtrées ont été observés dans les microstructures après une 

déformation cyclique (± 0,5%). Ces caractéristiques étaient également présentes dans l'échantillon au 

stade initial. Pour l’ĠĐhaŶtilloŶ déformé à une amplitude de déformation de 1%, la formation de 

cellules est observable. Ces résultats sont en accord avec les travaux de Shih et al. [20]. 

 Etude des interactions des dislocations paƌ l’aŶalǇse de l’Ġcƌouissage isotƌope 

et cinématique 

L’ĠǀolutioŶ des ĐoŵposaŶts ĐiŶĠŵatiƋues et isotƌopes a été analysée en fonction de la 

déformation plastique (Error! Reference source not found.). À faible déformation plastique cumulée, 

une réduction du durcissement isotrope et une augmentation du durcissement cinématique peuvent 

être notées. Cependant, lorsque l'amplitude de déformation plastique atteint 0,2%, une stabilisation 

des deux composants du durcissement est observée. La réduction du durcissement isotrope et 

l'augmentation du durcissement cinématique indiquent l'influence significative des interactions à 
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longue distance sur les propriétés mécaniques du CP2. Conformément à la caractérisation 

microstructurale effectuée au Chapitre I de cette synthèse de thèse, les interactions à longue distance 

qui ont un impact sur le durcissement cinématique pourraient être induites par le nombre élevé de 

dislocations dans la microstructure initiale et la présence élevée de joints de grains en raison des lattes 

minces. Pour vérifier ces hypothèses, des essais similaires pourraient être effectués sur des aciers 

bainitiques avec une taille de latte différente. 

a 

 

B 

 

Figure II-5. Evolution de l'écrouissage isotrope (a) et cinématique (b) en fonction de la déformation 

plastique cumulée 

2. Impact de la température sur les propriétés en traction 

DaŶs Đette seĐtioŶ, la staďilitĠ theƌŵiƋue des pƌopƌiĠtĠs ŵĠĐaŶiƋues de l’aĐieƌ CPϭϮϬϬ est 

étudiée dans une plage de températures allant de 200 °C à 600 °C. La température maximale 

Ŷ’eǆĐĠdaŶt pas AĐϭ, auĐuŶe austĠŶitisatioŶ Ŷ’a eu lieu peŶdaŶt les essais. AiŶsi, toutes les ĐoŶĐlusioŶs 

concernent la microstructure bainitique. 

 Influence de la température et du temps de maintien sur les propriétés 

mécaniques  

Pour étudier le comportement thermomécanique du CP2, des essais de traction ont été 

réalisés sur un simulateur thermomécanique (Gleeble) à des températures comprises entre 200 °C et 

600 °C et à différents temps de maintien inférieurs à 1 heure. Afin de simplifier la désignation des 

essais de tƌaĐtioŶ effeĐtuĠs à haute teŵpĠƌatuƌe, l’aĐƌoŶǇŵe HT est utilisĠ. Tous les ƌĠsultats de 

traction sont présentés à la Figure II-6-a. 
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a 

 

B 

 

Figure II-6. (a) Tests de traction effectués à différentes températures [200 °C – 600 °C]; (b) Tests 

de traction effectués après un revenu à différentes températures [200 °C – 600 °C]. 

Les courbes de traction en dents de scie observées à 200 °C contrastent avec les courbes 

obtenues aux températures plus élevées. Cette observation est caractéristique de l'effet Portevin-Le 

Chatelier. Dans les aciers, cet effet peut être expliqué par une diffusion de carbone qui arrête le 

déplacement des dislocations [9,23]. La libération des dislocations entraîne une diminution 

significative de la contrainte, ce qui crée des fluctuations sur les courbes de traction. Ce phénomène 

ĠtaŶt Đoŵpleǆe et dĠpeŶdaŶt de la ǀitesse de dĠfoƌŵatioŶ et de la teŵpĠƌatuƌe, il Ŷ’a pas ĠtĠ 

approfondi au cours de ce projet. À des températures allant jusqu'à 400 °C, une diminution de la 

contrainte est mise en évidence par une augmentation de la température et du temps de maintien 

(Figure II-7). Les effets de viscosité et la modification de la microstructure peuvent expliquer cette 

réduction. Pour dé-corréler ces deux paramètres, des essais de traction ont été réalisés à température 

ambiante (RT) après un revenu similaire à HT (Figure II-6-b). Les tests de RT après revenu à différentes 

températures ont permis d'identifier la perte de contrainte résultante d'une modification de la 

microstructure des échantillons. A HT, une diminution de la résistance peut être identifiée à la suite de 

l'augmentation de la température. Pour comparer les résultats des tests HT et RT, les contraintes 

maximales sont représentées en fonction de la température et du temps de revenu en Figure II-7. 
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Figure II-7. Evolution de la contrainte maximale en fonction du temps de maintien pour les essais 

effectués à température ambiante et à hautes températures. 

Pour tous les tests, une légère augmentation de la résistance est observée entre les 

échantillons testés à température ambiante et à 200 °C. A 400 °C, une diminution significative de l'UTS 

est détectée. Cependant, la diminution de la force est moins significative dans les tests effectués à 

température ambiante. À une température de 600 °C sans temps de revenu, une différence de 600 

MPa dans l'UTS est mesurée. Ces différences représentent l'impact de la viscoplasticité sur les 

propriétés étudiées, qui est plus significative à ϲϬϬ°C Ƌu’à ϰϬϬ°C. UŶ autƌe poiŶt à Ŷoteƌ est Ƌu’auĐuŶe 

ŵodifiĐatioŶ de l’UTS Ŷ’est oďseƌǀĠe pour les essais à HT avec l’augmentation du temps de maintien, 

alors que pour les essais à température ambiante, une réduction significative est observée. 

 BilaŶ de l’aŶalǇse thermomécanique 

Les résultats thermomécaniques de cette étude révèlent une diminution de la résistance 

mécanique au-dessus de ϰϬϬ °C. Cette ƌĠduĐtioŶ des pƌopƌiĠtĠs ŵĠĐaŶiƋues s’eǆpliƋue paƌ deuǆ 

phénomènes : les ŵĠĐaŶisŵes de ǀisĐoplastiĐitĠ et la ŵodifiĐatioŶ de la ŵiĐƌostƌuĐtuƌe de l’aĐieƌ. À la 

température ambiante, la plasticité est régie par le glissement des dislocations, alors que les 

mécanismes de diffusion peuvent être activés à la suite d'une augmentation de la température. Selon 

D. Hull et D.J. Bacon [24], la foƌĐe ;ΔF*Ϳ ŶĠĐessaiƌe à uŶe disloĐatioŶ pouƌ suƌŵoŶteƌ uŶ oďstaĐle peut 

ġtƌe diǀisĠe eŶ uŶe ĠŶeƌgie ŵĠĐaŶiƋue ;τ*V*Ϳ et uŶe ĠŶeƌgie theƌŵiƋue ;ΔG*Ϳ ;ǀoiƌ ÉƋuatioŶ ;6)): 

∗ܨ∆  = 𝜏∗𝑉∗ +  (3) ∗ܩ∆

Les travaux de Hull et Bacon pƌĠseŶteŶt l’ĠǀolutioŶ de la ĐoŶtƌaiŶte de ĐisailleŵeŶt ŶĠĐessaiƌe 

pour surmonter les obstacles en fonction de la température (Figure II-8). La contrainte de cisaillement 

est séparée en deux composantes : la ĐoŶtƌaiŶte iŶteƌŶe ;τGͿ Ƌui Ŷ’est pas ou peu affeĐtĠe paƌ la 

teŵpĠƌatuƌe et la ĐoŶtƌaiŶte effeĐtiǀe ;τ*Ϳ Ƌui est totaleŵeŶt suppƌiŵĠe apƌğs uŶe teŵpĠƌatuƌe 

critique (Tc). Une contrainte effective est induite par des interactions à courte portée, qui peuvent être 



 

 

Synthèse en français 20 

 

surmontées par une activation thermique. Les interactions à longue distance qui caractérisent la 

contrainte interne sont des barrières trop importantes pour être affectées par l'activation thermique. 

 

Figure II-8. Evolution de la contrainte de cisaillement en fonction de la température [24]. 

AǀaŶt TĐ, oŶ oďseƌǀe uŶe ƌĠduĐtioŶ à paƌtiƌ de τ*;ϬͿ, Ƌui est la ĐoŶtƌaiŶte ŶĠĐessaiƌe pouƌ 

surmonter les obstacles à 0 K. Ce paramètre inclut la contrainte de Peierls-Nabarro, définie comme la 

résistance des atomes au mouvement des dislocations à 0 K. A la température T, la contrainte de 

ĐisailleŵeŶt est ƌĠduite à τ*;TͿ, Đe Ƌui iŵpliƋue uŶe augŵeŶtatioŶ de l'ĠŶeƌgie theƌŵiƋue pouvant 

s'expliquer par la vibration des atomes favorisée par la température. De plus, cette vibration atomique 

accrue facilite la montée des dislocations. Celle-ci est caractérisée par le déplacement d'une 

dislocation dans un autre plan de glissement du fait de la création ou de l'annihilation de lacunes [24]. 

Ce mécanisme est donc encouragé par la diffusion de lacunes ou par la diffusion d'atomes interstitiels, 

toutes deux favorisées par la température. L'activation de la montée des dislocations facilite le 

mouvement des dislocations, réduisant ainsi la résistance et augmentant la ductilité du CP2. 

La modification de la microstructure est un deuxième phénomène survenu. Selon la littérature 

[14,25–27], différentes étapes peuvent être observées au cours du processus de revenu : la 

décomposition de l'austénite en carbure (ce qui induit une réduction des contraintes mécaniques), 

avant la relaxation des contraintes internes, et enfin la recristallisation de la bainite en une structure 

équiaxe sur une longue durée de revenu. Toutes ces modifications microstructurales réduisent les 

propriétés mécaniques du CP2. Des températures plus élevées augmentent la diffusion et la vibration 

des atomes, ce qui favorise la formation de carbures et favorise l'activation des mécanismes 

viscoplastiques. 

Dans le chapitre suivant, l’eŶdoŵŵageŵeŶt dans l’aĐieƌ CP1200 après des sollicitations en 

traction sur des éprouvettes entaillées est étudié au moyen d'une quantification des vides. On observe 

que la présence des contraintes internes mesurées précédemment et les modifications de la 

microstructure dues à la température influencent les mécanismes d'endommagement. 
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Chapter III. Description et quantification des mécanismes 

d’eŶdoŵŵageŵeŶt de l’acieƌ CPϭϮϬϬ 

Ce chapitre présente les résultats de l’eŶdoŵŵagement dans les aciers CP1200. 

L’eŶdoŵŵageŵeŶt a été quantifié en utilisant deux méthodes différentes. Premièrement, la 

sensibilité des propriétés mécaniques à l’eŶdoŵŵageŵeŶt a été analysée en prenant en compte le 

concept de contrainte effective introduit par Rabotnov [28,29]. Dans un second temps, une 

observation microstructurale des vides a été réalisée et leur évolution a été étudiée en fonction de la 

déformation plastique à différentes températures et de la triaxialité de contraintes. La localisation des 

vides à l'intérieur de la microstructure a aussi été étudiée pour comprendre les faiblesses et les forces 

du matériau. Seuls les résultats de cette dernière expérience sont présentés dans ce rapport. 

1. QuaŶtificatioŶ des vides avec l’iŵpact du tauǆ de triaxialité 

Les résultats montrent une augmentation importante de la fraction surfacique maximale de 

vides (se référer au manuscrit de thèse) avec l'augmentation de la déformation plastique à la rupture. 

La ductilité de l'échantillon favorise alors la formation de vides. Premièrement, des analyses ont été 

effectuées sur des éprouvettes en traction.  La fraction surfacique vide est affichée en fonction de la 

déformation plastique (Figure III-1-b) et la répartition de la fraction de surface vide à la surface du 

matériau est présentée à la Figure III-1-a. Le nombre et la surface moyenne des vides ont ensuite été 

tracés en fonction de la déformation plastique (voir Figure III-1-c-d). Ces paramètres fournissent, 

respectivement, des informations sur la nucléation et la croissance des vides. 
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d 

 

Figure III-1. (a) Cartographie de la fraction surfacique de vides à mi-Ġpaisseuƌ d’uŶe Ġpƌouvette de 

traction; évolution de (b) la fraction surfacique de vides, (c) du nombre, et (d) du diamètre moyen 

des vides en fonction de la déformation plastique. 

La cartographie de l’eŶdoŵŵageŵeŶt révèle la localisation des vides à l’iŶteƌĐeptioŶ des 

bandes de cisaillement créées lors de la striction. De plus, en ce qui concerne l'évolution des 

paramètres de vide, deux étapes peuvent être observées. Pour une déformation plastique de 0,2, ce 

qui semble être la valeur critique pour l'initiation de l’eŶdoŵŵageŵeŶt, un faible nombre de vides de 

petites dimensions (en dessous de 1 µm²) sont mesurés. Ensuite, au-dessus de ce niveau de 

déformation plastique, on peut observer une augmentation du nombre de vides, ainsi que des 

diamètres plus important. CepeŶdaŶt, la ƋuaŶtitĠ d’eŶdoŵŵageŵeŶt reste faible même en cas de 

fracture (0,15%). Il est donc possiďle de ĐoŶĐluƌe Ƌue la fƌaĐtuƌe de l’ĠĐhaŶtilloŶ est ƌapide et se pƌoduit 

dès la première apparition des vides. 

La croissance, le nombre et la fraction de vide ont également été représentés graphiquement 

pour les échantillons entaillés à la Figure III-2. Pouƌ η1, la déformation plastique mesurée était trop 

faible pour être mesurée en fonction de la distance de la fracture. Par conséquent, la fraction de 

surface vide, le nombre de vides et la surface moyenne de vides ne sont représentés qu'à la valeur de 

déformation plastique maximale. 
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Figure III-2. (a) Fraction surfacique de vides, (b) nombre de vides, et (c) surface moyenne des vides 

en fonction de la déformation plastique pour différents taux de triaxialité. 

Les résultats obtenus pour chaque échantillon montrent une augmentation de la fraction, de 

la croissance et du nombre de vides avec la déformation plastique. En ce qui concerne l'évolution de 

la fƌaĐtioŶ de suƌfaĐe ǀide, η0,5 et η0,6 présentent une contrainte critique similaire (0,6), après quoi un 

dĠǀeloppeŵeŶt ƌapide des ǀides peut ġtƌe oďseƌǀĠ. Pouƌ η1, la fraction surfacique de vide est 

inférieure, ce qui est cohérent avec la faible ductilité observée lors des essais de traction. Ce manque 

de duĐtilitĠ ƌĠduit le dĠǀeloppeŵeŶt de ǀides. Il est doŶĐ possiďle de supposeƌ Ƌu’uŶe tƌaŶsitioŶ eŶtƌe 

fracture ductile et fragile se produit à un taux triaxialité des contraintes comprise entre 1 et 0,6. 

Cependant, des expériences supplémentaires avec un taux de triaxialité de contrainte intermédiaire 

doivent être réalisées pour confirmer cette hypothèse. 

De plus, le Ŷoŵďƌe de ǀides est assez siŵilaiƌe pouƌ η0,5 et η0,6 et une quantité plus faible de 

ǀides a ĠtĠ ŵesuƌĠe pouƌ η1. CepeŶdaŶt, pouƌ η0,6 et η1, la superficie moyenne de ǀide est d’eŶǀiƌoŶ 

1,5 µm². Des valeurs légèrement plus élevées de la surface de vides moyenne sont mesurées pour η0,5. 

Par conséquent, la croissaŶĐe des ǀides s’accélère avec le taux de tƌiaǆialitĠ, η1 présentant des zones 

ǀides siŵilaiƌes pouƌ uŶe ĐoŶtƌaiŶte plastiƋue iŶfĠƌieuƌe à η0,5 et η0,6. Cette observation est conforme 

au modèle de Rice et Tracey, qui prédit une augmentation de la croissance des vides avec le taux de 



 

 

Synthèse en français 24 

 

triaxialité. Néanmoins, il est possible de conclure que les microstructures des aciers CP1200 ne 

permettent pas un développeŵeŶt iŵpoƌtaŶt de l’eŶdoŵŵageŵeŶt, car elles présentent de faibles 

valeurs pour la fraction surfacique, la croissance et le nombre de vides. Une étude complémentaire sur 

la localisation dans ces échantillons a montré que pour tous les taux de triaǆialitĠ, l’eŶdoŵŵageŵeŶt 

se forme à l’iŶteƌfaĐe eŶtƌe les lattes de ďaiŶite. 

2. Influence de la température sur l’ĠvolutioŶ de l’eŶdoŵŵageŵeŶt 

Comme indiqué au Chapitre II, les propriétés mécaniques de l’aĐieƌ CP1200 sont fortement 

modifiées par une augmentation de la température. Par conséquent, les variations de température 

pourraient également influer sur les contraintes à la rupture et les mécanismes d'endommagement. 

 Influence des sollicitations mécaniques à haute tempéƌatuƌe suƌ l’ĠvolutioŶ 

de l’eŶdoŵŵageŵeŶt 

Selon les résultats préĐĠdeŶts, l'ĠǀolutioŶ de l’eŶdoŵŵageŵeŶt est modifiée par une 

augmentation de la température. Après avoir obtenu ce résultat, comme précédemment, la fraction 

surfacique de vide, le nombre et la croissance des vides ont été étudiés en fonction de la déformation 

plastique (Figure III-3). 

a 

 
b 

 

c 

 

Figure III-3. Evolution (a) de la fraction surfacique des vides, (b) du nombre de vides, et (c) de la 

croissance des vides en fonction de la déformation plastique pour les éprouvettes de traction (η = 

0,33). 
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Pour toutes les températures, on peut observer une contrainte critique après laquelle les 

fractions surfaciques de vide augmentent de manière significative. Les contraintes critiques sont de 

0,6 , 1,14 et 1,6 pour les températures respectivement de 400 °C, 500 °C, et 600 °C. En ce qui concerne 

le nombre de vides, on observe une augmentation de ce paramètre avec de la déformation plastique. 

Cependant, il convient de noter qu’uŶ faible nombre de vides s'est développée en dessous de 500 °C 

et qu'une augmentation significative de la formation de vides est observable à 600 °C. Enfin, la 

croissance des vides a été mesurée. Dans la Figure III-3-c, pour que le graphique reste lisible, seules les 

valeurs moyennes sont représentées. En effet, pour toutes les températures, un écart-type deux fois 

supĠƌieuƌ à la ŵoǇeŶŶe a ĠtĠ ĐalĐulĠ. Les ƌĠsultats iŶdiƋueŶt Ƌu’à ϰϬϬ °C, uŶe augŵeŶtatioŶ de la taille 

des ǀides s’est pƌoduite eŶ ƌaisoŶ d’uŶe ĐoŶtƌaiŶte de dĠfoƌŵatioŶ plastiƋue plus iŵpoƌtaŶte, aloƌs 

Ƌu’à ϱϬϬ °C, uŶe ǀaleuƌ ŵoǇeŶŶe d’eŶǀiƌoŶ ϭϬ μm², avec une dispersion élevée des résultats, peut être 

identifiée. Enfin, à 600 °C, la taille moyenne mesurée est d'environ 1 μm². Sur la base de ces résultats, 

deux étapes différentes peuvent être identifiées. En dessous de 500°C, le nombre de vides augmente 

légèrement avec la température et une augmentation importante de la superficie moyenne de vide a 

été mesurée. Le mécanisme de croissance semble être responsable de l’eŶdoŵŵageŵeŶt pour ces 

températures. À 600 °C, une augmentation significative du nombre de vides peut être observée. De 

plus, une réduction importante de la zone de vide est mesurée. La nucléation semble devenir le 

pƌiŶĐipal ŵĠĐaŶisŵe d’eŶdoŵŵageŵeŶt. Ces ƌĠsultats suggğƌeŶt Ƌu'uŶe tƌaŶsitioŶ eŶtƌe deux 

mécanismes d'endommagement se produit entre 500 °C et 600 °C. 

Des résultats similaires ont été obtenus sur des éprouvettes entaillées avec un taux de 

triaxialité de 0,5. Les résultats sont disponibles dans le manuscrit de thèse. Un bilan des résultats est 

présenté dans la Figure III-4. 

a 

 

b 

 

c 

 

Figure III-4. Evolution (a) de la moyenne maximale des aires des vides, (b) du nombre de vides et 

(c) de la déformation critique après laquelle la fraction surfacique des vides croîent en fonction de 

la température et du taux de triaxialité (η=0,3 and η=0,5). 
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 Observation de la localisation des vides et de la transformation de la 

microstructure 

a 

 

b 

 

Figure III-5.  Eǆeŵple de localisatioŶ des vides avec l’iŵpact de la teŵpérature : (a) 400°C et (b) 

600°C  

Pour tous les échantillons, la nucléation des vides s'est produite aux interfaces entre la ferrite 

bainitique et l'austénite. Des microstructures similaires à celles observées après les tests de traction à 

la température ambiante sont observables à 400 °C et à 500 °C. Au contraire, des modifications 

apportées aux microstructures des échantillons à 600 °C sont remarquables. Par conséquent, pour 

obtenir des informations supplémentaires sur cette modification, des analyses EBSD des spécimens 

déformés à 600 °C ont été effectuées. Les cartographies IPF sont présentées à la Figure III-6. 

a 

 

b 

 

Figure III-6. (a) Figure de pole inverse supeƌposĠe à l’IQ; (b) IPF avec les joints de grains de faibles 

désorientations (blanc: 2°–15°) et de fortes désorientations (noir: < 15°) d’uŶe Ġpƌouvettes de 

traction déformée à  600°C. 

La superposition des cartographies IQ et IPF montrent une microstructure similaire à celle 

représentée dans les images MEB. Cependant, la cartographie IPF révèle qu'aucune modification de 

l'orientation cristallographique n'est observable entre ces structures. Ces observations peuvent être 

expliquées par la recristallisation de la microstructure lors du test de traction effectué à 600 °C. Deux 

facteurs peuvent avoir influencé cette recristallisation : la température et la contrainte appliquée. Par 
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ĐoŶsĠƋueŶt, afiŶ d’eǆploƌeƌ l’iŵpaĐt des ĐoŶtƌaiŶtes suƌ Đette ŵiĐƌostƌuĐtuƌe, uŶe ĐaƌaĐtĠƌisatioŶ 

ŵĠtalluƌgiƋue de la tġte de l’ĠĐhaŶtillon de traction a été réalisée. A cette localisation, où la 

microstructure était tempérée mais non déformée, auĐuŶe ŵodifiĐatioŶ sigŶifiĐatiǀe Ŷ’est oďseƌǀaďle 

sur les images (se référer au manuscrit de thèse). 

Il est possible de suggérer l'hypothèse qu'une diffusion du carbone se produit pendant l'essai 

de traction et que ce carbone conduit à la modification de la microstructure. Il a été noté dans la 

littérature que les carbures sont une phase fragile et conduisent à une rupture prématurée des aciers 

bainitiques. Par conséquent, une augmentation du nombre de vides pourrait être expliquée par la 

formation de carbures. Pour confirmer cette hypothèse, les carbures devraient être identifiés par 

diffraction réalisée au MET. 

3. SǇŶthğse des ƌĠsultats coŶceƌŶaŶt l’eŶdoŵŵageŵeŶt 

Quatre résultats importants peuvent être extraits de ce chapitre : 

   L’ĠǀolutioŶ de l’eŶdoŵŵageŵeŶt a ĠtĠ ŵesuƌĠe paƌ l’Ġtude de l’ĠǀolutioŶ des ǀides 

en fonction de la déformation plastique. Ces résultats mettent en évidence une forte dépendance de 

la fraction de vide au taux de triaxialité des contraintes et à la déformation plastique. Une réduction 

du nombre de vides sans modification significative du diamètre moyen a été observée avec 

l'augmentation de la triaxialité de contrainte. Cependant, pour compléter ces conclusions, il manque 

une géométrie d'échantillon avec une triaxialité de contrainte intermédiaire. 

•   Après la quantification des vides, leur localisation dans la microstructure a été étudiée. 

La plupart d'entre eux sont situés à l'interface entƌe l’austénite résiduelle et la ferrite bainitique. Ces 

résultats sont conformes aux études précédentes sur les aciers multiphasés mettant en évidence la 

nucléation des vides aux interfaces. [4, 45]. 

•   EŶsuite, l’iŶflueŶĐe de la teŵpĠƌatuƌe suƌ l’eŶdoŵŵageŵeŶt a été étudiée. Une 

transition intéressante des mécanismes d'endommagement a été observée après 600 °C. En effet, au-

dessous de Đette teŵpĠƌatuƌe, la pƌiŶĐipale ŵodifiĐatioŶ liĠe à l’ĠlĠǀatioŶ de la teŵpĠƌatuƌe est 

l’augŵeŶtatioŶ de la ĐoŶtƌaiŶte ĐƌitiƋue où la ŶuĐlĠatioŶ des doŵŵages ĐoŵŵeŶĐe à ġtƌe ŵesuƌĠe. A 

cette température, aucun impact significatif sur le nombre de vides et la croissance n'est observé. 

Cependant, une augmentation importante du nombre de vides avec la réduction de la croissance des 

vides est mise en évidence. Cette modification est liée à la recristallisation dynamique de la 

microstructure. 
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Une des problématiques de ce sujet a été de comparer les résultats obtenus concernant les 

aciers DP1000 et CP1200. À cette fin, la Table III-1 présente un résumé des caractéristiques générales 

ƌelatiǀes à la ŵĠĐaŶiƋue, à la ŵĠtalluƌgie et à l’eŶdoŵŵageŵeŶt. 

Table III-1. Comparaison des propriétés mécanique et d’eŶdoŵŵageŵeŶt eŶtƌe les acieƌs DP1000 et 

CP1200. 

 DP1000 CP1200 

UTS (MPa) 1040 1301 

Elongation 0,8 0,8 

Température critique 290 °C 400 °C 

Microstructure Martensite et ferrite Bainite et RA 

Modification de la microstructure à haute 

température 

Formation de 

martensite revenue et 

adoucissement de la 

ferrite 

Formation de 

carbures 

Localisation des vides 

Par la rupture de la 

martensite et aux 

interfaces des 

inclusions 

Aux interfaces 

entre la bainite 

ferritique et 

l’austĠŶite 

Localisation des vides sous sollicitations 

mécaniques à haute températures 

Par rupture de la 

ferrite 

A l’iŶteƌfaĐe eŶtƌe 

les lattes de bainite 
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Conclusion 

Les objectifs de cette thèse étaient d'obtenir des informations sur les mécanismes de plasticité 

et d'eŶdoŵŵageŵeŶt des aĐieƌs ŵultiphasĠs CPϭϮϬϬ. Cette Ġtude a ĠtĠ laŶĐĠe paƌ l’eŶtƌepƌise 

Faurecia Automotive Seating. Le but était de mieux spécifier leurs exigences concernant les 

nombreuses propriétés  microstructurales et mécaniques des matériaux provenant de différents 

fournisseurs. Il s’agissait aussi d’aĐƋuĠƌiƌ uŶe ŵeilleuƌe ĐoŵpƌĠheŶsioŶ des comportements en 

plastiĐitĠ et d’eŶdoŵŵageŵeŶt de Đes aĐieƌs. 

Les principaux résultats obtenus à température ambiante sont les suivants : 

 En fonction du fournisseur, une large gamme de propriétés mécaniques et de microstructures 

a été observée. La volonté était alors de mieux comprendre la relation qui existe entre les 

propriétés macroscopiques et les aspects microscopiques. Les chapitres I et II démontrent 

l'iŵpaĐt de la taille des lattes ďaiŶitiƋues et de la pƌĠseŶĐe de l’austĠŶite ƌĠsiduelle suƌ les 

propriétés mécaniques et sur l’eŶdoŵŵageŵeŶt. EŶ effet, les stƌuĐtuƌes ďaiŶitiƋues aǀeĐ des 

fines lattes conduisent à une augmentation de la résistance et la présence d'îlots d’austĠŶite 

résiduelle induit une augmentation de la ductilité.  

 

 L'étude des mécanismes de plasticité analysés par des essais de traction/compression 

cycliques peƌŵet de ŵettƌe eŶ ĠǀideŶĐe le dĠǀeloppeŵeŶt de l’ĠĐƌouissage ĐiŶĠŵatiƋue ĐausĠ 

par les interactions à longue distance des dislocations. Ces tests permettent également de 

confirmeƌ la pƌĠseŶĐe d’uŶe foƌte deŶsitĠ de disloĐatioŶs daŶs la ŵiĐƌostƌuĐtuƌe iŶitiale paƌ 

l’appaƌitioŶ ƌapide d’uŶ adouĐisseŵeŶt ĐǇĐliƋue pouƌ de faiďles dĠfoƌŵatioŶs plastiƋues.  
 

 Les dommages sont réduits avec la triaxialité des contraintes à la température ambiante, et 

les résultats montrent que les vides se localisent à l'interface entre la ferrite bainitique et 

l'austénite.  

De plus, l'Ġtude de la staďilitĠ theƌŵiƋue de l’aĐieƌ CPϭϮϬϬ peƌŵet d'aĐƋuĠƌiƌ de Ŷouǀelles 

informations : 

 La microstructure est fortement influencée par la température. D’apƌğs les expériences de DSC 

et de dilatométrie, la décomposition de l'austénite en ferrite et en cémentite a lieu à des 

températures comprises entre 300 °C et 400 °C. À des températures plus élevées (635 °C), la 

ferrite et la cémentite se transforment en austénite. 
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 Cette modification microstructurale a un impact sur les expériences de traction. En effet, une 

réduction importante de la résistance et une augmentation de la déformation à la rupture ont 

été observées après 400 °C. De plus, la réduction des propriétés de traction a été affectée par 

des effets viscoplastiques lors d'essais réalisés à haute température. 

 

 Il a été démontré l'iŵpaĐt de la teŵpĠƌatuƌe suƌ l’eŶdoŵŵageŵeŶt à travers une transition 

des mécanismes d'endommagement à 600 °C. En dessous de cette température, une forte 

croissance des vides a été observée. Au-dessus  600 °C, une augmentation importante du 

nombre de vides a été observée avec un faible développement de la croissance. Ce 

phénomène est lié à une modification de la microstructure. 

Ces résultats permettent d'obtenir des données sur la plasticité et les mécanismes 

d'endommagement des aciers CP1200. Il serait iŶtĠƌessaŶt de pouƌsuiǀƌe l’Ġtude suƌ Đe pƌojet : 

 La première amélioration qui pourrait être réalisée est la répétition de toutes les expériences 

d'aŶalǇse de l’eŶdoŵŵageŵeŶt pouƌ aĐƋuĠƌiƌ daǀaŶtage de doŶŶĠes statistiƋues. AǀeĐ 

suffisamment de données, les lois théoriques pourraient être appliquées. De plus, une 

géométrie d'échantillon supplémentaire de taux de triaxialité entre 0,6 et 1 doit être effectuée 

pour compléter le graphique de l'évolution de la fraction de surface vide en fonction de la 

triaxialité des contraintes. 

 

 L’utilisatioŶ de la siŵulatioŶ ŶuŵĠƌiƋue pourrait apporter une valeur ajoutée à ces travaux. 

Par exemple, la détermination de la triaxialité des contraintes lors d'essais de traction sur une 

éprouvette entaillée avec l'évolution de la déformation plastique pourrait être obtenue avec 

plus de précision grâce aux outils numériques. De plus, l'utilisation de simulations numériques 

pourrait permettre d'appliquer et de vérifier les coefficients de l’ĠĐƌouissage ĐiŶĠŵatiƋue de 

la loi de Lemaitre et Chaboche obtenus à l'aide d'essais de traction-compression. 

 

 La ŵodifiĐatioŶ des ŵiĐƌostƌuĐtuƌes à ϲϬϬ °C daŶs des ĐoŶditioŶs d’essai de tƌaĐtioŶ a ĠtĠ 

oďseƌǀĠe ŵais Ŷ’a pas ĠtĠ approfondie. Des expériences complémentaires telles que la 

traction in situ sous MEB pourraient être réalisées afin de comprendre le phénomène qui 

conduit à cette modification microstructurale et pourquoi cette structure favorise la 

nucléation des vides. 
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Plasticity and damage mechanisms in specific multiphase steels with bainitic matrix under various 

mechanical loading paths - Influence of temperature 

 

This PhD work investigates plasticity and damage mechanisms of complex phase steels. The bainitic 

microstructures of such steels, which feature retained austenite islands, result in these steels exhibiting good 

formability properties, which are of interest to automotive companies. However, the complexity of these 

microstructures, which are characterised by a high amount of grain boundaries and a high density of 

dislocations, influences plasticity and damage mechanisms. In order to estimate the impact of a steel's 

microstructure on these properties, the investigation of metallurgical features of complex phase steels 

provided by the company Faurecia is performed. Plasticity mechanisms are then investigated by tension-

compression tests to determine the influence of long- and short-range interactions on the motion of 

dislocations. Thereafter, the evolution of damage within microstructures is analysed at different stress 

triaxialities in order to obtain the volume area fraction and the number and average diameter of voids as 

functions of plastic strain. Finally, to examine the thermal stability of these parameters (microstructure, 

plasticity, and damage), experiments are performed at a range of temperatures between 20°C and 600°C. 

Key words: Complex phase steels, damage characterisation, cyclic loading, microstructural analysis 

 

Etude des ŵécaŶisŵes d’eŶdoŵŵageŵeŶt et de plasticité d’acier ŵultiphasés à matrice bainitique sous 

différents trajets de chargement - Impact de la température 

Ce travail de thèse porte sur les mécanismes de plasticité et d'endommagement des aciers  complexes 

phases (CP). La microstructure bainitique de ces aciers peƌŵet d’aĐƋuéƌiƌ de bonnes propriétés de formabilité, 

ce qui intéresse les constructeurs automobiles. Cependant, la complexité de ces microstructures, qui se 

caractérisent par une grande quantité de joints de grains et une densité élevée de dislocations, influence la 

plasticité et les mécanismes d'endommagement. Afin d'estimer l'impact de la microstructure, une étude des 

caractéristiques métallurgiques des aciers à phases complexes est réalisée. Les mécanismes de plasticité sont 

ensuite étudiés par des tests de tension-compression afin d’étudieƌ les ŵéĐaŶisŵes d’éĐƌouissage du 

ŵatéƌiau. EŶsuite, l’évolutioŶ de l’eŶdoŵŵageŵeŶt au sein de la microstructure est analysée à différents taux 

de triaxialité des contƌaiŶtes afiŶ d’oďteŶiƌ la fƌaĐtioŶ de surfacique des vides, le nombre et le diamètre moyen 

des vides en fonction de la déformation plastique. Enfin, pour examiner la stabilité thermique de ces 

paramètres (microstructure, plasticité et endommagement), des expériences sont effectuées dans une plage 

de températures allant de 20 °C à 600 °C.  

Mots clés : Aciers complexes phases, caractérisation de l’eŶdoŵŵageŵeŶt, chargements cycliques, 

analyse microstructurale 
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