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1 Introduction 
To combine fuel saving with increased safety of vehicles, the automotive 

industry was led to develop Advanced High Strength Steels (AHSS). Their high 

yield and tensile strengths enable a decrease in sheet thickness (weight saving) 

and, at the same time, maintaining or even improving crash behavior (safety) 

[Hil09, Pan09]. This is achieved by microalloying [Ste04] and a thermo-

mechanical treatment [Wu08]. The group of promising AHSS includes various 

steel grades such as dual phase (DP), transformation induced plasticity (TRIP) 

and complex phase (CP) steels. Their microstructures consist of different 

phases, including ferrite, martensite, bainite and retained austenite, making up 

"multiphase" steels. Among the different multiphase steels, DP steels actually 

have the biggest share [Tsi06]. 

DP steels are characterized by a good formability, high strength and a good 

compromise between strength and ductility [Dav78a, Fur84]. Moreover, the DP 

steels exhibit a continuous yielding behavior, low yield point and a high strain-

hardening coefficient [Col09, Das09]. This has been attributed to an increase in 

the work hardening (WH) limits through forming mobile dislocations due to the 

martensite transformation during heat treatment and martensite twinning during 

forming [Tim07, Spe81a]. 

Furthermore, the DP steels often show a large potential for bake hardening 

(BH). BH refers to the increase in yield strength that occurs as a result of the 

paint baking treatment of the formed auto-body parts. The primary mechanism 

that causes the additional strengthening is the immobilization of dislocations by 

the segregation of interstitial atoms, known as classical static strain aging 

[Cot49a-b]. The increase of strength thus achieved allows a further reduction of 

sheet thickness and improves the crash safety and the dent resistance. The BH 

of special steel qualities is technically used in DP, where e.g. the increase in 

strength is realized in the final heat treatment [Jeo98, Sam08]. Previous own 

investigations [Asa08a-b, Pal08a] stated that the BH effect of DP is much 

stronger than that one for conventional BH steels. 

The production of hot rolled DP sheet steels is possible using either 

conventional or thermomechanical controlled processing (TMCP) way. TMCP 

means control of the reheating temperature, the rolling schedule and the cooling 

rate, i.e. control of the entire processing sequence. TMCP is a microstructural 
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control technique combining controlled rolling and controlled cooling and 

eliminates the need for further heat treatments. TMCP is used to obtain 

excellent properties for steel sheets and strips, such as high strength, excellent 

toughness and excellent weldability. In steels with the presence of martensite in 

the microstructure, the other aim of TMCP is to refine the martensite by the 

deformation in the non-recrystallized austenite region [Tim03]. 

In TMCP, the structure of steels is refined by a suitable combination of 

controlled rolling and subsequent controlled cooling and accelerated cooling. To 

increase the nucleation sites of ferrite during cooling, controlled rolling is used to 

refine the grains and strain the austenite. The microstructural evolution during 

TMCP involves accumulation, annihilation and rearrangement of dislocations, 

recrystallization and grain growth. For controlled rolling, the microstructural 

evolution that occurs in the material is dependent on the alloying elements, the 

amount of the reductions, the strain rate, the temperature and the length of the 

holding times between reductions [Bäc09].  

It is well known that varying processing parameters during hot strip rolling and 

the chemical composition has a major influence on the microstructure of steels 

and consequently on their properties. However, the study of the influence of 

those parameters on the microstructure development, mechanical properties 

and BH behavior of DP steels has not been sufficiently investigated and is not 

available in the literature. Thus, the aim of this study is to develop hot rolled DP 

steels indicating improved mechanical properties and bake hardenability by 

employing the optimized compositions and microstructural constituents together 

with the feasible processing schedules. For this purpose, the influence of 

processing parameters, microstructural constituents and chemical composition 

on the mechanical properties and the BH behavior in hot rolled DP steels is 

investigated. Furthermore, this study is intended to contribute to the 

understanding of the microstructural evolution and transformation behavior 

during TMCP.  

The hot rolled DP steels are typically produced on a hot strip mill, where the 

level of roughing and finishing rolling depend on the mill configuration and the 

starting and final thicknesses of the strips. This work is done on hot strip 

products of Salzgitter Flachstahl GmbH (SZFG), starting with material after 
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roughing. The simulation of controlled rolling is primarily intended for the hot 

strip mill process at SZFG. The outline of the present thesis is as follows:  

• Simulating finishing rolling for the last stands and studying the influence of 

applied strains and temperatures during hot deformation on the phase 

transformation behavior, microstructure development, mechanical 

properties and BH behavior of DP steels (chapter 4).  

• Simulating finishing rolling and studying the effect of cooling rate and 

structural constituent (amounts of martensite and ferrite) on the phase 

transformation behavior, microstructure development, mechanical 

properties and BH behavior of DP steels (chapter 5).  

• Studying the influence of chemical composition on the phase 

transformation behavior, microstructure development, mechanical 

properties and BH behavior of DP steels (chapter 6).  

• Investigation on the influence of reheating temperature during simulation of 

roughing on the microstructure and the final mechanical properties of Nb 

microalloyed DP steels (chapter 6). 



Theoretical Background                                                                          Chapter 2 

4 

2 Theoretical Background 

2.1 Dual Phase (DP) High Strength Steels 

One of the first commercial DP products was marketed in the USA [Mat79]. It 

was based on a pearlite-reduced vanadium microalloyed steel, commonly 

encountered in the 1970's, plus an intercritical annealing process. DP steels are 

low carbon (~0.05 to 0.2 %) AHSS grades, which usually contain manganese 

(Mn), silicon (Si) and microalloying elements as additions. The amount of 

martensite usually varies within 5 - 30 % [Ang06], but in practice also larger 

amounts are possible. Small amount of bainite, retained austenite or acicular 

ferrite may be present in microstructure as well [Kim87, Mur06, Smi93, Spe02]. 

DP steels quickly became one of the most popular and versatile materials in 

today's automotive industry. Currently these steels are most commonly used in 

structural applications where they have replaced more conventional high 

strength low alloy (HSLA) steels [DeC04]. They offer a great potential for part 

weight reduction. DP steels have both, high tensile strengths and moderate total 

elongations, excellent for auto applications, such as cold-pressed wheel rims 

[Dav78a, Mat87]. In addition to the high strength, the DP steels often show a 

large potential for BH. However, the BH mechanism in multi phase steels is not 

fully understood yet.  

In general, the production of DP sheet steels is possible using different process 

routes. In the conventional route DP steels are produced by intercritical 

annealing (producing an α + γ microstructure) followed by severe 

cooling/quenching, resulting in a soft ferrite matrix containing hard martensite 

particles [Hua04]. The intercritical anneal can be followed either by finishing 

rolling for hot strip product or cold rolling for cold rolled annealed (CRA) or hot 

dip galvanized (HDG) products. In thermomechanical process routes the strips 

are finished rolled in the two phase fields of austenite and ferrite and then 

cooled down towards low temperatures. Due to the higher cooling rate in that 

scheme lower amounts of alloying elements are needed [Hel05]. 

2.1.1 Alloying Elements in DP steels 

DP steels belong to the low alloyed steels, with C, Mn and Si being the main 

alloying elements. C shifts the formation of martensite and bainite towards 
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longer times [Sol10]. It has the greatest impact on the hardness of the 

martensite in AHSS [Mai86]. Mn is foremost an austenite stabilizing element. Mn 

increases C solubility in austenite [Mur06] and lowers the pearlite reaction, 

which allows for a wider range of cooling rates. However, excessive levels of Mn 

can promote carbide precipitation in the austenite [Ble02]. Si is not an austenite 

stabilizing element. In fact, it raises the ferrite-austenite eutectoid temperature 

and significantly reduces the activity of C in ferrite [Smi93]. Si decreases the 

precipitation of carbides, especially cementite [Ray81, Ray82]. Si has a very low 

solubility in cementite; thus, high Si-steel would be an inhospitable environment 

to cementite [Bha92a, Les78]. However, high Si contents tend to form very 

adherent oxides on the surface during rolling or continuous annealing that are 

very difficult to remove [Kim00]. Mahieu et al. [Mah02] noted that this effect is 

due to the segregation of Si to the surface and the formation of complex  

Mn-Si-oxides that resist wetting by the zinc bath. 

Phosphorus, like Si, inhibits the formation of carbides, leaving more C in solution 

for segregation to austenite. Less carbide was observed in the phosphorus-

alloyed steels than in the non-phosphorus alloyed steels [Che89a].  

Chromium effectively extends the austenite field and shifts the pearlite and 

bainite phase fields towards longer times [Pic99a]. Cr tends to increase strength, 

but decreases elongation and austenite retention [Kim00]. This may be helpful if 

it is desired to produce AHSS that require ductility superior to DP material, but 

the extraordinary elongations found in TRIP steels (at their lower strengths) are 

not required. Cr (or Mo, Co, W, V, etc.) poisoning of TRIP steel to produce a 

compromise between DP and TRIP properties is an important field for future 

research. Mintz [Min01] noted that Cr can have an effect on carbide precipitation 

similar to that of Al, Si and P, but that > 0.5 % Cr can lead to poor galvanizing.  

2.1.2 Martensite in DP Steels 

The influence of the martensite volume fraction (MVF) in DP steels, as a hard 

phase, was investigated by a number of authors [Ajm09, Dav78a, Mar82a, 

She84]. The growth of the MVF results in increased yield point, tensile strength 

and impact strength of DP steels. According to [Bag99, Tav99], this effect could 

only be observed up to MVF of about 55 %. At higher MVF values, the authors 
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observed a decrease of strength properties, which they explain by a decreased 

carbon concentration in martensite. 

The martensitic transformation in steel is just one example of a more general 

phenomenon of martensitic transformations described as shear-dominant, 

lattice-distortive and diffusionless transformations, occurring by nucleation and 

growth [Bha92a]. Martensite can form at very low temperatures, where diffusion, 

even of interstitial atoms, is not conceivable over the time period of the 

experiment. The martensite transformation in steels is generally considered to 

be a time-independent, athermal process, which begins at the martensite-start 

(MS) temperature and proceeds upon cooling below this temperature. The 

kinetics of the martensite transformation in steels is nucleation controlled as the 

growth rate of the martensite is extremely rapid [Wan00]. 

There are two types of martensite: lath and plate. Lath martensite is normally 

found in steels with lower concentrations of C (up to 0.5 wt. %) [Mor03]. The 

structure units are laths, mostly separated by low angle boundaries, grouped 

into packets. The substructure consists of a high density of dislocations 

arranged in cells. The martensite in DP steels is usually of lath type. Each 

martensite lath is composed of many dislocation cells with an average width of 

2500 A [Mar69, Spe65]. Typical dislocation densities are estimated to be 0.3 to 

0.9·1012 cm-2 [Gho94]. The substructure is superficially similar to that developed 

in iron by heavy cold work [Emb66].  

Plate martensite is characteristic for high carbon steels (more than 1.3 wt. %) 

[Bha92b]. The structure is made of lenticular plates of martensite units, each 

consisting of fine twins about 5 nm apart [Mil85]. These twins gradually merge 

into an array of dislocations near the periphery of the plate. The microstructure 

of steels containing C in the range 0.5 to 0.8 wt. % is generally complicated, with 

lath martensite, plate martensite and residual, non-transformed austenite 

coexisting together [Spe72]. 

Martensite is a metastable structure, and as such it can undergo structural 

changes even at low temperature. Historically, the term tempering is used for a 

process of heating martensitic steels to elevated temperatures so that they 

become more ductile. The term aging is referring to the processes that occur 

during the storage of martensite at room temperature (RT). The aging and 

tempering behavior of iron-carbon martensite has been the subject of intensive 
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investigation for more than 60 years and a large amount of literature exists 

covering the subject [Cha86, Che88, Han01, Ino78, Ohm92, Ols83]. Research 

has shown that the decomposition processes are complex and involve many 

overlapping phenomena. The temperature ranges at which they occur are 

dependent on heating rate, composition and structural details. They can be 

summarized as follows [Dec78, Mit91, She83]: 

a) Transformation of a part of the retained austenite into martensite between 

115 and 215 K. 

b) Redistribution of C atoms (precipitation processes) around and slightly above 

RT, ascribed to: 

i)  Segregation of C atoms to lattice defects (~0.2 wt. % C). 

ii) Transfer of C atoms at a/b octahedral interstices to c octahedral 

interstices. 

iii) Formation of C enrichments in the matrix for the predominant part of the 

C atoms. 

c) First stage of tempering between 355 and 455 K: precipitation of transition 

carbides. 

d) Second stage of tempering between 475 to 625 K: decomposition of retained 

austenite into ferrite and cementite. 

e) Third stage of tempering between 525 and 625 K: precipitation of the stable 

carbide, cementite. 

f) Recovery of dislocation substructure, grain growth and sphereoidization of 

cementite between 600 and 900 K. 

2.1.3 Properties of DP Steels 

There is broad consensus that the low elastic limit (defined as the first deviation 

from Hooke’s law in the stress-strain curve), the continuous yielding and the 

high strain hardening rate are a consequence of the austenite to martensite 

transformation which involves a volume expansion [Cal10, Col09, Tim04]. The 

strains produced by the transformation result in residual stresses in the 

surrounding ferrite [Che85, Sak83]. The volume change induces plastic 

deformation of adjacent ferrite grains and therefore, creates a high density of 

unpinned dislocations in the vicinity of martensite [Dav79, Rig79] as was 

qualitatively studied by transmission electron microscopy (TEM) [Kor84, Mat79]. 
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In order to avoid decohesion at the ferrite/martensite (F/M) interfaces this 

expansion must be accommodated by microplastic deformation of the 

surrounding ferrite grains. This leads to the generation of mobile dislocations, 

i.e. there is a higher dislocation density next to the F/M interfaces than in the 

interior of the ferrite grains [Lid01, Mat79]. The dislocation density in the interior 

of ferrite grains is about 6·1012 m-2 and at the F/M interface about 30·1012 m-2 

[Fan94].  

Several theoretical models have been proposed to explain the deformation 

behavior of DP steels [Mil69, Tom76]. Most of these models treat each 

constituent of the microstructure as a continuum, and the mechanical properties 

of each constituent are assumed to be independent of the other elements in the 

microstructure. Another assumption of many of these models is that the 

martensite deforms to approximately the same extent as the ferrite. However, 

the results of several studies indicate that the deformation of a DP steel is 

inhomogeneous, with the strain in the ferrite much greater than the strain in the 

martensite [Bal81, Kar74, Kor80, Mar81]. A mechanism which is based on the 

accumulation of dislocations in a material which deforms inhomogeneously has 

been proposed by Ashby [Ash71] and Ballinger [Bal81] as responsible for the 

high WH rates typical of DP steels. Some deformation models of DP steels 

assume both martensite and ferrite phases are ductile and obey the Ludwig 

relationship (Eq. 2.1), with equal strain in both phases [Hup99, Ume00]: 
nk ϕσ .=                (Eq. 2.1) 

where n [-] is a work hardening coefficient, k [MPa] is the strength coefficient, 

σ [MPa] is true stress and φ [-] true strain. Unlike most steels, the stress-strain 

behavior of DP steels frequently cannot be approximated by a simple parabolic 

function over the entire strain range, i.e. DP steels do not exhibit single n values 

[Mat79]. Analysis with constitutive equations has indicated that the stress-strain 

curve of a DP steel may be divided into as many as three strain regions, each 

described by a different parabolic function or n value [Law81]. The character and 

number of regions or stages observed depend on microstructural parameters 

such as grain size and MVF [Mat79]. The existence of more than one stage 

indicates that a single WH mechanism may not describe the WH behavior at all 

strains. 
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2.2 Thermomechanical Controlled Processing (TMCP)  

To achieve the desired final mechanical properties of the strip such as a good 

combination of strength, fracture toughness and weldability, thermomechanical 

controlled processing (TMCP) is utilized [DeA88]. TMCP means control of the 

reheating temperature, the rolling schedule and the cooling rate. The purpose of 

TMCP is to obtain optimum grain refinement and it is therefore necessary to 

maximize the area of austenite grain boundary per unit volume at the onset of 

phase transformation. 

The stored energy due to the accumulated dislocations during hot rolling is 

generally lowered by three processes: recovery, recrystallization and grain 

growth [Bra77, Dja72]. Recovery and recrystallization can take place during and 

after deformation and to distinguish them they are called dynamic and static, 

respectively. The flow curve is dependent on the conditions of the deformation, 

such as temperature (Tz) [K] and strain rate (ϕ& ) [s-1], which can be expressed by 

the Zener-Hollomon parameter (Z) [DeA88]: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

z

def

RT
Q

Z exp.ϕ&               (Eq. 2.2) 

where Qdef [J mol-1] is the activation energy for deformation and the gas 

constant, R = 8.314 J mol-1 K-1.  

During hot strip rolling, the material generally stops recrystallizing below a 

certain temperature. This temperature is often called the recrystallization stop 

temperature (RXST) or the non-recrystallization temperature (TnRX). The TnRX 

denotes the temperature above which static recrystallization (SRX) occurs 

between the passes [Yue97]. It depends on the deformation, the cooling rate 

and the inter-pass times in the rolling process. Below this temperature 

recrystallization is retarded due to strain-induced precipitation of second-phase 

particles. 

For the controlled hot rolling a setup (rolling schedule) determines the 

temperature and reduction that has to be met in each pass in order to obtain the 

desired final product. The setup is determined on the basis of the desired final 

mechanical and geometrical properties of the strip. Several studies of the effects 

of TMCP parameters on the final properties of AHSS have been performed, and 

will be reviewed in the following. 



Theoretical Background                                                                          Chapter 2 

10 

2.2.1 Effect of Deformation, Temperature and Strain Rate 

Calcagnotto et al. [Cal08] investigated the effect of large strain warm 

deformation on the microstructure of DP steels. Using deformation dilatometry 

they produced ultrafine grained DP steel by a large strain warm deformation and 

subsequent intercritical annealing. The authors found that the final 

microstructure consisted of martensite islands embedded in an ultrafine grained 

polygonal ferrite matrix. The average grain size was 1-2 µm. The strain 

hardenability was drastically improved by the introduction of martensite as a 

second phase. Small amounts of retained austenite might further enhance strain 

hardenability. Small amounts of retained austenite (< 1 µm) were finely 

dispersed. Similar results were reported in [Par05].  

Hanzaki et al. [Han95a-b, Han97] studied the effects of different TMCP paths on 

the final properties of TRIP steels. The steels were processed by soaking in the 

austenite regime and then deforming to various degrees, intercritical annealing, 

isothermal bainitic transformation and cooling to RT. The hot deformation was 

done in one step with φ = 0.3 or a double reduction with two passes, each 

φ = 0.3. This resulted in materials of varying austenite grain sizes, where the 

materials that received more deformation had a finer austenite grain structure. 

Godet et al. [God02] have shown that larger hot deformations in the intercritical 

region of a hot band TRIP steel resulted in greater mechanical properties. 

Samples given a deformation pass of φ = 0.7 in the intercritical regime reached 

a strain hardening parameter (n) of 0.28 during subsequent tensile tests, 

whereas samples without deformation below the austenite non-recrystallization 

temperature only reached n = 0.20. Additionally, the heavily deformed material 

had a higher tensile strength in addition to its better strain hardening and a 

longer total elongation. 

Hanzaki et al. [Han97] studied the influence of the deformation finishing 

temperature on the mechanical properties of TRIP steels. The steels were 

deformed at temperatures of 1000 °C and 1050 °C. The steel showed a slightly 

larger ductility and decreased strength at 1050 °C. The same authors [Han95a] 

varied the strain rate (ϕ& ) to obtain both, statically and dynamically recrystallized 

samples. Samples were deformed at two temperatures (1000 and 1050 °C) and 

the second hit of the double hit tests were performed at ϕ&  = 0.1 s-1 (still static 

recrystallization, SRX) and at ϕ&  = 0.001 s-1, resulting in dynamic recrystalliza-
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tion (DRX). The lower deformation temperature for both strain rates produced a 

lower fraction of retained austenite. At 1050 °C, both strain rates gave the same 

fraction of retained austenite, and the dynamic process gave slightly higher 

fraction of retained austenite at 1000 °C. They suggest that the dynamically 

recrystallized dislocation substructure will be more prone to the retention of 

austenite, without giving an argument. This is likely due to a lower magnitude of 

precipitation. 

2.2.2 Effect of Cooling Rate  

The cooling rate from the intercritical area to the ferrite, bainite or martensite 

formation region strongly affects the final properties of the steel. Sakuma et al. 

[Sak91] noted that increasing cooling rate resulted in greater values for yield 

strength and total elongation in bainitic steels although increasing to the highest 

rates (≥ 100 K/s) steadily reduced these values. Minote et al. [Min96] stated that 

a slow cooling rate of 3 K/s produced a high volume fraction of epitaxial ferrite in 

TRIP steels as compared to faster cooling rates. This resulted in stronger 

carbon partitioning to the austenite which is beneficial for mechanical properties.  

The study of Speer and Matlock [Spe02] demonstrated the effect of cooling rate 

on the formation of epitaxial ferrite in DP steels. At about 1000 K/s quenching, 

relatively little epitaxial ferrite can be formed. At 12 K/s, almost all of the 

intercritically formed austenite is lost to epitaxial ferrite, leading to a tiny volume 

fraction of martensite. As the nucleation barrier for epitaxial ferrite should be 

minor or zero, only reducing its growth time or growth rate will suppress it. 

However, epitaxial ferrite is not necessarily detrimental. It will, after all, reject C 

into the remaining austenite. Excessively fast cooling resulted in growth of ferrite 

supersaturated in C or transformation to martensite. Thus, a compromise value 

of cooling rate seems to give optimum final properties. 

Sakuma et al. [Sak91] noted almost no effect of cooling rate at values of  

20 - 60 K/s in bainitic steels. At 80 K/s they found a slight decrease in uniform 

elongation. They did not discuss the mechanism behind this result, but it seems 

likely the loss of C rejection from epitaxial ferrite may be to blame. Pichler et al. 

[Pic01] and Traint et al. [Tra02] independently noted constant mechanical 

properties with cooling rate except at the slowest values. Pichler and Stiaszny 

[Pic99b] found only negligible effects of cooling rate on mechanical properties of 



Theoretical Background                                                                          Chapter 2 

12 

TRIP steels. However, all of these studies varied cooling rate by less than one 

order of magnitude, rather than over multiple orders. 

2.2.3 Effect of Microalloying Elements  

Microalloying elements (Ti, Nb or V) can also be used in the production of DP 

[Dav79, Spe83]. They retard recrystallization by adding small amounts of them 

[DeA84]. Cuddy [Cud82] investigated the effect of microalloying elements on 

recrystallization behavior in a 0.07 C - 1.40 Mn - 0.25 Si (wt. %) steel and 

reported that Nb provides the most effective raise of the recrystallization 

temperature. Also, recrystallization is impeded at higher temperatures with small 

additions of Nb. In Cuddy’s investigation multi-pass deformation was conducted 

with a total reduction of about ϕ = 0.5. 

In [Muk96], the temperature during reheating the slabs is chosen in that way that 

the microalloying elements are in solution. For rolling, the temperature is 

reduced, so Nb forms nitrides, carbides and/or carbo-nitrides which effectively 

retards recovery and recrystallization leading to finer austenite grains. The 

highly work hardened (pancaked) austenite provides numerous nucleation sites 

for the ferrite during the subsequent transformation which give very fine ferrite 

grains [Ouc77]. The effect of Nb in solution on the dynamic recrystallization time 

temperature (RTT) curves was investigated by Bäcke [Bäc09]. RTT curves were 

constructed from the recrystallization start time at a certain temperature taken as 

the peak strain through the strain rate. The values were obtained from the flow 

stress curves at a strain rate of 0.1 s-1 and a temperature between  

1000 - 1200 °C. The author reported that recrystallization is much faster in the 

plain C-Mn steel compared to the Nb microalloyed steels. The effect is 

enhanced at lower temperatures. 

Yamamoto et al. [Yam82] investigated the effect on recrystallization of Nb in 

solution and as precipitated carbides and nitrides. The softening in the material 

was studied by double compression tests and the fraction softening between 

deformations was determined by an offset-method. The fraction softening was 

compared to the fraction recrystallized determined for a quenched steel with 

high hardenability (0.04 C - 2.0 Mn - 0.3 Mo - 0.1 Nb; in wt. %) by microscopic 

observations. The microscopic observation compared to the softening curves 

indicated that recrystallization starts at the softening ratio around 20 %. The 
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authors found that the retarding effect of Nb in solution is very significant in the 

region below 20 % softening, i.e. before the start of recrystallization. Above 

20 % softening the effect is smaller which indicates that solute Nb retards 

recovery and the onset of recrystallization. 

2.3 Microstructure Evolution after TMCP  

For several decades the microstructural evolution of austenite during hot 

deformation of steels has been investigated [Cud82, Ouc77, Sic00]. In the last 

few years, more and more attention has been paid to the development of 

mathematical models that can predict the microstructural evolution during hot 

rolling [Sic96, Wan03]. The goal is usually to be able to predict the 

microstructure of the materials and to optimize the different process conditions 

to obtain the best combination of strength, ductility and weldability in the as-hot-

rolled product. To be able to practice controlled hot rolling and thereby get the 

desired final mechanical properties of the product, knowledge of the 

microstructural evolution of the austenite during rolling is essential [Gar81, 

Goe87, Sug92]. Some important parameters describing the microstructural 

evolution will be reviewed as follows: 

2.3.1 Grain Structure  

The kinetics of recrystallization and grain growth depend on the migration of 

grain boundaries. Grain boundaries are regions of considerable atomic misfit 

and act as strong barriers to dislocation motion [Hul84]. A grain boundary is a 

boundary that separates regions of different crystallographic orientations and the 

misorientation between two crystals (grains) is an angle (θ) which is the smallest 

rotation required to make the two crystals coincide [Hum04]. A schematic picture 

of a grain boundary is shown in Fig. 2.1. Five macroscopic degrees of freedom 

are needed to define the geometry of a boundary. In Fig. 2.1, AB represents a 

boundary plane and the overall geometry of the boundary is defined by the 

orientation of this plane with respect to one of the two crystals (two degrees of 

freedom) and by the angle θ (three degrees of freedom). 

Grain boundaries are usually separated into the categories of low and high 

angle grain boundaries which are dependent on the size of the misorientation 

[Hum04]. Low angle grain boundaries (LAGB) or subgrain boundaries are 
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boundaries misoriented by an angle less than 10 - 15°. Above that high angle 

grain boundaries (HAGB) are defined. 

 

Fig. 2.1 Grain boundary between two crystals, misorientation described by the 
angle θ [Hum04]. 

2.3.2 Dislocation Generation and Recovery 

Most of the applied deformation work during rolling turns into heat and only a 

small part remains as stored energy (~1 %) [Bäc09]. The increase in stored 

energy is mainly due to the accumulation of dislocations which is caused by 

both, tangling of existing dislocations and the generation of new ones. The 

energy is also raised by the increase of grain boundary areas. The stored 

energy in the material is the driving force for recovery and recrystallization.  

Recovery of the material is a process that occurs prior to recrystallization and is 

primarily due to changes in the dislocation structure. During recovery, the 

dislocations rearrange in configurations of lower energy. Recovery is actually a 

series of events: formation of cells, annihilation of dislocations within cells, 

formation of low-angle subgrains and, finally, subgrain growth as sketched in 

Fig. 2.2. 
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Fig. 2.2 The stages of recovery where first cells are formed due to the 
rearrangement of dislocations and then subgrains are formed and grow due to 
annihilation of dislocations [Bäc09]. 
 

During hot deformation, dislocation accumulation due to deformation and 

annihilation and rearrangement of dislocations due to dynamic recovery occur 

simultaneously. The evolution of dislocations during hot deformation can be 

separated in two parts: dislocation generation and dislocation annihilation 

dt
d

dt
d

dt
d anngen ρρρ

−=                (Eq. 2.3) 

where ρ [m-2] is dislocation density, ρgen [m-2] is the generated dislocation 

density and ρann [m-2] is the annihilated dislocation density. If dynamic recovery 

is the only form of restoration that occurs in the material, the flow-stress in a 

stress-strain curve reaches a plateau and then holds a steady-state flow-stress. 

This depends on the fact that the rate of recovery and work hardening reaches a 

dynamic equilibrium. The flow stress (σ) [MPa] during deformation is dependent 

on the dislocation density (ρ) [m-2] and is usually described by:  

ρβσσ ....0 bGm+=               (Eq. 2.4) 

where σ0 [MPa] is the friction stress, mainly due to the strengthening 

contribution of precipitation, m [-] is the Taylor factor which is dependent on the 
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deformation due to the development of a deformation texture [Siw97], β [-] is a 

proportionality constant (~0.15), G [GPa] is the shear modulus and b [m] is the 

Burgers vector. Eq. 2.4 gives a good description of the flow stress, see for 

example the work by Bergström [Ber83]. 

2.4 Mechanisms of Bake Hardening 

The term “bake hardening” generally denotes an artificial and controlled ageing 

of steels and stands for a time dependent, often undesirable, mutation in the 

properties of materials and organisms. Concerning low carbon (LC) steels, BH 

results in an increase of yield strength, tensile strength and hardness with a 

corresponding decrease in ductility and the appearance of discontinuous 

yielding. The process depends on time and temperature and results from 

segregation, clustering and precipitation of supersaturated interstitial atoms such 

as carbon and nitrogen [Bak02a, Chr98]. 

Determining BH is based on a conventional tensile test (Fig. 2.3). According to 

DIN EN 10325 [Eur06, Sta87] the BH0 [MPa] value is defined as the stress 

difference between the 0.2 % offset yield strength (Rp0.2) [MPa] of a non-heat 

treated specimen and the lower yield strength (Re) [MPa] of a second specimen 

which has been heat treated (“baked”) at 170 °C (± 5 K) for 20 min (± 1 min). 

These parameters are chosen to simulate the paint baking process. 

initialpCe RRBH 2.0min20/1700 −= °             (Eq. 2.5)  

By contrast, in order to determine the BH2 value a single specimen is used. First 

it is strained to a total elongation of 2 % and the corresponding flow stress σ2.0 is 

measured. Next, it is baked for 20 min at 170 °C, and finally this specimen is 

subjected to a tensile test again, yet with new specimen dimensions after 

prestraining (PS) and baking. The stress difference between Re [MPa] after 

baking and σ2.0 [MPa] before baking yields the BH2 [MPa] value: 

0.2min20/1702 σ−= °CeRBH              (Eq. 2.6) 
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Fig. 2.3 Definition of BH0 and BH2 indices according to [Sta87]. 
 

From physical metallurgy point of view the mechanism of BH is static strain 

aging, which can be observed in other metals like aluminium, too [Bir05, Dan68]. 

BH of steel is supposed to be controlled by the same mechanism responsible for 

static strain aging, but for multiphase steels other mechanisms may contribute to 

BH as well (section 2.6). In order to occur measurable static strain aging, 

several criteria must be simultaneously met [De99]: sufficient mobile 

dislocations, concentrations of solute C or N atoms and sufficient sluggish of 

dislocation recovery processes to avoid significant softening. In this mechanism, 

solute N and C diffuse and interact with the strain fields of mobile dislocations 

and hence form atmospheres around them [Bak02a, Koz97, Rat00, Sha01]. 

These atmospheres are known as Cottrell atmosphere, which has been named 

after Alan Cottrell, who proposed his famous theory in 1948 [Cot49a]. These 

atmospheres would constitute regions in which the elastic strain field of the 

dislocation was partially relaxed, and hence its energy reduced, so that the 

solutes would effectively lock the dislocations. Hence they work either to 

increase the stress required for unlocking and subsequent dislocation movement 

or immobilize the dislocations [De00]. This will either increase the stress 

required to unlock and move dislocations, or immobilize dislocations and thus 

require generation of new dislocations for subsequent plastic flow. Either 

mechanism results in an increase in strength and a return of discontinuous 

yielding. The latter mechanism is thought to be more likely. This results in the 
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return of discontinuous yielding behavior during the tensile test [Cot49b, De00]. 

The static strain aging as well as BH process may be more accurately 

characterized as occurring in three stages as follows: 

2.4.1 Snoek Rearrangement or Ordering 

The first stage of static strain aging, attributed to Snoek rearrangement of 

interstitials in the stress field of dislocation [Wat03a]. This is a short time 

process. In fact it is too fast to be measured. Snoek rearrangement is a form of 

local rearrangement or short-range migration of interstitial solute atoms to 

favored octahedral sites under stress. The activation energy for this process is 

reported to be 59 ± 9.6 to 62.4 ± 2.1 KJ/mole [Exe01]. It is reported that this 

stage is complete in about the time required for a single jump between two 

interstitial sites in the stress field of a dislocation and thus occurs very rapidly at 

normal paint baking temperature. This step causes an increase in yield strength, 

but not the ultimate tensile strength, by pinning the dislocations. 

Initially, there is a random distribution of interstitials in the matrix. After an 

applied deformation, the interstitials in the stress field of a dislocation attempt to 

minimize the strain energy in the region of the dislocation by moving from 

random to minimum energy site positions [Ast80]. Only a minute amount of 

interstitials takes part in the Snoek rearrangement process and the time required 

is less than the time required for a normal interstitial jump [Mat98]. 

2.4.2 Cottrell Atmosphere Formation 

The second and slower stage follows t2/3 kinetics [Ber04, Zha00]. This stage 

based on the formation of Cottrell atmospheres by long-range diffusion of 

interstitial solutes from outside the strained region. It is a form of long-range 

diffusion of interstitial solute atoms to dislocation cores, which immobilize the 

dislocation, and results in increase in both the yield strength and ultimate tensile 

strength [Sam08]. 

Hence, a solute atmosphere is formed which modifies the dislocation stress 

fields. The consequent decrease in strain energy increases the stress required 

for subsequent dislocation movement. This movement requires separation of the 

dislocations from their solute atmospheres under applied stress. The activation 
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energy for the second stage is 87.1 ± 10 KJ/mole, in agreement with the 

activation energy for bulk diffusion of C [Exe01]. 

Free interstitial atoms diffuse to dislocations because the strain energy of a 

crystal is lowered thereby. Dislocations therefore in general will be surrounded 

by a cloud of interstitial atoms which prevent or hinder their motion. In order to 

pull a dislocation away from its atmosphere, an increased stress is needed 

[Bak02a, Zha01]. 

By neglecting the effect of saturation of dislocations and the variation of C 

concentration during aging they obtained the expression for the degree of 

formation of the atmosphere at time t, 
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      (Eq. 2.7)  

where N(t) [-] is the number of C atoms diffusing to dislocations in a unit volume 

in time t [s] at absolute temperature Tabs [K], Ns [m-2] is the initial dislocation 

density, λ [m] is the slip distance of the dislocation, n0 is the initial concentration 

of C in solution [ppm], D [m2 s-1] is the diffusion coefficient of carbon, A is an 

interaction parameter defining the strength of the atmosphere and kB [J K-1] is 

the Boltzmann’s constant [Wat03a].
 
 

The formation of Cottrell atmosphere has been investigated by various authors 

with respect to the determination of the strength of binding of an atom to a 

dislocation, determination of the migration rate of an atom in the stress field of a 

dislocation [Cot49b, Mei67], and determination of the relation between 

atmosphere formation and observed yield stress [Har66, Lou56]. Since 

approaches mentioned above are valid only for dilute solid solutions, Sakamoto 

[Sak89] proposed the theory for obtaining Cottrell atmosphere and it’s dragging 

stress on dislocation for high concentration solid solutions. 

Cottrell also mentioned that the first atoms, which arrive at a dislocation, ought 

to be more effective in anchoring it than those that arrive later. Thereby, it is 

obvious that for the later stages of aging, the direct proportionality between the 

numbers of C atoms around a dislocation and the yield stress cannot be valid. 

Hence, a new equation, considering the back diffusion, needs to be properly 

formulated [Sak89, Soe04]. 

Zhao et al. [Zha01] developed a model which takes into account the variation of 

free C concentration, the saturation of dislocations and the segregation of C 
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atoms to grain boundaries and to pre-existing cementite particles to describe the 

formation of the Cottrell atmosphere during aging of ultra low carbon (ULC) 

steels [Zha00]. As expected, it was found that for small grain sizes (< 16 μm) the 

influence of segregation of C to grain boundaries on the formation of Cottrell 

atmosphere is increasing with decreasing grain size and is negligible for the 

larger grain sizes (> 16 μm). Their model also revealed that saturation level of 

dislocations increases exponentially with time and that changing the dislocation 

density within the range of typical application of bake hardening steels does not 

affect the formation of Cottrell atmosphere. This model can be used for 

prediction of the C redistribution in a continuously annealed ULC steels.  

2.4.3 Precipitation of Coherent Carbides 

The last stage of the bake hardening process is the precipitation of ε-carbides. It 

is established that within a temperature range of 100 – 250 °C, the carbide that 

precipitates from a supersaturated solid solution of C in bcc iron is hexagonal ε-

carbide [De01]. It forms as platelets or needles growing along ‹100›α directions 

[Abe84, Les81]. In other aging studies in low C steels some authors 

demonstrated that prior to the precipitation of ε-carbides a low temperature 

carbide forms at temperatures below the aging temperature of 75 °C [Bak02a, 

Nei94, Zhu96]. 

The precipitation of ε-carbides is supposed to occur at dislocation regions. This 

will cause an increase in yield strength and ultimate tensile strength. However, 

with continued solute segregation to dislocation cores, the increased local solute 

concentration leads to the formation of clusters, which can eventually saturate 

the dislocation sites. When the aging time is too long, a decrease is observed 

due to coarsening of the carbides [Kem90, Wat96, Yam76]. 

Flat homogeneous clusters of C atoms, which are not connected with lattice 

defects, are formed at temperatures below 100 °C. Their formation is due to 

considerable displacements of iron atoms and the appearance of elastic 

distortions. As the tempering temperature increases, the clusters become larger 

and their composition is close to Fe4C [De01]. This process depends on C 

diffusion. Metastable ε-carbide (Fe2C) is formed above 100 °C. It possesses a 

hexagonal lattice and appears directly from C clusters when the C concentration 

is increased. Metastable ε-carbide can also precipitate directly from α solution. 
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At low temperatures ε-carbide precipitates as very fine (10 – 100 nm) plates or 

rods. With an increase in tempering temperature or time, ε-carbide particles 

become coarser. This carbide precipitates in steels containing a minimum of 

0.2 % C [Abe84]. 

2.5 Metallurgical Factors of Bake Hardening Mechanisms  

The main factors of microstructure influencing the bake hardening effect are the 

solute C content, grain size, alloying element, dislocation density and the degree 

of prestrain. A discussion of these factors is presented below. 

2.5.1 Effect of Solute Carbon  

The amount of C obviously controls the possibility for pinning mobile 

dislocations. Consequently, with more solute C, more dislocations can be pinned 

and a higher hardening effect can be obtained [Nab05, Yam88]. 

As mentioned earlier, strain aging and subsequently BH effect, are very 

sensitive to the amount of dissolved interstitial atoms, primarily C and N. Modern 

automotive steel sheets are aluminium-killed, which means that the N atoms are 

combined as aluminium -nitrides. Hence, the bake hardenability in low C steels 

is exclusively caused by dissolved C [Oka89]. To maximize the strength 

increase associated with BH, it is necessary to have as much free C as possible 

[Che98]. However, as the amount of solute C increases, the resistance to room 

temperature aging decreases. RT aging prior to forming is not acceptable for 

exposed automobile panels because it can result in stretcher strain markings on 

formed panels. To determine the amount of free C that may be used in bake 

hardenable steel, it is necessary to examine RT aging resistance. It is generally 

considered that if yield point elongation is 0.2 % or less in a uniaxial tensile test, 

stretcher strain problems will not arise during panel forming. The times and 

temperatures of RT aging depend on the time and temperature at which the 

steel is stored between production and forming [Lie03]. Resistance to aging at 

30 °C for 90 days is commonly used as a guideline for the upper limit of RT 

aging [De01]. 

The amount of free C requisite for the desired BH effect is evaluated differently 

by different researchers. By the data of [Miz90] ferrite should contain  

15 – 25 ppm free C for a BH effect of 30 – 60 MPa. According to [Sti98], for a 
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BH effect of 40 MPa it is sufficient that the amount of free C in ferrite be about 

6 ppm. The amount of solute C in the ferrite can be measured using the Snoek 

effect [Sno41], which is caused by movement of interstitial C atoms [Bag01, 

Fu09]. The term Snoek relaxation refers to the anelastic relaxation in bcc metals 

produced by interstitial solutes in the process of strain-induced ordering 

[Now72]. It was first observed by Snoek [Sno39] in α-iron loaded with N and C. 

The prerequisite for an anelastic relaxation by point defects is the existence of 

several defect positions. 

2.5.2 Effect of Grain Size  

The stable processing of BH steels requires proper grain size control as grain 

boundaries provide low energy sites for interstitial species. Contradictory 

information about the effect of ferrite grain size on the bake hardenability is 

reported in the literature [Han84, Van98]. Some authors do not find any 

correlation between grain sizes and bake hardening [Pra90]. Others found an 

increase in the bake hardening effect with a decrease in grain sizes [Kwo03, 

Miz94]. 

A variation of the grain size influences the distribution of C between the grain 

interior and the grain boundary by changing the number of segregation sites at 

the grain boundary. With an increase in grain size the grain boundary area 

decreases and the total amount of C that can be stored in the grain boundary 

decreases compared to that in a fine grain structure. In the case of a fine grain 

size, interstitials from the grain boundaries can move faster to dislocations in the 

middle of a grain due to the shorter distances [Kwo03].  

The effect of ferrite grain refinement on increase of bake hardenability is 

associated with the location of solute C. It is assumed that during cooling, the C 

atoms diffuse to the grain boundaries. The smaller the grains are, the more C 

should be in the grain boundaries because of shorter diffusion paths. Thus, 

although the same overall solute C content can be measured, the contributed C 

content as well as bake hardenability can be higher in case of fine grains as the 

hidden C is more in finer grains [De04, Mes89, Van98]. 

Ferrite grain size controls the diffusion distance between intragranular solute C 

and the grain boundary area with higher density of mobile dislocations [Sto00]. 

In the case of low solute C, the difference in gain size contributes only a little to 
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the hardening effect because the diffusion distances for C atoms are practically 

equal for the large and small grains. Since bake hardenability is higher in steels 

with fine grains for the same solute C content, the efficacy of solute C content 

has to be higher the finer the grain size. The explanation seems to be not in the 

activity of C located at the grain boundaries, but in the shorter diffusion 

distances between intragranular solute C and the grain boundary area. During 

straining, grain boundaries are the major sources of mobile dislocations and with 

a smaller grain size, the intragranular solute C is more readily available to block 

these mobile dislocations, thus producing a higher BH effect [Han84, Van98]. 

In the recent researches, Ballarin et al. [Bal09a-b] developed a physically based 

model for bake hardenable steels which is suitable to predict the BH behavior of 

steels. To take the effect of grain size into account in the model, this effect is 

introduced in the definition of coefficient bBH. This coefficient is responsible for 

the initial slope of the softening branch of the material behavior law and allows 

indirect representation of the grain size and strain rate effects on band 

propagation. The following equation is introduced to determine bBH: 
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where d [m] is the grain size, ϕ&  [s-1] is the strain rate Kd, S and 0ϕ& are constants. 

The effect of grain size appears with d0.8 in order to give a linear relation 

between the lower yield stress and d-1/2 when considering BH steel standard 

behaviors.  

2.5.3 Effect of Alloying Elements  

Advanced high strength steels commonly contain small amounts of solid solution 

strengthening elements, such as Mn, Si, and P. A straightforward way to 

increase the strength in these steels would be to increase the amounts of these 

solid solution elements. However, each of these elements has characteristics, 

which limit their additions. The influences of some relevant elements on BH are 

described as follows: 

Manganese is reported to have an affinity for C and forms a dipole with C 

[Abe84, Miz94, Wat99]. It is, however, not clear whether the Mn-C dipole 

decreases BH. In [Wat99], it is reported that the formation of Mn-C clusters 

reduces the amount of C available to move to dislocations. As a disadvantage 
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Mn reduces plastic strain ratio. Dissolving of Mn into cementite accelerates the 

precipitation of cementites, which reduces dissolved C content resulting in lower 

bake hardenability [Han84, Sai89].  

But on the other hand, proper control of Mn can enhance aging index and BH 

index. In [Miz90] this is validated by the fact that manganese-sulfides (MnS) that 

segregate instead of titanium-sulfides (TiS) serve as a substrate for the 

segregation of TiC thus removing C from the solid solution. Without Mn, only Ti 

(C, N) and Ti4C2S2 were observed. On LC steels Mizui et al. [Miz98] noted that 

with Mn at the 1.0 wt. % levels, MnS and TiS replace Ti4C2S2 as the precipitates, 

which combine with S and C. As a result, less C is combined as Ti4C2S2, and 

more C is available to go into solution and contribute to aging and BH. 

The effect of Mn is connected not only with the formation of sulfides. It is shown 

in [Miz98] that in Ti-free steel alloyed with Nb alone the BH effect enhances from  

40 to 60 MPa as the Mn content is increased from 0.5 to 2 %. The authors 

associate this with the appearance of the temperature of phase transformation, 

which causes segregation of niobium-carbides at a lower temperature and, 

consequently, causes their disintegration and higher solubility.  

Silicon is reported to repel C in steel and thus enhances the bake hardenability 

[Miz94]. Si delays the precipitation of cementites because it enhances the 

activity of C around the cementites [Les81]. Therefore, higher bake hardenability 

is obtained with increasing Si content. But Si causes higher yield point 

elongation as compared to its strengthening capability. Si is not used for bake 

hardenable steels as long as the BH steels can be strengthened by other 

elements [Sea03]. 

However, no more than 0.5 % of Si should be added to have the highest bake 

hardenability and to avoid poor surface quality due to SiO2 formation. Si also 

contributes to the increase in bake hardenability by reducing grain size. Hanai et 

al. [Han84] reported that the BH quickly reached the highest value, as Si content 

was increased up to 0.5 %. A further increase of Si content (above 0.5 %) led to 

the grain coarsening. Similar results on LC steels were obtained by [Yam88]. 

The authors found, that Si retarded the precipitation of carbides because Si 

enhances the activity of C around the carbides. This result was reported before 

by Keh and Leslie [Keh63]. Watershoot et al. [Wat99] noted that Si suppressed 
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the aging at RT in a Ti-ULC steel. They observed no significant effect of Si on 

bake hardenability of this steel.  

Phosphorus increases BH. It is reported that this is due to the fact that P 

segregates to the grain boundaries, which are favorable sites for C to precipitate 

[Sea03, Sha01]. Less C segregation to grain boundaries results in greater 

intragranular solute C and therefore greater bake hardenability [Ble04a]. 

Furthermore, P has grain refining effect [Pra90, Yam88]. In [Sai91] was 

reported, that P increases the solubility of C in ferrite grain. Drewes and Engl 

[Dre90] observed an increase in the BH values at an aging temperature of 

180 °C on a P-alloyed steel. Moreover, the authors pointed out [Dre90] that the 

maximum BH value is achieved without prestrain. In another study no significant 

influence of P content on the bake hardenability of Ti-ULC steels was observed 

[Wat99].  

P has the advantage that it does not deteriorate the plastic strain ratio. Hence, it 

is used mainly as the strengthening element of bake hardenable high strength 

steel of drawing quality [Met09]. Although P is the most effective solid solution 

strengthening element, not more than 0.1 % P causes strain induced brittleness 

and welding problems [Yam88].  

Molybdenum (Mo): Bleck [Ble02] noted that Mo thermodynamically favors the 

formation of carbides, but that kinetically, it is found to slow carbide precipitation. 

Jiao et al. [Jia01] added Mo to slow the formation of Nb(C, N) in their steel. 

Mintz [Min01] reported that Mo allows the use of slower cooling rates, as Mo 

decreases the critical cooling rate for the bainite transformation and it 

suppresses the formation of pearlite. There are no studies about the effect of Mo 

on the BH behavior. 

Niobium is present in the form of carbonitride. Nb binds C into NbC carbides and 

forms segregations on the boundaries of ferrite grains. The presence of Nb in 

the solid solution and on grain boundaries improves the texture of the steel and 

the adhesion of hot zinc-bearing coatings [Mey94]. The authors of [Sti98] 

assumed that microalloying by Nb alone was favorable for the production of 

steels with hot zinc-bearing coatings.  

Vanadium is a weaker carbide former than Ti or Nb [Dav78b]. Hence, it is 

expected to dissolve easily during annealing and, as a result, increases the 

amount of solute C, thus enhancing bake hardenability of the LC steels [Eng96]. 
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VC carbides dissolve well at a relatively low temperature and vanadium-alloyed 

steels are highly resistant to natural aging and poorly sensitive to changes in the 

process parameters [Sto01]. 

2.5.4 Effect of Temper Rolling and Prestraining 

Strains introduced into bake hardenable steels come from two sources: temper 

rolling and tension deforming. These strains produce different dislocation 

structures and affect BH behavior differently [Cha84]. 

During sheet metal forming, the material undergoes complex strain-paths up to 

large accumulated plastic strains. Therefore, good ductility and high strength are 

required, which can be partly controlled by solid solution strengthening [Lui09]. 

However, non-uniform plastic deformation patterns due to strain aging, like 

Lüders bands or “stretcher-strains marks” on the surfaces of sheets during 

stamping operations, have to be avoided [Pep07]. This is usually done in 

industry by temper rolling, which produces a thickness reduction of only a few 

percent in a final rolling process. For thin sheets, temper rolling is also used to 

improve the material strength through higher reductions. Mechanical loading 

after temper rolling induces a strain-path change, which may promote specific 

effects on the material hardening. In LC steels, such effects have already been 

observed in tension after cold rolling [Wil94] and during strain-path changes 

combining tensile and shear testing [Bou06, Rau89].  

Aging of temper rolled steels is more sluggish than for tension-deformed steels. 

The reason is the difference in the aging behavior because of two folds. First, 

the dislocation density of the temper-rolled steel is less than that of the tension-

deformed material. Therefore, the average distance between dislocations is 

greater for the temper-rolled steel than for the tension-deformed steel. Hence, 

the distance of C atoms diffusing to dislocations to promote aging is greater for 

the temper-rolled steels. Second, a strain aging suppression effect peculiar to 

temper rolling has been observed. Temper rolling produces regions of high and 

low strains in the sheet. The inhomogeneous strain distribution is believed to be 

the cause of the strain aging suppression effect associated with temper rolling 

[Bai94, Les81]. 

It is reported  that after the temper rolling (without PS), ferrite grains exhibit a 

heterogeneous dislocation structure in such a way, that the areas near the grain 
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boundary contain some mobile dislocations but their density decreases sharply 

with the increasing distance from the boundary [But63]. PS of 2 % generates a 

considerably higher mobile dislocation density but the heterogeneity of 

dislocation structure remains [Fan02]. 

A number of papers give profound insight into the prestraining effect on the BH 

behavior [Ble04a, Brü10, Jeo98, Kri07, Wat03c]. Stiaszny et al. [Sti90] reported 

a generally BH increment with increasing PS for a BH steel (ALFORM 260 BH). 

Krieger [Kri07] conducted studies into the effects of PS on the BH behavior of 

cold rolled DP steels. He reported large BH values in the prestrained condition 

up to prestrains below 0.5 %. A decrease of BH values was observed when the 

degrees of PS further increased. Drewes and Engl [Dre90] found the same 

behavior for ZStE 180 BH and ZStE 220 BH steels. Both grades show relatively 

low BH0 indices and peak values at low prestrains, followed by a continuous 

decrease of the BH levels. Similar results on ZStE 220 BH steel were obtained 

by Van Snick et al. [Van98]. Elsen et al. [Els93] explained the BH mechanism of 

the ZStE 180 BH steel in the following way: A first contribution to BH comes 

from the forming of Cottrell atmospheres around dislocations. In the first 

mechanism step they found no correlation between PS and BH. A second 

contribution is given by the formation of coherent carbide precipitates, where the 

authors found decreased BH values with increased PS. A similar behavior was 

reported by Baker at el. [Bak02b] for ULC steels microalloyed with Nb and Ti. 

They noted that in the first step (100 °C / 100 min) there is no depending from 

PS and relates to t2/3 low, while in the second step (200 °C / 100 min) increased 

BH values with increasing PS appears. Contrary to these findings, De at al. 

[De99] reported that the PS does not affect the BH of LC steels.   

2.6 Bake Hardening in Multiphase Steels 

Unlike the ULC steels, where aging phenomena are principally guided by the 

amount of interstitial C and dislocation density, the aging in multiphase steels is 

much more complex, as a result of its multiphase microstructure and strain 

partitioning. It was argued that the aging mechanism in the ferritic phase is 

influenced by the interstitial C, the C in the grain boundaries and the specific 

distribution of dislocations and residual stresses [Dre99]. In multiphase steels, 

additional mechanisms must be taken into account. Waterschoot et al. [Wat06] 
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reported an increase of the BH values in DP steels by C released from the 

martensite as a result of tempering. The mechanism of strain aging in TRIP 

steels is expected to be more complex and has not yet been studied in a 

fundamental manner. The BH value of TRIP steels is known to be considerable. 

The intrinsic BH response of the different phases in multiphase steels must be 

investigated to understand the various aging mechanisms in each phase 

[Ble04a]. 

The BH effect of TRIP steels was investigated by Pereloma et al. [Per08a-b]. 

Using the atom probe tomography (APT) they observed the presence of fine  

C-rich clusters in the martensite phase. After BH treatment, the formation of iron 

carbides, containing 25 to 90 at. % C was found. The evolution of iron carbide 

compositions was independent of steel composition and was a function of 

carbide size. 

In DP steels, high BH values have been shown to be related to the relaxation of 

internal stresses [Wat03a-b]. The multiphase microstructure formed in DP steels 

controls the combination of strength and ductility. Grain boundaries could act as 

low energy sites for C, and in this case, the C could remain there, which would 

decrease the BH response. It is possible for C to diffuse from the grain 

boundaries to the grain interiors during treatment, which would increase the BH 

response [Gün08].  

Aging causes martensite tempering and a decrease in the internal stresses, 

increasing tensile stress needed to initiate plastic flow. This results in the 

increased static strain aging behavior exhibited by DP steels [Tim07, Wat03c]. In 

DP steels, therefore, several stages must be considered in both the ferrite and 

martensite, namely the Cottrell atmosphere formation stage, the C clustering 

and precipitation stage in ferrite, as well as the effects of volume contraction and 

changes in strength of the martensite due to tempering of the martensite. 

Furthermore, the additional C clustering or precipitation near the F/M interfaces 

has to be taken into account [De01].  

The aging behavior of DP steels with a composition characteristic for the 

martensite phase was recently studied by neutron diffraction [Wat03b]. On 

tempering martensite at 170 °C and 350 °C the authors observed the sequential 

precipitation of η- and θ-carbides, as well as the loss of tetragonality. The large 

increase of yield stress in DP steels was explained by the relaxation of 
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compressive stresses originating from the transformation of austenite to 

martensite.  

In [Wat03a] the strain aging of DP steels had been studied with specific 

reference to the contribution of particular phases to overall strengthening. The 

authors proposed a technique for determination of BH effect, which allowed the 

observation of different aging stages in DP steels more accurately.  

The different phenomena observed during the aging of DP steels are 

schematically shown in Fig. 2.4, in which the data of the investigated steel is 

plotted using the Holloman-Jaffe parameter [Hol45], which combines 

temperature and time in one parameter THJ(log t + 14) (THJ: temperature [K] and  

t: time [s]) to obtain a master aging curve. They observed three different stages 

of BH: the Cottrell atmosphere formation stage, precipitation stage and the 

strengthening stage due to contribution from the martensite phase (Fig. 2.4). It 

was concluded that the magnitude of the second stage depends on the 

interstitial C content of the initial matrix and that internal stresses in the ferrite is 

reduced  by the martensite volume decrease due to the formation of C clusters 

or transition carbides which consequently, in combination with the presence of 

pinned dislocations, results in a strong BH effect. By using dilatometric tests, the 

same authors [Wat06] had been able to distinguish five different stages of 

structural changes during tempering of martensite similar to the martensite 

phase present in DP steels, namely the segregation of C to lattice defects, 

precipitation of η- and Hägg- carbides, transformation of retained austenite and 

martensite transformation to cementite. 

Timokhina et al. [Tim07, Tim08, Tim09] studied the BH behavior of intercritically 

annealed DP steels using X-ray diffraction, TEM and three-dimensional atom 

probe tomography (APT). They found an increase in the yield strength and the 

appearance of the upper and lower yield points after a single BH treatment as 

compared to the as-received condition. This effect appeared because of the 

formation of plastic deformation zones with high dislocation density around the 

as-quenched martensite in the DP steel, which allows C to pin these 

dislocations, which, in turn, increases the yield strength. Furthermore it was 

found for the DP steel that the BH behavior depends on the dislocation 

rearrangement in ferrite with the formation of cell, micro-bands and shear band 

structures after prestraining. Moreover, APT showed a high C content of ferrite 
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in the DP steel after the BH treatment. The C atom map of the DP steel after BH 

treatment also revealed the formation of Fe3C carbides within the martensite 

crystal. 

Fig. 2.4 Schematic overview of the processes involved in the aging process of 
DP steels as a function of Holloman-Jaffe parameter: the pinning of dislocations 
by interstitial C, C clusters, or low-temperature carbide formation in the ferrite, 
and stress relaxation due to tempering of the martensite [Wat03a]. 
 

Krieger [Kri07] studied the effect of continuous galvanising line processes (CGL) 

on the BH behavior of cold rolled DP steels. The author reported a clear 

influence of the different stages of the CGL process. The martensite volume 

fraction is largest for steels directly quenched from the intercritical temperature 

regime in the ferrite plus austenite two phase field. Intermediate fractions were 

obtained for steels processed up to the overaging stage, while lowest amounts 

were found after including the final galvanising stage. Those steels which did not 

undergo the zinc bath stage showed large BH values on non-prestrained 

samples. The steels subjected to full CGL cycles showed low BH values without 

prestraining. With respect to PS, the author found the highest BH values at low 

strains of about 0.5 % due to a large number of mobile dislocations in the ferrite 
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grains and the diffusion of solute C atoms from the energetically favored sites 

near the F/M interfaces into the ferrite grains as soon as PS is applied, making a 

most effective pinning of dislocations possible. He reported further BH increase 

especially at temperatures above 200 °C due to an additional contribution from 

the tempering of martensite. 

The same author studied the BH behavior of different cold rolled DP steel 

grades [Kri03, Kri06]. He found only very little BH effect without PS. With 

increasing PS up to 1 %, the BH values quickly reached more than 60 MPa and 

stayed at a constant level up to a PS of about 5 %. At even larger strains, a 

further increase of BH values could be measured. The BH effect of cold rolled 

DP steels was investigated additionally by [Doe07, Far06, Ste04].  

Brühl et al. [Brü05, Brü10] conducted studies into the effects of PS, temperature 

and holding time on the BH behavior of DP steels. The prestrains used were 

from 0 % up to 10 % in uniaxial tension. At low temperatures and without PS, 

they did not observe an increase of yield strength in case of hot rolled DP steels 

indicating a good stability against RT aging. Maximum BH values (up to 

100 MPa) are reported at a PS of 2 % and at the highest temperature of 250 °C. 

At elevated baking times a decrease of BH values is observed attributing to 

overaging phenomena. 

Strain paths effects on the BH behavior of hot rolled DP, TRIP, CP and MS 

steels were investigated by Anke et al. [Ank05, Pal06]. The influence of both, 

uniaxial and biaxial prestrained specimens, was studied for different degrees of 

prestrain. The prestrains used were between > 0 % and the strain corresponding 

to uniform elongation in both, uniaxial tension and biaxial stretch. Additionally, 

the effect of temperature (130 to 240 °C) as well as holding time (15 to 27 min) 

was investigated. No distinct influence of holding time on BH properties could be 

stated. An increase of BH values at higher temperatures (above 170 °C) was 

observed for the investigated steels. A significant effect on BH could be seen for 

variation of the strain paths. The biaxial prestrained specimens revealed larger 

BH values than uniaxial prestrained specimens.  

Recent studies by Müller [Mül07] regarding DP steels have shown that an 

increase of the PS in biaxial state can result in substantial decrease to the BH 

effect. For DP steels, an increase in the PS from 0.04 to 0.4 results in a 

decrease of the BH values well under 40 MPa. The BH values of the biaxial 
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state with the same principal strain were higher than the values investigated in 

the uniaxial tensile test. The effect of strain paths on the BH behavior was 

studied for hot rolled CP, DP [Asa10a-b] and LC steels [Bal09a-b].  

Asadi et al. [Asa09a-b, Asa10a-b, Pal08a-b] investigated the local aging effect in 

multiphase steels, mainly DP steel. For this purpose, two methods were applied 

to achieve local strengthening, namely local deformation and local heat 

treatment. Samples were locally deformed by bending to total strain φt = 0 to 0.3 

and embossing to total strain φt = 0 to 0.15. A local deformation with defined 

prestrains results in enhanced hardness and strengthening in DP steels. A 

subsequent BH treatment in the temperature range of 100 – 240 °C for 20 min 

leads to a further increase of strengths. Local heat treatment was applied using 

a laser and an electron beam. Before the local heat treating the DP sheet 

samples were globally cold rolled with defined deformations (ε = 0 to 10 %). It 

could be stated that with partial heat treatment, local high strengthening can be 

produced. The authors concluded that at lower heat treating temperatures, 

strengthening effect can be attributed to BH. The large increase of the strength 

with increased heat treating temperature was because of affecting the initial 

microstructure near the surface. They also studied the influence of the overaging 

in locally strengthen regions. A good resistance against RT aging is observed for 

local strengthen DP steels. The good resistance against RT aging were also 

reported for non-deformed steels in [Ste04], which is attributed to the presence 

of martensite and larger activation energies for aging [Ble07]. 
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3 Experimental Methods and Details 

3.1 Materials 

DP steel used in this study was delivered by SZFG as roughing rolled plates 

(including melting, casting and roughing rolling) with a thickness of 50 mm. The 

chemical composition of the steel is listed in Tab. 3.1. This steel is used as basic 

alloy for the investigation of chemical composition being cast in laboratory. The 

chemical composition and the method of preparation of alloys are introduced at 

the beginning of chapter 6. 

Tab. 3.1 Chemical composition of the steels (wt. %) 

Steel DIN 10336 C Si Mn Cr Mo Nb P N Al 
DP 600 HDT580X 0.06 0.10 1.30 0.60 0.005 0.002 0.04 0.006 0.035

3.2 Simulation of Roughing Rolling Process 

Hot rolling tests were carried out on a 12”-2-high laboratory rolling mill (Fig. 3.1). 

The maximum rolling width is 350 mm. The maximum roll gap is 60 mm and the 

gap displacement speed is 1 mm/s. The maximum rolling force is 1800 kN. The 

rolling conditions are introduced at the beginning of chapter 6. 

The mill data were recorded during the rolling process. This included:  

pass reduction (%), temperature (°C), true thickness (mm), strain rate (s-1), true 

strain (-), rolling forces (kN), rolling gap width (mm) and rolling speed (m/min). 
 

Fig. 3.1 Laboratory reversing mill for hot rolling simulation (a picture of plates during 
roughing rolling simulation is inserted in the upper right corner). 
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3.3 Simulation of Finishing Rolling Process 

For studying the kinetics of phase transformation which takes place in the steels 

investigated during their TMCP as well as for simulation of last three 

deformation steps of hot rolling process a “Bähr TTS820” type deformation 

simulator was used. Using this deformation simulator it is possible to simulate 

different thermomechanical schedules by changing the applied strain, the 

number of temperature of individual deformation and the subsequent cooling 

condition. The experiments were preformed using a flat compression setup 

mounted on the deformation simulator. With this equipment the simulations of 

combination of selected technological steps under controlled laboratory 

conditions had been carried out. 

Fig. 3.2(a) shows the flat compression setup on the deformation simulator. The 

Bähr deformation simulator consists of a chamber which can be closed and 

evacuated. In the experimental setup, the flat compression specimen is placed 

on two pedestals and is only fixed in place with the aid of a clamping device 

during the punch return. The specimen is inductively heated by an U-shaped 

induction coil. Two deformation stamps, right and left on the specimen, are 

provided for deforming the flat compression specimen. Four gas coils with drill 

holes faced to the middle of specimen side are located symmetric left and right 

on the specimen to quench the specimen (Fig. 3.2(b)). Helium gas was used for 

cooling. The equipment has a laser extensometer, which measures dilation 

across the sample width during experiment. The laser extensometer has a 

resolution of 0.05 μm. The test specimens had been degreased using an 

acetone solvent. Sheathed type S “Pt/Pt-10 % Rh” thermocouple wires with a 

nominal diameter of 0.1 mm have to be individually spot welded to the 

specimen’s surface in central position using a welding jig. After placing the 

sample on the pedestals, the insulating sheaths on the thermocouple wires had 

been moved along the thermocouple wires until they contacted the specimen’s 

surface. This step is essential to prevent undesirable heat loss and to avoid 

contact between the two thermocouple wires [AST04]. The thermal cycles had 

been performed under vacuum of 5 × 10-5 mbar. The dilatometric curves had 

been recorded along the thermal cycle with the help of a computer-data 

acquisition system. 
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TnRX can be determined by the method proposed by the group of Jonas [Bai93] 

which is based on multi-stage torsion test. This method intrinsically takes into 

account thermo-mechanical processing parameters. In order to determine TnRX, 

the torsion test was also conducted using the Bähr deformation simulator. The 

deformation simulator has additionally a setup for torsion test (Fig. 3.3(a)-(b)). 

The main principle of the torsion setup is similar to flat compression setup. In 

Fig. 3.3(b) a picture of a torsion sample during hot torsion test is inserted inside 

the induction coil. Relevant technical characteristics of the deformation simulator 

for flat compression and torsion setup are listed in Tab. 3.2. 
 

  

 

Fig. 3.2 (a) Experimental flat compression setup and (b) position of the flat 
compression sample in the chamber inside the induction coil of the deformation 
simulator.  
 

 

 

Fig. 3.3 (a) Experimental setup of torsion test and (b) position of the torsion 
sample in the chamber inside the induction coil of the deformation simulator.  
 
Flat compression specimens as well as torsion specimens were taken out from 

the hot rolled plates with the longitudinal axis parallel to the original rolling 

direction. Fig. 3.4 indicates the dimension of the flat compression sample. Heat 

Stamp Specimen Induction 
coil 

Gas coil 

(a) (b)

Specimen Induction 
coil 

Gas coil 

(a) (b)

Laser 

Laser 
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transfer of the flat compression specimen was reduced by two holes with a 

diameter of 8 mm. 

 

Fig. 3.4 Specimen’s dimension for flat compression test. 

 
Tab. 3.2 Technical specification of the deformation simulator Bähr TTS820 

Specification  Flat 
compression

Torsion 

min. - max. deformation rate [mm/s] 1 - 1000 --- 
min. - max. torsion rate  [rpm] --- 6 - 1400 
min. - max. strain rate [s-1] 0.1 - 100 0.04 - 8.5 
min. - max. true strain [-] 0.1 - 2 0.04 - 10.8 
min. pause between deformation steps [ms] 50 10 
max. force [kN] 100 78 
max. heating rate [K/s] 50 50 
max. cooling rate [K/s] 100 100 

 

The procedure of TnRX determination consists of calculating the mean flow stress 

(MFS) that corresponds to each deformation step. MFS [MPa] is defined as the 

area under the given stress-strain curve for selected interval divided by this 

interval: 

∫−−= 2

1
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12

ϕ

ϕ
ϕϕσϕϕ dMFS                            (Eq. 3.1) 

3.4 Characterisation of Microstructure 

3.4.1 Light Optical Microscopy 

Light optical microscopy (LOM) analysis of the as-received samples as well as 

samples from various processing and conditions was performed by sectioning 

the samples parallel to the deformation direction, and mounting them in bakelite. 

The samples were then rough polished using standard metallographic abrasive 

grinding papers ranging from course (180) to fine (1200). The final polishing was 

done using 1.0 μm and 0.05 μm alumina, respectively. The microstructure was 

developed for LOM by etching with 2 % Nital. Etching time was between 10 to 
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15 s. After etching, the samples were rinsed with ethyl alcohol and dried under a 

warm air drier. Nital etchant stains bainite brown and martensite grey to back, 

while ferrite remains white [Mar82b, De03]. Quantitative analysis of the 

photomicrographs was performed using image analysis software “Analysis 

Five”®. The grain sizes were obtained using a line interception method [DIN85]. 

3.4.2 Thermal Etching 

The method of thermal etching consists in revealing the austenite grain 

boundaries in a pre-polished sample by the formation of grooves at the 

intersections of austenite grain boundaries with the polished surface when the 

steel is exposed to a high temperature in an inert atmosphere. These grooves 

decorate the austenite grain boundaries and make them visible at RT in the light 

optical microscope [Gar02]. 

Cylindrical samples of 5 mm in diameter and 10 mm in length were used to 

reveal grain boundary by the thermal etching method. For that purpose, a 2 mm 

wide surface was generated along the longitudinal axis of samples by polishing 

and finishing with 1 μm diamond paste. Later, those samples were heat treated 

in a dilatometer Bähr 805 (Fig. 3.5) at a heating rate of 5 K/s to an 

austenitization temperature of 950 °C. A vacuum pressure higher than 5 x 10-5 

mbar is advised to avoid oxidation on the polished surface. Subsequently, 

samples were cooled down to RT by argon gas at a cooling rate of 1 K/s. 
 

 
Fig. 3.5 Dilatometer setup of the Bähr 805 A/D for thermal etching tests. 
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3.4.3 Transmission Electron Microscopy (TEM) 

TEM microscopy was performed to do the fine detailed analysis of the 

microstructure, including the measurement of the dislocation density present in 

the materials. It was also used to try to reveal the existence of Cottrell 

atmospheres or barriers. Thin foils were prepared by manual grinding until a 

thickness of 100 μm. Small disks with a diameter of 3 mm were punched out and 

prepared by rough grinding to 40 μm to reduce the magnetic mass of the 

specimens [Agh09] and then immersed in a solution of 5 % perchloric acid 

(HClO4) in methanol (CH3OH) at -30 °C at an operating voltage of 50 V using a 

Struers TENUPOL 5 double jet polishing device. 

TEM examination of materials was conducted in various TEM instruments. Most 

of the examination was conducted in a Tecnai F20 G2 field emission gun (FEG) 

TEM operating at 300 kV at Ruhr-Universität Bochum (RUB). For taking bright 

field micrographs as well as diffraction pattern a CCD camera (Gatan US 1000) 

was installed. In addition, a high angle annular dark field (HAADF) was used in 

scanning transmission electron microscopy (STEM). STEM operates on the 

same principles as TEM, but, like in SEM, the electron optics focuses the beam 

into a narrow spot which is scanned over the sample. Unlike normal dark field 

imaging where the signal comes from elastic scattering of electrons typically at 

smaller angles, the HAADF signal is the result of inelastic scattering of electrons 

typically to larger angles. In a high resolution HAADF image, brighter spots 

represent the heavier atomic elements while the less intense spots indicate the 

lighter atomic elements [Bro93]. 

Some of the examinations were also done using a JEM-200CX TEM operating 

at 200 kV at Graduate Institute of Ferrous Technology (GIFT) in Pohang. 

Analysis from JEM-200CX TEM included bright field, dark field and diffraction 

pattern. 

3.4.4 Saturation Magnetization Measurements 

To measure the retained austenite volume fraction of samples after TMCP 

saturation magnetization (SM) measurements were carried out at SZFG. The 

equipment (Fig. 3.6) consists of a magnetic yoke, which produces a high and 

homogeneous magnetic field between its poles. A magnetic flux sensing coil 

mounted in the center of this magnetic field is used as the measurement coil. 
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The specimen to be measured is pushed trough the measurement coil along its 

axis. The integral of the voltage pulse, which is induced in the coil, is measured. 

From this signal, the amount of the retained austenite in the specimen can be 

calculated. Specimen dimensions were 7.5 mm x 5 mm x thickness.  
  

Fig. 3.6 Experimental setup for the SM measurements. 

3.5 Tensile Testing 

To determine the mechanical properties tensile specimens with special 

geometry (see Fig. 3.4) were machined out of flat compression specimens. 

Fig. 3.7 shows flat compression specimens before and after hot deformation as 

well as after machining. Three specimens were tested for each condition and the 

results were averaged. 

The tensile tests were conducted in a computerised universal testing machine 

(UTS) with a 250 kN load cell using a crosshead speed of 5 mm/min. The 

traverse sensor on the sample was set at a gauge length of 15 mm. The 

following properties were evaluated: 

• Rp0.2  0.2 % offset yield strength (proof stress), [MPa] 

• Re   lower yield strength (after PS and BH), [MPa] 

• Rm   tensile strength, [MPa] 

• TEl   total elongation, [%] 

Indicator 

Specimen 

Pole of 
the yok 

Magnetic filed 
of the yok 

Measuring 
coil 
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Fig. 3.7 Flat compression specimens before and after hot rolling simulation and 
after machining. 
 

3.6 Bake Hardening Experiments 

The test method used for the BH experiments is based on SEW 094 as 

described in section 2.4. In accordance with the standard procedure the test was 

extended by variation of prestrain and temperature of the BH. For all conditions 

the holding time of BH treatment was kept to 20 min. For the samples without 

PS the difference between RP0.2 of the tensile sample and lower yield strength 

(Re) of the respective BH sample was taken as a measure of BH. Prestraining 

as well as tensile testing after BH treatment was done on the universal testing 

machine with a crosshead speed of 3 mm/min, too. A Heraeus recirculating air 

furnace with temperature control to the accuracy of ± 2 K was used for BH heat 

treatment. Finally, the changes of yield stresses due to BH effect were 

calculated.  

The method proposed by Waterschoot et al. [Wat03c], which enables more 

accurate distinguishing between contributions to the increase of yield stress due 

to BH and WH effect, is not applicable in this study, since it relies on the sample 

geometry. Therefore, in the present study BH effect was measured according to 

the common practice using the same specimen in both, PS and tensile testing 

step, respectively. For each condition at least two to three tests were conducted 

and then the results were averaged. 

before deformation  

after deformation  

after machining  
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4 Hot Deformation Parameters: Results and Discussion 

4.1 Introduction 

Traditionally, the main objective in conventional thermomechanical controlled 

processing (TMCP) of multiphase steels has been to refine the ferrite grain size 

through (1) refining prior austenite grains, (2) increasing grain boundary area per 

unit volume by changing the grain shape, e.g., pancaking, and (3) increasing 

boundaries [Pic78]. Moreover, it has also been observed that the morphology of 

ferrite is related to the prior austenite [Oga10, Tor03]. In DP steels with the 

presence of ferrite and martensite in the microstructure, the other aim of TMCP 

is to refine the microstructure by the deformation in the non-recrystallized 

austenite region. It has been reported that the bainite can be significantly refined 

by more than 50 % deformation in the non-recrystallized region [Fuj98]. 

Furthermore, the TMCP schedule also influences the transformation behavior, 

leading to different morphologies of the ferrite and martensite. 

For hot strip rolling of steels it is the desired final mechanical and geometrical 

properties of the strip that determines the rolling schedule, which is the setup for 

the rolling process, i.e. the amount of reduction, the rolling velocity and the 

temperature [Bäc09]. The hot rolled DP steels are typically produced on a hot 

strip mill, where the level of roughing rolling and finishing rolling depends on the 

mill configuration and the starting and final thicknesses of the plates [Hod97, 

Tim03]. 

4.1.1 Aim of the Study 

Prior to finishing, the austenite grain size will vary, depending upon the amount 

of reduction and the finishing temperatures. Hence, in the current work, a wide 

range of finishing strains and temperatures are used to clarify the effect of 

different TMCP schedules on the phase transformation kinetics, microstructure 

development, mechanical properties and BH behavior of the DP steel. The 

optimized TMCP schedules are discussed in relation to the microstructure 

evolution and mechanical properties as well as the BH behavior. 
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4.2 Thermomechanical Controlled Processing  

DP steels can be produced in different ways. The most common methods are 

cold rolling followed by continuous annealing or processed directly by hot rolling 

and defined cooling on the run-out table. The first consist of reheating steel with 

ferrite-pearlite microstructure to the austenite-ferrite temperature range, which is 

then followed by cooling the material below MS. The second way, which had 

been used in this study, allows the formation of prescribed amount of ferrite after 

the hot deformation step and then accelerated cooling below MS. In this study 

the last three deformation steps of hot strip finishing rolling process were 

simulated according to different schedules. The simulation was carried out on 

the deformation simulator using flat compression test, as described in 

section 3.3.  

4.2.1 Estimation of TnRX 

When dynamic recrystallization (DRX) takes place during deforming a material, 

e.g. by rolling, grain size is determined by the steady state flow stress. 

Whenever the critical strain (φc) for the onset of DRX is reached and exceeded 

during hot deformation, a metadynamic recrystallization (MDRX) takes place 

after interruption of straining, consequently coarsening austenite grains. If 

deformation is interrupted before reaching the strain φc and if temperature is 

high enough, then static recrystallization (SRX) takes place [Rob78]. By 

deforming the material in the recrystallization region the austenite grains are 

being refined. This is important because the grain size of the austenite strongly 

affects both, the kinetic of subsequent γ → α  transformation and the ferrite grain 

size, namely smaller austenite grains consequently lead to the refinement of 

ferrite grains [Ye02]. When deformations are applied at temperatures below TnRX 

the austenite grains elongate and deformation bands are introduced within the 

grains. As the amount of deformation in this region increases, the number of 

nucleation sites at the austenite grain boundaries and within austenite grains 

increases, too. Because of that, γ → α  transformation from deformed austenite 

yields in much finer ferrite grains than that from recrystallized, strain-free 

austenite. Therefore, TnRX is a very important parameter and its determination 

represents a crucial step in designing rolling schedules. Accordingly, the present 

schedules have been selected according to this temperature. TnRX for the given 
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chemical composition can be calculated from the empirical equation proposed 

by Samuel et al. [Sam88]: 

SiAlTiVVNbNbCTnRX 3573638902307326444645887 −++−+−+=  (Eq. 4.1)  

here alloy contents are in [wt. %] and TnRX is in [°C]. It yields for the chemical 

composition of the DP steel, used (see Tab. 3.1), TnRX = 865 °C. The equation 

does not take into account the influence of thermomechanical parameters on 

this temperature and sometimes predicts too high values. 

Alternatively, TnRX can be determined by the method proposed by Jonas and co-

workers [Bai93] which is based on a multistage torsion test. In the present work 

the torsion test was conducted on the deformation simulator using torsion setup 

(section 3.3). Twenty strain steps were selected each one of them ϕ  = 0.3 at a 

strain rate ϕ&  = 10 s-1. The stress-strain curves obtained are shown in Fig. 4.1 

and indicate that the level of stress - as known - depends on the deformation 

temperatures. Stress increases as temperature decreases, but this increment is 

higher at the last four deformation steps. On the other hand, there is a higher 

work hardening rate observed on this curve. 

As described in section 3.3, the mean flow stress (MFS) is the area under the 

given stress-strain curve for selected interval divided by pass strain. The mean 

flow stresses for all the torsion steps have been calculated by numerical 

integration (see Eq. 3.1) and the results are plotted as a function of inverse 

absolute temperature on Fig. 4.2. From this graph the value of TnRX can be 

determined by finding the intersection between the regression lines of the points 

that corresponds to each part of the curve with two different slopes. In our case 

the estimated value is TnRX = 855 °C.  
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Fig. 4.1 The true strain-true stress curves obtained in twenty-stage torsion test 
for determination of the TnRX temperature at a strain rate of 10 s-1; temperature 
sequence denoted on the graph.  
 

 
Fig. 4.2 Dependence of the MFS on the inverse absolute temperature.  
 



Chapter 4                           Hot Deformation Parameters: Results and Discussion 

45 

4.2.2 Simulation of Finishing Rolling 

In order to influence the shape and the size of the austenite grains before γ → α 

transformation, austenite conditionings were conducted using three different 

deformation schedules. With the estimated TnRX temperature, the deformation 

part for the schedules was determined in such a way that all the three 

possibilities were covered, namely all deformations conducted above TnRX, 

deformations below TnRX and deformations mixtures of above and then below 

TnRX (named above-below TnRX).  

For the first schedule the condition of the austenite before γ → α transformation 

were controlled by recrystallization, which means that all deformations have 

been conducted in the recrystallization region. The third schedule was aimed at 

obtaining elongated austenite grains and at introducing deformation bands 

within grains. For this schedule all the deformation steps were conducted in the 

non-recrystallization region. In this way, it was expected to obtain austenitic 

microstructure which was topologically completely different from those obtained 

by applying the first schedule, where the grains were equiaxial. The purpose of 

the second schedule was to reduce the austenite grain size to obtain smaller 

equiaxial grains, and afterwards to deform obtained microstructure in the non-

recrystallization region, additionally. By applying this schedule we obtained a 

deformed austenitic structure, but with smaller and less deformed grains than 

those that had been obtained with the third schedule. These schedules enabled 

us to produce three topologically different austenitic microstructures before γ → α 

transformation. Samples having those three different microstructures 

consequently indicated different γ → α transformation kinetics and subsequently 

yielded different ferritic microstructures. Fig. 4.3 illustrates schematically 

different schedules applied in this work. The data corresponding to the numbers 

denoted on this figure are collected in the Tab. 4.1.  

The upper and the lower limits of technological influencing parameters have 

been selected according to industrial processes. The finishing temperatures (Tf) 

in large scale production of hot rolled DP steels are between 780 and 900 °C. 

Therefore, the deformation temperatures and the amounts of strain varied close 

to this interval. Tab. 4.2 represents deformation temperatures and amounts of 

strain for the last three deformation steps of hot deformation. 
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Fig. 4.3 The schedules used for simulation of the final steps of finishing hot 
rolling process; RX: recrystallization region and No RX: non-recrystallization 
region. (1) - (5) see Table 4.1. 
 

Tab  4.1 Data corresponding to Fig. 4.3 

Denotation Specification  Corresponding 
data 

(1) Heating rate  [K/s] 10 
(2) Austenitization time  [s] 120 
(3) Cooling rate before each deformation [K/s] 10 
(4) Break time before each deformation  [s] 5 
(5) Cooling rate   [K/s] 10 
 Strain rate of each deformation step [s-1] 10 
TFC Start of fast cooling  [°C] Section 4.3.1 

 

After austenitizing at 1000 °C for 3 min, flat compression specimens were 

subjected to three defined deformations in three different temperature intervals. 

Strain rate of each deformation step was ϕ&  = 10. Two cooling stages took place 

during TMCP. First, the specimens were cooled after the last deformation step 

to fast cooling start temperature (TFC) with 10 K/s until required fraction of ferrite 

was obtained (γ → α transformation). Second, specimens were accelerated 

cooled below MS with a high cooling rate of ~100 K/s to achieve martensite from 

retained austenite (γ → α’ transformation). The determining TFC is described in 

section 4.3.1. As the amount of martensite in industrially produced DP steels is 

typically between 10 – 30 %, martensite volume fraction MVF = 20 % was 
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chosen in this research. Minimum three DP samples with prescribed amount of 

ferrite (80 %) and martensite (20 %) were prepared for each schedule. 

Tab. 4.2 Variation of deformation temperatures (T1, T2, T3) and strains (ϕ1, ϕ2, 
ϕ3) for the last three deformation steps  

Parameter  Corresponding 
data 

T1 [°C] 930,  900,  855
T2 [°C] 900,  855,  830
T3 [°C] 855,  830,  800
ϕ1 [-] 0.45, 0.40, 0.35
ϕ2 [-] 0.30, 0.25, 0.20
ϕ3 [-] 0.20, 0.15, 0.10

 

The approach of schedule considers six influencing parameters, namely three 

temperatures and three strains. If each of them would be varied in the manner 

parameter ± x %, than by using the one factor at a time method, we would have 

had to perform 36 = 729 experiments. Because of time and costs a limited 

number of experiments were selected. Tab. 4.3 illustrates the selected 

schedules for TMCP simulation. 

Tab. 4.3 Hot deformation schedules and values of influencing parameters for 
each schedule; φt is the amount of total strain  

Number of 
schedule 

T1 
[°C] 

T2 
[°C] 

T3 
[°C] 

ϕ1 
[-] 

ϕ2 
[-] 

ϕ3 
[-] 

ϕt 
[-] 

Sch. 1    0.45 0.30 0.20 0.95 
Sch. 2    0.45 0.25 0.15 0.85 
Sch. 3 930 900 855 0.40 0.25 0.15 0.80 
Sch. 4    0.35 0.20 0.20 0.75 
Sch. 5    0.35 0.20 0.10 0.65 
Sch. 6    0.45 0.30 0.20 0.95 
Sch. 7    0.45 0.25 0.15 0.85 
Sch. 8 900 855 830 0.40 0.25 0.15 0.80 
Sch. 9    0.35 0.20 0.20 0.75 

Sch. 10    0.35 0.20 0.10 0.65 
Sch. 11    0.45 0.30 0.20 0.95 
Sch. 12    0.45 0.25 0.15 0.85 
Sch. 13 855 830 800 0.40 0.25 0.15 0.80 
Sch. 14    0.35 0.20 0.20 0.75 
Sch. 15    0.35 0.20 0.10 0.65 
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4.3 Results  

4.3.1 Phase Transformation Behavior and Defining TFC  

In order to obtain DP steels with defined amount of phases the γ → α 

transformation kinetic must be known. Then the appropriate TFC can be found 

from which the specimens have to quench below MS. In order to determine TFC 

temperatures, depending on applied schedules, the deformation / dilatometric 

tests had been performed using the deformation simulator. The specimens were 

prior subjected to the same deformation schedules as TMCP (Tab. 4.3) and 

subsequently cooled from the last deformation step to RT at a cooling rate of 

10 K/s, which is the same as the first cooling stage of TMCP. The results of 

dilatometric measurements are shown on Fig. 4.4(a) where change in length is 

plotted vs. temperature during cooling. For better discrimination, the dilatation 

curves of three schedules (1, 6 and 11) are plotted in this figure to show the 

shifting of the γ → α transformation nose towards shorter incubation times and 

higher transformation temperatures for deformations at lower finishing 

temperatures.  

From the variation of the change in length as a function of temperature the 

transformed austenite fraction (fγ) was calculated employing the lever rule. The 

progresses of γ → α phase transformation had been determined by measuring 

length change of samples as a function of temperature. From those 

measurements the transformed fraction X [-] was calculated according to the 

following equation: 

10

0

ll
llX

−
−

=                (Eq. 4.2) 

where l [m] is the length of  the sample measured during the transformation and 

l0 and l1 [m] are linear functions of temperature for the non-isothermal cooling 

experiments conducted at constant cooling rate.  
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Fig. 4.4 Influence of the hot deformation schedule on the phase transformation 
behavior; (a) dependences of the change in length on the temperature at γ → α 
phase transformation during cooling stage at 10 K/s and (b) calculated fraction 
of γ → α as a function of temperature for specimens applied different hot 
deformation schedules.  
 

(a) 

(b) 
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The results of calculation are given in Fig. 4.4(b) showing transformed austenite 

to ferrite fraction as a function of temperature. From this figure, TFC 

temperatures for different schedules can be found. Tab. 4.4 represents Ar3 and 

Ar1 as well as determined TFC and MS (after accelerated cooling) temperatures of 

the individual schedules. The data of Fig. 4.4 and Tab. 4.4 indicate that the hot 

deformation temperatures exert a stronger influence on the Ar3 and Ar1. The 

highest Ar3 and Ar1 temperatures are achieved for schedules applied below 

TnRX. It can be also seen that increasing total amount of strain for each 

temperature interval results in increasing γ → α transformation temperatures (Ar3 

and Ar1) and TFC. MS decreases when deformations applied in non-

recrystallization region, i.e., higher total strains lead to lower MS (Tab. 4.4).  

Tab. 4.4 Determined Ar3, Ar1, appropriate TFC for fα = 80 %, fγ = 20 % and MS 
obtained during accelerated cooling for different schedules 

Number of 
schedule 

Ar3 
[°C] 

Ar1 
[°C] 

TFC 

[°C] 
MS 
[°C] 

Sch. 1 762 632 682 403 
Sch. 2 758 630 680 411 
Sch. 3 750 627 675 414 
Sch. 4 750 627 674 415 
Sch. 5 748 623 670 420 
Sch. 6 775 642 695 395 
Sch. 7 770 642 694 404 
Sch. 8 767 637 688 409 
Sch. 9 763 735 687 411 
Sch. 10 760 735 687 413 
Sch. 11 796 666 716 353 
Sch. 12 792 664 711 361 
Sch. 13 790 663 709 364 
Sch. 14 790 662 709 366 
Sch. 15 788 655 703 370 

     

4.3.2 Microstructure Evolution 

Microstructural evolution of thermomechanically produced DP specimens with 

defined fα and fα’ was studied. Fig. 4.5 displays exemplary the microstructure of 

two DP steels subjected to sch. 1 (deformed above TnRX) and sch. 11 (deformed 

below TnRX). The Nital etchant reveals the martensite dark while the ferrite 

remains white. During the first cooling stage after the last deformation step 

austenite progressively transforms to ferrite, whereas the remaining part 

transforms to martensite. All images show a classical DP microstructure with 
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relatively globular martensite islands embedded in the ferrite matrix phase. The 

ferrite grains are equiaxed with average sizes depending on the applied hot 

deformation schedule. The MVF determined by the line intercept method is 

~20 % for all samples. Small amounts of retained austenite between 1 - 2 % 

were found by saturation magnetization measurements for all conditions. 

Martensite islands can be clearly observed in the microstructure. They often 

display dark substructures either within or in their immediate surroundings. In 

addition, such a dark phase can also be observed at the boundaries between 

two neighboring ferrite grains. 

The influence of hot deformation schedule on the microstructure is very 

significant. It can be seen from Fig. 4.5 that deformation of the steel in the non-

recrystallization region results in a finer grained structure, which is the expected 

result. Tab. 4.5 lists the grain sizes of ferrite (dα) and the sizes of martensite 

block (dα’) being observed due to the different hot deformation schedules for the 

DP steel. From this table it can be noted that deformation of the steel below the 

TnRX and/or at a higher amount of total strain results in finer grained material. 
 

  
Fig. 4.5 Microstructure of DP steels showing different ferrite grain sizes and
martensite blocks obtained after TMCP when all the deformation steps were 
conducted: (a) above TnRX (sch. 1) and (b) below TnRX (sch. 11); cooling rate of 
all samples in first cooling stage = 10 K/s and in second cooling stage = 100 K/s.
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Tab. 4.5 Effect of the hot deformation schedule on the grain size of ferrite (dα) 
and martensite (dα’)  

Schedules dα [μm] dα’ [μm] 
Sch. 1 15.1 ± 5 12.0 ± 5 
Sch. 2 16.2 ± 4 11.3 ± 3 
Sch. 3 18.6 ± 6 12.8 ± 3 
Sch. 4 15.7 ± 4 13.7 ± 4 
Sch. 5 18.2 ± 3 14.6 ± 4 
Sch. 6 12.4 ± 3 10.3 ± 5 
Sch. 7 13.7 ± 5 11.0 ± 3 
Sch. 8 14.5 ± 7 11.8 ± 3 
Sch. 9 13.5 ± 3 11.5 ± 4 
Sch. 10 14.7 ± 4 12.8 ± 5 
Sch. 11 6.3 ± 2 3.8 ± 1 
Sch. 12 6.9 ± 2 4.5 ± 1 
Sch. 13 8.8 ± 3 6.3 ± 2 
Sch. 14 7.3 ± 4 6.8 ± 1 
Sch. 15 6.9 ± 3 6.3 ± 2 

 

Further information about the microstructure of the steels could be collected 

from transmission electron microscopy (TEM). TEM microscopy was performed 

to do the fine detailed analysis of the ferritic, martensitic microstructure present 

in various processing conditions. Fig. 4.6 provides overviews on the 

thermomechanically produced DP steels obtained from sch. 1 (Fig. 4.6(a)), and 

sch. 11 (Fig. 4.6(b)). The bright ferrite grains can be clearly identified, while the 

dark grains are attributed to the martensite phase. The dominant martensite 

morphology of low carbon steel grades like DP steels is of lath type, which is 

characterised by a high dislocation density [Kim81, Roc05], leading to a strong 

contrast in the TEM.  

TEM observations confirm the evidence from the LOM investigation that the 

processing parameters of hot deformation schedule affect the grain size of 

ferrite significantly. It can be observed that deformation of specimens below TnRx 

reduces dα. It is interesting to note that deformation the specimens in non-

recrystallization region generate more dislocations within the ferrite grains.   

In general, the subgrain boundaries are developed inside of micrograins and 

also the heterogeneity of dislocations is observed. Such dislocation structures 

were found to be non-homogeneous, referred to as dislocation cell structures. 

These cells have a high dislocation density in the walls, while it is low in the 

interior of the cells. In Fig. 4.6 (a)-(b) cell with broad and diffuse walls is visible.  
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Fig. 4.6 TEM images of DP steels showing different ferrite grain sizes and 
localized dislocations obtained from: (a) sch. 1 applied above TnRX and 
(b) sch. 11 applied below TnRX.  
 

Further investigations in the microstructure show that varying TMCP parameters 

influence not only the grain size but also the morphology of ferrite and 

martensite. Fig. 4.7 compares the development of dislocation distributions of two 

DP steels following schedules 1 (deformed above TnRX) and 11 (deformed below 

TnRX) obtained by HAADF STEM. It can clearly be seen that the dislocation 

density significantly increases with deformation in the non-recrystallization 

region. An evidence of low dislocation density is observed for sch. 1 when the 

sample is deformed above TnRX at the highest amount of total strain (Fig. 4.7(a)), 

while for sch. 11 dislocation density is seen to be increased (Fig. 4.7(b)). 

Additionally, strongly heterogeneous structure with tangles can be seen in the 

ferrite matrix, though the density of the tangles increases in and around the 

grain boundary region. For both conditions dislocations inside the ferrite grains 

are distributed irregularly. While in the interior of the grains usually a relatively 

low dislocation density is observed, at the F/M interfaces a strongly increased 

number of dislocations can be observed. This is due to the volumetric expansion 

from austenite to martensite by accelerated cooling during TMCP [Jac01, 

Man93]. 
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Fig. 4.7 HAADF STEM images of DP steels showing a good view of dislocation
density within the ferrite grains obtained from: (a) sch. 1 applied above TnRX and 
(b) sch. 11 applied below TnRX. All schedules deformed at the highest amount of
total strain (ϕt = 0.95). 

4.3.3 Mechanical Properties 

The results of the basic tensile tests of all DP steels, containing 80 % ferrite and 

20 % martensite, produced by TMCP are displayed in Fig. 4.8. This figure 

demonstrates the effect of hot deformation parameters on the Rm, Rp0.2 and TEl 

with their accompanying standard deviations for all specimens. Evaluating the 

different conditions of DP steels, a pronounced influence of the hot deformation 

schedule is obvious. The largest strength (676 ± 9) MPa, but lowest ductility 

(18.5 ± 3) % can be observed for sch. 11, when the samples were deformed 

below TnRX at the highest amount of total strain (ϕt = 0.95). For sch. 6, in which 

the samples are deformed above-below TnRX at the same total strain as before, 

still quite high strength (656 ± 14) MPa is achieved. At the same time TEl 

increases to more than 20 %. Compared to sch. 11 a slightly lower Rp0.2 is 

observed for sch. 6 (432 ± 11 vs. 448 ± 9) MPa. The mechanical properties of 

sch. 1 show smaller values of Rm, Rp0.2 for this condition. Rm with 

(642 ± 12) MPa is found, being slightly reduced when the amount of total strain 

is decreased (sch. 2). Comparing sch. 1 with sch. 11 it can be seen that a larger 

strength level combined with a lower ductility is found for sch. 11 deformed in 

the non-recrystallized austenite region. sch. 5 subjected to the lowest amount of 

total strain indicates the lowest values of Rm and Rp0.2.  

Comparing schedules 11 to 15 followed hot deformations below TnRX the lowest 

value of Rm (637 ± 8) MPa and Rp0.2 (415 ± 3) MPa but the largest value of 
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Tel (22.3 ± 4) % is found for sch. 15 having the lowest amount of total strain. A 

slightly higher level of Rm, Rp0.2 is observed for schedules 13 and 14 at higher 

total strain.  

 
Fig. 4.8 Tensile strength (Rm), yield strength (Rp0.2) and total elongation (TEl) 
dependence on the hot deformation schedules after TMCP. 

4.3.4 Bake Hardening Behavior 

According to the prescribed schedules the DP specimens containing 80 % of 

ferrite and 20 % of martensite had been thermomechanically produced for the 

subsequent examination of their BH effect. For each condition three samples 

had been prepared for prestraining and simulation of paint baking process. The 

parameters were selected according to the standard conditions of PS = 0 and 

2 % at T = 170 °C for t = 20 min. 

Results are shown in Fig. 4.9 and Fig. 4.10 from which it can be clearly seen 

that varying processing parameters influencing mechanical properties and bake 

hardenability of DP steel is given. Fig. 4.9(a)-(b) shows the influence of different 

schedules on mechanical properties of DP steels with PS = 0 % and 2 % after 

baking simulation at 170 °C for 20 min. For the samples without PS the 

difference between RP0.2 of the tensile sample and lower yield strength (Re) of 

the respective BH sample was taken as a measure of BH. In general, it can be 

noted that the values of strength (Rm, Re) increase after BH treatment for all 



Hot Deformation Parameters: Results and Discussion                           Chapter 4 

56 

applied schedules, combined with a negligible decrease of TEl. The increasing 

in strength level is more remarkable after 2 % PS as compared to PS = 0 %. 

Schedules 11 to 15, applied below TnRX, reveal the highest Rm and Re after 

baking, while for schedules 1 to 5 (applied above TnRX) and 6 to 10 (applied 

above-below TnRX) the Rm and Re show lower levels. Evaluating the graphs with 

respect to the total strains indicates that the highest strength is achieved at the 

highest amount of total strain. Comparing schedules 1 to 5 the lowest strength 

levels are obtained for sch. 5, in which the amount of total strain is the lowest, 

while schedules 1 and 2 reveal the highest strength due to the higher total 

strains. Despite a low total strain, sch. 4 indicates a higher level of strength. This 

could be due to higher amount of strain at the last deformation step which has 

the most effectiveness on the grain size of prior austenite among the applied 

deformation steps. This result is also valid for schedules 9 and 14. On the other 

hand, the samples processed to higher amount of total strain have recorded 

lower TEL values. For this case, ferrite grain size is small, as explained before. 

 

(a) 
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Fig. 4.9 Influence of the prestraining and baking process on the mechanical 
properties of different schedules with T = 170 °C, t = 20 min; (a) PS = 0 % and 
(b) PS = 2 %. 
 

Fig. 4.10 displays BH0 and BH2 of DP samples for different TMCP schedules. 

This is best revealed in this figure, which shows the comparative results of BHx 

(BH increment after PS at 0 or 2 % and BH at 170 °C for 20 min) increments. 

Referring to the graphs on Fig. 4.10, it can be concluded that prestraining the 

samples to 2 % and paint baking simulation result in relatively high BH values. 

Furthermore, on average the higher increase of the BH is obtained for samples 

subjected to deformations in non-recrystallized austenite region at larger 

amounts of total strain. Schedules followed deformations above-below TnRx 

exhibit intermediate values. 

 

 

(b) 
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Fig. 4.10 (a) Dependence of BH0 on the hot deformation schedules, calculated 
from difference between RP0.2 of the tensile sample and Re of the respective BH 
sample and (b) dependence of BH2 on the hot deformation schedules.  
 

 

 

(b) 

(a) 
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Fig. 4.11 demonstrates exemplary TEM micrographs of DP steels followed 

sch. 11 before PS and BH (Fig. 4.11(a)) and after PS = 2 % and baking at 

170 °C for 20 min (Fig. 4.11(b)). In Fig. 4.11(a) the dislocation structure within a 

typical ferrite grain is inhomogeneous, generally with a higher dislocation density 

or finer cell size adjacent to martensite. This inhomogeneity is observed in a 

large majority of the grains examined and is interpreted as resulting from plastic 

incompatibility between martensite and the adjacent ferrite. It was impossible to 

measure the dislocation density due to the heavy tangles and cell structures. 

After PS and BH the dislocation density increases both in the matrix and at grain 

boundaries of ferrite, leading to the development of a homogeneous dislocation 

substructure (Fig. 4.11(b)). A subdivision of grains into regions characterized by 

a relatively homogeneous dislocation density is also observed for the condition 

after PS and BH. Such regions are seen to be separated by rather narrow 

transition (deformation) bands, which may extend in length over a significant 

part of the grain and may carry a cumulative misorientation across them. The 

dislocation density is seen to be high and fairly homogeneous in nature, both in 

the boundary region as well as inside the grain. 

 

  
Fig. 4.11 TEM micrographs of the DP steel subjected to sch. 11 showing 
dislocation distributions of DP steels; (a) after TMCP and (b) after prestraining to
PS = 2 % and baking at T = 170 °C for t = 20 min. 
 

Fig. 4.12(a) shows a typical dislocation distribution of ferrite after 2 % PS and 

BH at 170 °C / 20 min. This structure consists primarily of randomly distributed 

straight dislocations. The dislocations are oriented predominantly in ‹111› 
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directions, as indicated by the oriented diffraction pattern, and on this basis are 

identified as screw dislocations. Large jogs are visible on many dislocation lines 

and may have resulted from an accumulation of vacancies, dislocation 

intersection, or cross slip. The area of the sample shown in Fig. 4.12(a) was 

examined in more detail. The white square in Fig. 4.12(a) indicates the position 

of Fig. 4.12(b). From this figure the development of dislocation substructures in 

the ferrite grains can be seen. The dislocations are pinned by nanometer sized 

carbides. 

 

  
Fig. 4.12 TEM images of the DP steel showing dislocation distributions and
pinning of dislocations by carbide particles after PS = 2 % and BH at T = 170 °C 
for t = 20 min; (a) 0.5 μm and (b) 0.2 μm. 

4.4 Discussion 

4.4.1 Influence of the Hot Deformation Schedules on the Phase Transformation 

Behavior 

The factors that accelerate ferrite transformation under static condition are large 

ferrite nucleation site distribution such as austenite grain boundary area, density 

of deformation bands and high strain rate as well as large amount of strain 

before γ → α transformation. From the results of Fig. 4.4 and Tab. 4.4 it can be 

observed that the Ar3 and Ar1 temperatures increase when deformations are 

applied in non-recrystallization region or/and at larger strains. This is due to the 

increase of austenite grain boundary which leads to increase of nucleation site 

and thus grain refinement. Kozasu et al. [Koz75] have shown that the effective 

interfacial areas per unit volume of austenite and the nucleation rate are 
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increased by austenite grain refinement and deformation below TnRX. It is thus 

expected that deformations in this region accelerate the γ → α transformation 

and raise the Ar3 temperature as reported by other groups [Man96, Man98, 

Zha03]. 

During straining of austenite in the non-recrystallization region deformation 

bands and twinning boundaries form and the dislocation density inside austenite 

grains is strongly increased, providing favorable nucleation sites and enhancing 

nucleation rate. Therefore, the grain refinement effect of deformation in the non-

recrystallization region is stronger than that in the recrystallization region [Qu02, 

Egh07a]. Eghbali [Egh06] noted two effects, causing austenite transformation to 

ferrite at a faster rate in the non-recrystallization region than in recrystallization 

region: a) the higher internal energy of the deformed and thus less stable 

austenite and b) larger number of nucleation sites provided by defects. 

There are many reports in which the effect of plastic deformation on the 

austenite to ferrite transformation is considered [Bha04, Han01]. In this case, as 

the stored energy of deformation increases, both the start and finish 

temperatures of the austenite to ferrite transformation were found to increase, 

and the temperature range of the austenite to ferrite transformation was 

reduced. 

It is obvious from Tab. 4.4 that hot deformation schedules influence the MS 

temperature during the γ → α’ transformation. A clear decrease of the MS 

temperature is observed when deformation temperatures are increased or 

amounts of strain are decreased. In agreement with our results, Salehi et al. 

[Sal06] have reported that decreasing applied strain increases the MS of DP 

steels.  

This can be explained by the C enrichment in austenite during the γ → α 

transformation. It is well known that the amount of ferrite determines the C 

content in the intercritical austenite of the DP steels where higher fraction of 

ferritic phase results in greater C enrichment of the austenite [Spe03]. The 

thermodynamic calculations using the Thermo-Calc TCW3 software shows that 

maximal solubility of C in the ferritic phase for DP steel is 0.0063 wt. % 

(Fig. 4.13).  
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Fig. 4.13 Part of the equilibrium phase diagram for DP steel with chemical 
composition given in Tab. 3.1 showing maximal solubility of C in the ferritic 
phase. 
 

With this value it is possible to estimate the dependence of C concentration in 

the austenite on ferrite fraction (fα) by neglecting the partitioning of other 

elements and concentration profiles using the lever rule. The calculated 

dependence is given in Fig. 4.13. On the other hand, MS can be estimated using 

empirical equation proposed by Andrews [And65] which is valid for low alloyed 

steels with a C content less than 0.6 %:  

MoSiCrNiMnCM S ⋅−⋅−⋅−⋅−⋅−⋅−= 0.70.111.127.174.30423539          (Eq. 4.3) 

where alloy contents are in [wt. %] and MS temperature is in [°C]. By combining 

this equation with estimated dependence C (fα) it is possible to obtain the 

dependence of the MS on the fα which is shown in Fig. 4.14.  

As mentioned before, deformation of austenite below the non-recrystallization 

region or/and to high strains results in faster ferrite transformation. 

Consequently, C becomes faster enriched in the remaining austenite. Hence, 

more driving force for the martensitic transformation is required which can be 

provided at lower temperatures. Therefore, remaining austenite transforms into 

martensite during the γ → α’ transformation at somewhat lower temperatures.  
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Fig. 4.14 Dependence of the C content in the retained austenite as a function of 
fα determined using the lever rule and MS as a function of fα formed during γ→α’ 
transformation. 
 

4.4.2 Influence of the Hot Deformation Schedules on the Microstructure 

As can be seen in Tab. 4.5 during the TMCP as the total strain increases the 

average grain size of ferrite and martensite decreases noticeably. It is reported 

that a heavy deformation of about 80 % per pass at just above the Ar3 

temperature, resulting in deformation induced ferrite transformation, increases 

much more nucleation rate in austenite matrix as well as at grain boundary 

being associated with ferrite grain refining [Li07]. Some authors reported that 

deformation to a high strain produces equiaxed and homogeneous ultrafine 

ferrite grains [Bel98, Bel03, Gou03]. 

It is well known that the change in the ferrite grain size with varying hot 

deformation schedule is due to the difference in the morphology of the austenite 

grains from which the ferrite is formed [Han01]. The possible mechanisms for 

the refinement of ferrite and martensite grains, during warm deformation of DP 

steels, may be suggested fine-grained austenite [Kor84]. In the fine-grained 

austenite, fine grains occur much more readily due to increase of austenite grain 

boundaries that can store the strain energy. Therefore, making a lot of lattice 
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defects in austenite such as austenite grain boundary, dislocation, vacancy, twin 

boundary, interstitial atom and stacking fault may be important factors that 

encourage the formation of fine-grained ferrite at high strains. For example, 

applying a complex strain mode such as multi-axial deformation could obtain 

fine grain of submicron [Val91]. It might operate new slip system resulting in 

more effects.  

Chan Hong et al. [Cha02] have reported that at least reduction of 50 % per pass 

above Ar3 as a finishing temperature is required to form fine ferrite grains. They 

argued that deformation to a high strain is effective for increase of austenite free 

energy. Therefore, the critical amount of strain is required to raise the austenite 

free energy. 

On the other hand, it is suggested that the formation of equiaxed fine ferrite 

grains due to high applied strain is mainly the result of a kind of continuous 

dynamic recrystallization (CDRX) of austenite during warm deformation [Son05, 

Song05]. It can be concluded that through CDRX, a kind of grain fragmentation 

takes place by development of deformation-induced low angle dislocation 

boundaries followed by a gradual increase in their misorientation, finally leading 

to their transformation into usual grain boundaries. The high angle boundary fine 

ferrite grains produced through CDRX do not contain any substructure and are 

relatively equiaxed. Furthermore, CDRX is obviously different from the 

conventional dynamic recrystallization, i.e. there is no evidence of nucleation 

and growth of new grains within the original grains through the bulging of grain 

boundaries [Egh07b]. 

It can be observed from Fig. 4.5 to Fig. 4.7 and Tab. 4.5, that deformations 

below TnRX result in smaller dα and dα‘ and higher dislocation density in ferrite. 

For example, for sch. 11 the grains are produced from work hardened 

(pancaked) austenite through austenite to ferrite transformation. The sizes of 

these ferrite grains are smaller and the dislocation densities of them are higher 

than those produced from the recovered and recrystallized austenite grains.  

The austenite microstructure is completely recrystallized above TnRX. Multipass 

hot deformation sequences which end in this region and where there is a pre-

existing pinning force to suppress grain coarsening are entitled recrystallization 

controlled rolling (RCR) practices. Hence, the distinguishing feature of RCR 

processing is having a pre-existing pinning force (precipitate or solute) that is 
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small enough to allow the accruement of static recrystallization but large enough 

to suppress grain coarsening. As the deformation temperature is decreased 

(above-below TnRX) so that the progress of recrystallization becomes 

increasingly difficult, a partially recrystallized microstructure is observed. This 

microstructure is often referred to as being duplex because of a non-uniform 

grain size. Finally, a completely non-recrystallized microstructure is present 

when deformation occurs below TnRX. Multipass hot deformation sequences 

which occur largely in this region are entitled conventional controlled rolling 

(CCR) practices. For a fixed rolling schedule which includes a specific number of 

roughing and finishing passes, the higher the TnRX, the larger will be the amount 

of rolling strain imparted in the non-recrystallization region. It is reported that the 

density of the near-planar crystalline defects (i.e. grain boundaries, deformation 

bands, and twin boundaries) increases with increasing deformation in the non-

recrystallization region [Haw79]. Since these defects act as nucleation sites for 

proeutectoid ferrite during subsequent cooling, there is a strong relationship 

between the final ferrite grain sizes and processing conditions [Kya98]. 

It is also seen from Tab. 4.5 that the lowest grain sizes are achieved for 

schedules subjected to the highest total strain below TnRX. As mentioned before, 

the deformation temperature has an influence on the ferrite nucleation sites and 

a decrease of the deformation temperature will enhance intragranular 

nucleation. A larger strain could lead to more deformation bands within austenite 

grains and more ferrite fragments. The deformation bands produced by large 

amounts of strain in non-recrystallization temperature region of austenite act as 

nucleation sites for ferrite formation and finally refine the ferrite grains [Naj92]. 

4.4.3 Influence of the Hot Deformation Schedules on the Mechanical Properties 

The microstructure of DP steels could be characterized in terms of a number of 

morphological features such as the size and morphology of the martensite 

packets, the volume fraction and distribution of martensite within the 

microstructure and the volume fraction and morphology of ferrite. These features 

should be related to the mechanical properties of DP steels. In the present 

study, the volume fraction of martensite is kept similar for all steels of about 

20 %. Thus, it can be deduced that volume fraction of ferrite and martensite is 

not an operating mechanism. Thus, this mechanism is ruled out. Therefore, the 
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main contribution of ferrite and martensite to the mechanical properties is related 

to the grain size. Grain size has an influence on the velocity of the Lüders band 

front. Grain boundaries act as obstacles to the front propagation, so that they 

control the Lüders band velocity. Thus, a small grain size will make the band 

propagation more difficult and lead to a higher value of lower yield stress and 

yield point elongation [Fuj78]. A decrease in the grain size generally leads to an 

increase in the ultimate tensile strength and the yield strength through the Hall-

Petch relationship:  
21

0
−+= dk yy σσ               (Eq. 4.4) 

where σy [MPa] is the lower yield stress, σ0 [MPa] is friction stress, ky [MPa·m] is 

the Hall-Petch coefficient and d [m] is the grain size [Tak10]. 

However, it was found, that the yield strength of multi phase steels is not only a 

function of the grain size [Tim03]. The ferrite grain size does contribute to the 

yield strength, but there are other factors affecting the yield strength, as ferrite is 

only one component of the microstructure. The morphology and distribution of 

the martensite play an important role in the structure-property relationship. 

According to [Tim03, Tim07] and [Edm90] it is possible to account for the 

strength of the martensite structure in terms of four major contributions: 

1. A term relating to slip-band length, which includes both colony (packet) and 

lath size. 

2. A term due to the dislocation substructure within the laths. 

3. A term including solid solution hardening from substitutional elements, such 

as Si, Mn, Ni, etc., but additional interstitial hardening from C. 

4. A term which arises from the dispersion hardening effect of the carbide 

particles. 

The microstructures resulting from various deformation tests have been 

described previously (Fig. 4.5 to Fig. 4.7). In general, it can be noted that the Rm 

increases when specimens are deformed below TnRX and/or to high strains 

(Fig. 4.8). On the other hand, deformations in the non-recrystallization austenite 

region to a large amount of total strain result in smaller ferrite grain size. 

Therefore, higher strength level of these conditions can be attributed to the finer 

ferrite and martensite grain size. 

It is seen from Fig. 4.8 that Rp0.2 of specimens deformed below TnRX at low 

amounts of total strain (less than 0.8) is lower than in the case when specimens 
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are deformed above or above-below TnRX at high amounts of total strains (more 

than 0.8) or when the amount of the strain of the last deformation step is in its 

highest value (ϕ3 = 0.2). This reduction could be related to the distribution of 

martensite before straining. As mentioned before, deformation below TnRX lead 

to finer martensite blocks within ferrite matrix. The blocks of martensite formed 

between the ferrite enhance the reduction of Rp0.2 by the generation of the new 

mobile dislocations in the parent ferrite matrix prior to straining. The movement 

of these unobstructed dislocations results in the yield strength reduction, as 

commonly observed in the DP steel [Mat84]. 

In Fig. 4.8 it can be also observed that for schedules subjected to hot 

deformations below TnRX at high strains a low ductility was obtained. In this case 

the morphology (size of blocks) and location of martensite within the soft ferrite 

matrix are more significant in determining the structure-property dependence. 

The distribution of different phases within the microstructure is important, 

because when a large fraction of a harder phase such as martensite, is included 

in a soft matrix, plastic deformation at first occurs in the softer phase. On the 

other hand, the hard phase only begins to deform when the softer phase has 

strain hardened sufficiently to transfer load. The hard martensite phase under 

straining can stimulate the formation of new mobile dislocations in a soft ferrite 

matrix and, by means of this, decrease the ductility. Furthermore, the martensite 

is not uniformly distributed within the ferrite, so giving rise to a gradual deviation 

from elastic deformation. Hence, it is proposed that all these features decrease 

the ductility [Mat84]. 

4.4.4 Influence of the Hot Deformation Schedules on the Bake Hardening 

Behavior 

The average values of BH0 and BH2 have been calculated from the values 

recorded at each combination of hot deformation condition. A comparison 

among these averages is shown in the histogram of Fig. 4.10. From this figure it 

is clear that a high BH level is obtained when steels deformed at high amounts 

of total strains (ϕt more than 0.8) or at the highest amount of the strain of the last 

deformation step (ϕ3 = 0.2) or below TnRX. The highest BH0 and BH2 values are 

recorded for schedules followed hot deformations in the non-recrystallization 

region to the highest amount of total strain. This result is in association with the 
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strength increase recorded at these conditions (Fig. 4.9). As discussed earlier, 

the hot deformation schedule has a pronounced effect on the grain size [Ahm08, 

Tim03]. A deformation below TnRX or at high amounts of total strain results in 

distinct refinement of the final DP steel microstructure (Tab. 4.5). Thus, the 

improvement in BH behavior for these schedules seems entirely to be due to 

microstructural refinement. In addition to the effect of grain refinement on the 

improvement of the bake hardenability, the higher dislocation density of the finer 

grains has a further improving effect. A poorer BH level for the schedules 

deformed above TnRX to low amounts of total strain could be related to lower 

dislocation density and coarser grains after TMCP. For schedules with lower 

deformation temperatures (below or above-below TnRX) and smaller amounts of 

total strain, increasing trend in BH effect with decreasing mean grain size can be 

identified. This can be probably attributed to the influence of grain sizes on the 

concentration profiles of dislocation in the interior of the grains and in the grain 

boundaries. It is expected that there will be relative high dislocation present in 

the matrix for a smaller grain size, as a consequence of more intensive 

dislocation pinning by free C atoms. Therefore, the BH effect should increase 

with decreasing grain size because the distance, which the free C atoms move 

to the grain boundaries, is less [Bal09a, But62, Han84, Wil68]. 

Furthermore, it is shown in Fig. 4.7 that small grain sizes (i.e. deformed below 

TnRX) contain increased dislocation densities after deformation due to the high 

number of obstacles in form of grain boundaries (discussed in section 4.4.2). 

Probably a large part of the solute C is present near the F/M interfaces or in the 

grain boundaries of the ferrite, which may contribute to the process of BH 

[Kri07]. On the other hand, the diffusion of C atoms towards the energetically 

favored positions on the dislocation lines is a rather fast process for the given 

conditions. In the case of a fine grain size, solute C atoms from the grain 

boundaries can move faster to dislocations in the middle of a grain due to the 

shorter distances. Baker et al. [Bak02a] found that the solute C atoms nearly 

completely migrate to the dislocation lines in the first stage of BH, while the C 

atoms involved in cluster and carbide formation become available from those 

sites after the Cottrell atmospheres have formed. 

Moreover, precipitation in the DP microstructure must also be mentioned as an 

additional point which contributes to the BH effect. As can be observed in 
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Fig 4.12, after prestraining and baking in the steel dislocations are pinned by 

nanometer sized carbides, following sch. 11 (deformed below TnRX at the highest 

amount of total strain). It is well known, that hot deformation conditions affect the 

formation of precipitations. Weiss and Jonas noted that deformation accelerates 

the precipitation kinetics [Wat77, Wei79]. They found that after a deformation of 

5 % during hot compression test the rate of precipitation is about ten times faster 

than in a material without deformation. Watanabe et al. [Wat77] also found that 

the deformation increases precipitation kinetics by a factor of more than ten in 

terms of isothermal holding time. On the other hand it is reported, that 

precipitation kinetic is reduced due to few nucleation sites, if recrystallization is 

completed before the onset of precipitation [Bäc09]. Therefore, deformations 

below TnRX lead to increased precipitation kinetics which could contribute to the 

bake hardenability of DP steels.  

4.4.5 Influence of the Prestraining and Baking Condition on the Bake Hardening 

Behavior 

From Fig. 4.9 and Fig. 4.10 it can be noted that BH values after PS = 2 % are 

significantly higher compared to the conditions without PS, where the binding 

between dislocations and the C atoms is strong. Thus, it is more difficult for the 

C atoms to diffuse into the ferrite for dislocation pinning. For the C atoms 

present in the ferrite in a low concentration, it takes a long diffusion path to 

reach the few dislocations being present. At the same time there are ample 

dislocations at the F/M interface to maintain smooth yielding without distinct 

increase of yield strength, although part of them may be anchored by carbon 

atoms. As soon as the material is prestrained, the dislocations start to move, 

releasing C atoms, which now reach the increased number of dislocation lines 

inside the ferrite more easily resulting in a higher increase of yield strength. 

When the prestrained samples were baked, it is generally noticed that the 

microstructural developments from the tangled array of dislocations to cells 

occur. Dislocations start to cluster inside individual grains, and these clusters 

eventually join together to form a cell structure after the baking treatment. 

As shown in Fig. 4.11 (a), before the baking treatment the density of dislocations 

is mostly heterogeneous, being more in the vicinity of the grain boundary and 

long, straight widely spaced dislocations within the matrix. The dislocations tend 
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to be more structured when PS and BH are applied Fig. 4.11 (b) and Fig. 4.12. 

This is clearly understood as follows: the total energy of any dislocation is the 

sum of the energy stored in the long-range strain field and the energy of the 

dislocation core [Sre07]. The dislocation structure of minimum energy (the 

equilibrium core diameter) follows from the condition that the total energy of the 

long-range strain field (decreasing with growing core size) and the core energy 

(increasing with growing core size) is a minimum [Fau01, Gle82]. Though 

evidence of atmospheres is yet to be seen, these dislocation solute interactions 

are seen to be the driving force that causes huge BH increments seen in this 

research. 

Fig. 4.15 represents the HAADF STEM micrographs of the DP steel subjected to 

sch. 11 after PS = 2 % and BH at T = 170 °C for t = 20 min. The microstructure 

after this treatment seems to be strongly dislocated, resulting in the 

homogeneous structure with dislocations relatively uniformly distributed in the 

ferrite matrix as well as within the grains. The ferrite grains are subdivided into 

well-defined cells whose walls consist of a tangled network of dislocations 

(Fig. 4.15(a)). The cell walls become more sharply defined and tend to align 

themselves in certain crystallographic directions. A complex array of dislocations 

is seen consisting of two sets of parallel dislocations, which have formed short 

lengths of dislocations in a third direction at their point of intersection 

(Fig. 4.15(b)). These dislocation arrays are generally favored over a quasi 

uniform three-dimensional distribution since for a given total dislocation density, 

the dislocation spacing is smaller in the arrays. 

This network will probably keep them immobile, giving stability to the whole 

system. Hence, the pinning effect or the BH increment by the interstitial species 

after their diffusion to these mobile dislocations during the baking treatment is 

seen to be very strong.  
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Fig. 4.15 HAADF STEM micrographs showing distribution of dislocation density
for the DP steel obtained from sch. 11 applied below TnRX at the highest amount 
of total strain after prestaining at PS = 2 % and baking at T = 170 °C for 
t = 20 min; (a) 0.5 μm and (c) 0.2 μm. 

4.5 Conclusions 

This chapter provided an investigation of the microstructure formation and 

mechanical properties obtained after TMCP simulation of DP 600 steels. The 

samples followed different hot deformation schedules on the deformation 

simulator. The microstructure evaluation, mechanical properties and BH 

behavior were also studied after TMCP and after prestraining and paint baking 

simulation. From the present investigation the following conclusions can be 

drawn: 

1- Varying hot deformation parameters has a significant influence on the phase 

transformation behavior. Decreasing hot deformations or/and increasing 

strains shift the Ar3 and Ar1 temperatures to higher levels and the MS towards 

lower temperatures. 

2- By making use of the beneficial effect of the hot deformation below TnRX 

and/or to high amounts of total strain, pronounced finer ferrite grains and 

finer martensite blocks in DP steels had been produced. This results in 

improvement of mechanical properties and BH behavior of the steels. 

3- For the given alloying composition, the most promising microstructures with 

respect to the mechanical properties are those processed below TnRX at 

higher amounts of total strain. The microstructures of this steel seem to be 

strongly dislocated, resulting in a heterogeneous structure with dislocations 

irregularly distributed in the ferrite matrix. A higher dislocation density is 
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observed for the samples applied at higher amount of total strain. This 

results in improved strength after TMCP as well as after baking process.  

4- A noticeable higher strength increment is observed after prestraining at 2 % 

and baking at 170 °C for 20 min as compared to that one without PS. This 

increment is significantly higher for conditions conducted below TnRX at high 

amounts of total strain. 

5- TEM and HAADF STEM observations reveal a slightly increased dislocation 

density after PS and BH. For DP steel cell walls and uniform distributed 

structures are different ways to minimize the energy per unit dislocation line. 

Additionally, the formation of fine iron carbides in ferrite, pinned by 

dislocations, is detected in the ferrite after BH.  

6- By controlling the deformation temperatures and the amounts of strain during 

the TMCP, it is possible to achieve the optimized microstructure and hence, 

to improve the mechanical properties and bake hardenability of the DP steel. 
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5  Martensite Content and Cooling Rate: Results and Discussion 

5.1 Introduction 

Hot rolled DP steels are referred to the steels with microstructures consisting 

largely of ferrite and martensite. The amount of both phases is engineered 

through alloy design and processing to induce extra strengthening in phases 

either through grain refinement, dislocation hardening and precipitate 

strengthening or by solid solution strengthening [Mat84]. 

Since ferrite is the major microstructural constituent in hot rolled DP steels, it is 

expected that during martensite transformation, most of the plastic strain will be 

accommodated by the ferrite phase itself [Bha93, Lan82]. Cooling rate after the 

last finishing rolling will therefore be largely dictated by the ferrite properties. The 

martensite phase blocks may exert significant influence on the ferrite properties 

and therefore modify the microstructure in total.  

5.1.1 Aim of the Study 

In this chapter the present study was aimed at designing microstructural 

variations in DP steels and assessing the cooling rate influenced by such 

microstructural variations. The elements of microstructural control through 

TMCP in DP steels along with a consideration of microstructural effects on 

mechanical properties, with emphasis on cooling rate during γ → α 

transformation, will be discussed in detail. The following variations in the 

microstructure were sought in the DP materials for the present study: 

a) Vary the volume fraction of martensite  

b) Vary the cooling rate during γ → α transformation  

5.2 Simulation of Finishing Rolling  

Analogous to chapter 4 the simulation of the last three steps of finishing rolling 

was conducted on the deformation simulator using flat compression setup. 

Fig. 5.1 illustrates schematically the employed TMCP schedule for simulation 

the final steps of the finishing rolling. All flat compression specimens had been 

austenitized at a temperature of TA = 1000 °C for tA = 3 min. The heating rate 

was 10 K/s. The hot deformation parameters of the last three deformation steps 

had been selected according to industrial conditions and kept fixed (Tab. 5.1). 
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As can be seen in Tab. 5.1, hot deformation parameters are the same as 

schedule 7 (chapter 4) where the first and second deformation steps took place 

in the recrystallization region (above TnRX) followed by a further step in the non-

recrystallization region. The strain rate of each deformation step was ϕ&  = 10 s-1. 

The break time between the deformation steps was 5 s. After the last 

deformation step the specimens were cooled below MS in two stages. First, they 

were cooled at different cooling rates to fast cooling start temperature (TFC) in 

γ → α transformation region, until required fraction of ferrite and austenite was 

obtained and then accelerated cooled below MS at a high cooling rate of 

~100 K/s (Fig. 5.1). 

In order to obtain DP steels with prescribed amounts of ferrite and martensite 

the appropriate TFC temperatures must be determined from which the specimens 

have to be fast cooled. As discussed in previous chapter, varying TMCP 

parameters affects this temperature. Determining TFC is described in following 

section. The accelerated cooling of the specimen from TFC below MS results in 

transformation of prescribed remaining austenite to martensite. Therefore, 

adjustment of MVF is possible by variation of TFC. Variation of the cooling rate 

during the γ → α transformation and volume fraction of martensite in the DP 600 

steel are shown in Tab. 5.2.  

Tab. 5.1 Parameters of hot deformation process during the simulation of 
controlled rolling selected according to the industrial condition  

Steel T1 
[°C] 

T2 
[°C] 

T3 
[°C] 

ϕ1 
[-] 

ϕ2 
[-] 

ϕ3 
[-] 

ϕt 
[-] 

DP 600 900 855 830 0.45 0.25 0.15 0.85 
 

Tab. 5.2 Variation of cooling rate during simulation of controlled cooling after the 
last deformation to TFC and variation of MVF  

Steel Cooling rate after last 
deformation to TFC [K/s] 

MVF 
[%] 

DP 600 1, 10, 20, 30, 40 10, 20, 30 
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Fig. 5.1 TMCP schedule applied for simulation of the final steps of finishing 
rolling process following schedule 7.  

5.3 Results  

5.3.1 Phase Transformation Behavior and Defining TFC  

To define TFC depending on the cooling rate the dilatometric measurements had 

been performed, as described in section 4.3.1. As mentioned earlier, processing 

parameters (deformation, temperature, cooling rate and etc.) influence the γ → α 

transformation kinetic. Therefore, the dilatometric tests were preformed 

according to applied conditions. Fig. 5.2 shows schematically thermomechanical 

schedule of the deformation / dilatometric tests. Specimens were prior subjected 

to the deformation parameters as controlled rolling (Tab. 5.1) and subsequently 

cooled from the last deformation step to RT at different cooling rates, listed in 

Tab. 5.2. 
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Fig. 5.2 Schematic representation of the employed schedule for deformation / 
dilatometric test (same as Fig. 5.1) with different cooling rates to RT after 
deformation.  
 

The change in the length (dilatation) during the cooling was measured by the 

laser. The transformation behavior depending on cooling rate was determined 

by means of length change as a function of temperature. Fig. 5.3(a) illustrates 

dilatation curves corresponding to different cooling rates. On this graph the 

change in lengths of specimens cooled to RT at different cooling rates are 

plotted as a function of temperature.  

From Fig. 5.3(a) the transformed fraction of austenite to ferrite can be 

determined for different conditions, as described in section 4.3.1. Fig. 5.3(b) 

displays the transformed fγ to fα as a function of temperature during cooling at 

different cooling rates. It can be seen that with a higher cooling rate the γ → α 

transformation nose is shifted towards lower transformation temperatures.  

For this study, amounts of martensite for DP steel were defined to MVF = 10, 20 

and 30 %. From transformed volume fraction curves (Fig. 5.3(b)) TFC 

temperatures, corresponding to different MVFs at different cooling rates, can be 

determined, presented in Tab. 5.3. For example, at a cooling rate of 1 K/s 10 % 

of remaining austenite and 90 % of ferrite are formed at a temperature of about 
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687 °C (Fig. 5.3(b)). In addition, Tab. 5.3 lists Ar3, Ar1 and MS temperatures 

corresponding samples with different cooling rates. 

 

 
Fig. 5.3 Influence of the cooling rate on the phase transformation behavior; 
(a) dependences of the change in length on the temperature at γ → α phase 
transformation during cooling stage at 10 K/s and (b) calculated fraction of γ → α 
as a function of temperature for specimens cooled at different cooling rates. 

(a) 

(b) 
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The data from Fig. 5.3 and Tab. 5.3 indicate that the cooling rate reveals a 

strong influence on Ar3 and Ar1 during the γ → α transformation as well as on MS 

during the γ → α‘ transformation. It can be concluded that higher cooling rate 

results in lower Ar3, Ar1, TFC and MS. With increasing cooling rate from 1 to 

10 K/s the Ar3 and Ar1 decrease by about 10 and 8 K, respectively. The 

specimen having lowest cooling rate of 1 K/s shows the highest Ar3, Ar1 and MS 

while the lowest Ar3, Ar1 and MS are obtained for the specimen with highest 

cooling rate of 40 K/s. A comparison of the lowest cooling rate at 1 K/s to the 

highest cooling rate at 40 K/s shows a difference of about 43 K for Ar3 and about 

30 K for Ar1. 

Tab. 5.3 Determined Ar3, Ar1, appropriate TFC for fα = 70, 80 and 90 %, fγ = 10, 
20 and 30 % and MS obtained during accelerated cooling for different schedules 

Cooling rate 
[K/s] 

Ar3  
[°C] 

Ar1 
[°C] 

TFC,90 % α 

[°C] 
TFC,80 % α 

[°C] 
TFC,70 % α 

[°C] 
MS 
[°C] 

1 785 651 687 704 714 427 
10 775 643 679 697 705 420 
20 769 635 672 688 696 414 
30 756 626 663 681 690 408 
40 742 623 656 671 682 403 

5.3.2 Microstructure Evolution 

Flat compression samples were cooled after the last deformation step to 

different TFC temperatures at different cooling rates and then accelerated cooled 

below MS. The TMCP was designed to produce DP microstructures with 

different MVFs. LOM investigations were performed to study the microstructure 

evolution after TMCP. Fig. 5.4 displays exemplary LOM images corresponding 

to samples containing 10, 20 and 30% of MVF with a cooling rate of 10 K/s. It is 

revealed that three DP microstructures are characterized by similar cooling rate 

(10 K/s) but exhibit different MVFs. The estimated MVFs in the final 

microstructure based on dilatation curves are in good agreement with the 

quantitative analysis. All images show a classical DP microstructure with 

relatively globular martensite islands embedded in the ferrite matrix phase. 

Large martensite islands can clearly be observed, but they often show dark 

substructures either within or in their direct surroundings. In addition, such a 

dark phase can also be observed at the boundaries between two neighbors. 

Some bainitic phases could also be detected in the microstructure. Diffusion of 
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C from the enriched martensite to the ferrite zones facilitates bainite formation in 

these regions [Bha92a]. The amount of retained austenite was investigated and 

measured by SM. Small amounts of retained austenite between 1 - 2 % could be 

detected for all conditions.  

For samples, cooled during the γ → α transformation with different cooling rates 

and the same MVFs, no significant differences with regard to the morphology, 

phase distribution and grain size could be found.  
 

 

 
Fig. 5.4 Microstructure of DP steels showing different volume fractions of
martensite obtained after TMCP: (a) fα = 90 %, fα’ = 10 %; (b) fα = 80 %, 
fα’ = 20 % and (a) fα = 70 %, fα’ = 30 %; cooling rate of samples in the first 
cooling stage was 10 K/s. 
 

5.3.3 Mechanical Properties 

The engineering stress-strain curves of DP steels with MVFs of 10, 20 and 

30 %, and cooling rate of 10 K/s are plotted in Fig. 5.5. All three steels show a 
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continuous yielding behavior. Rigsbee et al. [Rig79] have stated that at least 4 % 

of martensite in DP steels is necessary to achieve a continuous yielding 

behavior. Ultimate tensile strength, yield strength and total elongation of the 

specimens with different MVFs after TMCP at different cooling rates are 

compared to that ones after PS and BH treatment and illustrated in the next 

section. As expected, Fig. 5.5 shows that both, the yield and tensile stress 

increase with increasing volume fraction of martensite. At the same time, the 

elongation behavior decreases. This behavior is commonly interpreted in terms 

of local dislocation accumulation [Bal81] introduced by the martensitic 

transformation. Yet, as the plastic strain of the martensite phase is negligible, 

the total elongation to fracture is reduced with increasing martensite fraction.  

 
Fig. 5.5 Stress-strain curves for three DP steels with MVF = 10 %, 20 % and 
30 %. 

5.3.4 Bake Hardening Behavior 

Mechanical properties of thermomechanically processed samples before and 

after PS and BH were determined using tensile testing. In this part of the study 

the parameters varied one at a time with respect to the standard condition of 

PS = 0 and 2 %, T = 170 °C and t = 20 min. The results of the experiments are 

presented a) in term of changes in the strength and elongation and b) in term of 

BH0 and BH2 values.  
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The mechanical behavior of thermomechanically produced samples before and 

after PS and BH with respect to cooling rate and MVF is sketched in Fig. 5.6. As 

a result, higher cooling rates after the last deformation step to fast cooling start 

temperature during the γ → α transformation yield higher strength level. This is 

more demonstrative for the condition after TMCP. As the MVF increases the 

strength values increase steeply to higher strength level (Fig. 5.6(a)-(b)). Total 

elongation decreases by increasing cooling rate from 1 to 40 K/s as shown in 

Fig. 5.6(c).  

Fig. 5.6(a)-(b) shows a constant increase of Rm and Re for any value of MVF and 

cooling rate after 2 % PS and baking at T = 170 °C, t = 20 min. The cooling rate 

sensitivity of prestrained and baked DP steels is less than the condition before 

PS and BH. Fig. 5.6(c) compares values of total elongation before and after PS 

and BH. Lower TEl level of the DP steel can be found on this figure after a paint 

baking treatment (2 % of PS and at 170 °C / 20 min) as a function of cooling 

rate. Further decrease of TEl is found by increasing MVF.  

 

(a) 
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Fig. 5.6 Influence of MVF and cooling rate on the mechanical properties of DP 
steels after TMCP and after prestraining and baking process with PS = 2 %, 
T = 170 °C, t = 20 min; (a) tensile strength (Rm); (b) yield strength (Rp0.2) and 
lower yield strength (Re) and (c) total elongation (TEl). 
 

 

(b) 

(c) 
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Fig. 5.7 compares the effects of cooling rate and MVF on the strength increase 

after PS and BH in term of BH0, BH2 values. At each cooling rate, this figure 

plots the difference between the yield strength after PS and BH (Re) and the 

yield strength of the samples after TMCP (Rp0.2). As shown in this figure, both 

BH0 and BH2 values increase with increasing MVF at all cooling rates. Without 

PS the samples indicate a lower BH level than with PS = 2 % (BH2). DP steels 

with 10 % MVF reveal no significant increase in BH0 values at all cooling rates. 

For DP steels with 30 % MVF, BH0 increases steeply with increasing cooling 

rate. For steels having 20 % MVF, BH0 increment is found after a cooling rate of 

20 K/s (Fig. 5.7(a)). 

The lowest BH2 value of about 73 MPa is reached for the steel with 10 % MVF 

at the lowest cooling rate of 1 K/s, while the highest BH2 value of about 120 MPa 

could be obtained with 30 % MVF and a cooling rate of 40 K/s (Fig. 5.7(b)). DP 

steels containing 10 % MVF appear no distinct BH2 increment at low cooling 

rates (less than 10 K/s), while BH2 values at high cooling rates show an 

increased level. 

Three major observations from these data on the response to BH are:  

(a) Pre-strained DP steels to 2 % indicate a remarkable higher BH level 

compared to non-prestrained steels. 

(b) At high cooling rates (above 20 K/s), there is a significant increase in 

strength due to aging and a return of a well defined yield point on loading, i.e. 

the cooling rate sensitivity of the baked materials at the low cooling rates is 

much lower than the high cooling rates.  

(c) The contribution of BH increases with an increase in MVF at all cooling rates.  
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Fig. 5.7 (a) Dependence of BH0 on the cooling rate and MVF, calculated from 
difference between RP0.2 of the tensile sample and Re of the respective BH sample 
and (b) dependence of BH2 on the cooling rate and MVF. 
 

(b) 

(a) 
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5.4 Discussion 

5.4.1 Influence of Cooling Rate on the Phase Transformation Behavior 

The results of the dependence of transformation temperatures on the cooling 

rate are shown in Fig. 5.3. In general, the reproducibility of such phase 

transformation curve depends to a large extent on various factors: the 

achievable quenching speed to the respective holding temperature, uniform 

cooling of the test sample, compliance with isothermal temperature control, 

sensitivity of direct volume measurement and compliance with a defined 

austenitization condition. In addition, the actual chemical composition of all 

alloying elements must be taken into consideration for transferability to steels of 

the same designation. 

Ar1, Ar3 and MS temperatures obtained during the TMCP under different cooling 

conditions are listed in Tab. 5.3. These data indicate that the cooling rate exerts 

a stronger influence on the start temperature (Ar3), when all the austenite phase 

is exhausted, than on the finishing temperature (Ar1). It is observed from this 

table, that Ar1 and Ar3 increase with decreasing cooling rate. On the other hand, 

preliminary test showed that the dependence of transformation temperature on 

the cooling rate decreases as the cooling rate decreases. Slow cooling rates 

below 1 K/s could not effectively influence the Ar1 and Ar3 are independent on 

the cooling rate. This feature is associated with the transformation temperatures 

under the equilibrium Ae1 and Ae3 which depends only on the chemical 

composition, i.e. is independent on the heating or cooling rates [Sol07]. An 

inference is that at the cooling rate where the transformation temperatures start 

to be independent on the cooling rate, the Ar1 and Ar3 are close to the Ae1 and 

Ae3.  

As discussed before, the increase in transformation temperatures is because of 

the greater density of nucleation sites, resulting from the fine grained structure. 

On the other hand, varying cooling rate shows no significant influence on the 

grain size (as mentioned in section 5.3.2). Thus, it can be deduced that grain 

size is not an operating mechanism. Therefore, this mechanism is ruled out. 

Jun et al. [Jun06] pointed out that the influence of cooling rate on the 

transformation temperatures in ferrite formation region is due to a diffusion 

mechanism. They noted that low cooling rates influence transformation 
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temperatures by diffusion transformation because of the high diffusivity path 

produced by deformation. Therefore, increase in Ar1 and Ar3 temperatures could 

attribute to the diffusion mechanism of C atoms at low cooling rates. However, at 

higher cooling rates, change in transformation temperature is reported to be not 

controlled by diffusion [Jun06]. 

As can be seen from Tab. 5.3, MS decreases by increasing cooling rates from  

1 to 40 K/s. On the other hand, higher cooling rates lower the TFC in the 

austenite and ferrite regime. Due to low TFC temperatures at high cooling rates, 

the mechanical stability of austenite increases and, as a result, a higher driving 

force for martensitic transformation is needed [Nad08]. Higher driving forces are 

provided at lower MS temperatures, i.e. MS decreases by increasing cooling rate. 

This is confirmed for the given experimental conditions, since higher cooling 

rates shift MS towards lower temperatures.  

Another interpretation is the detraction of the MS temperature. As described in 

previous chapter, the MS temperature is mainly a function of C content, i.e. by 

increasing C content the MS temperature is decreased. This can be explained as 

a consequence of ferrite formation in which C becomes enriched in the 

remaining austenite faster at higher cooling rates. Therefore, remaining 

austenite transforms into martensite at somewhat lower temperatures. Choi et 

al. [Cho04] noted that the lower MVF in the final DP steel causes a C enriched 

austenite at the onset of transformation. Hence, higher austenite C contents 

retard transformation to martensite.  

5.4.2 Influence of Cooling Rate and Martensite Volume Fraction on the 

Microstructure 

Results of microstructure evolution (Fig. 5.4) reveal an excellent correlation 

between the microstructure obtained after each TMCP and that predicted by 

dilatometric study. The microstructure is mostly ferrite and the rest is martensite. 

It was possible to set the volume fraction of martensite in DP structure during 

TMCP at different cooling rates by setting TFC. By increasing TFC at a given 

cooling rate the fraction of martensite within the microstructure is raised. From 

LOM observations it is obvious that in all conditions the morphology of 

martensite and the grain size of ferrite after the TMCP look similar. The only 

difference in the microstructure could be a change in the density and distribution 
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of dislocation in ferrite or at F/M interface due to the variation of the cooling rate 

and MVF.  

Fig. 5.8 shows an example of HAADF STEM micrograph of a DP sample 

containing 30 % of MVF. This image allows distinguishing martensite clearly 

from the matrix as it exhibits higher lattice distortion. Each martensite block is 

surrounded by its neighboring ferrite grains. One could expect that larger blocks 

affect larger volume fractions of the adjacent ferrite grains, because the absolute 

volume increase is higher during transformation. However, even very small 

martensite blocks cause strong local plastic deformation [Moy75].  
 

 
Fig. 5.8 HAADF STEM micrograph showing distribution of martensite and the 
dislocation density in the DP steel containing 30 % of MVF obtained after the 
TMCP.  
 

Another aspect is the distribution of martensite around the ferrite grain. The 

more of the ferrite grain is surrounded by martensite, the higher is the resulting 

in dislocation density. It can be observed that the dislocation density in ferrite is 

increased with increasing martensite fraction (Fig. 5.8), i.e. a higher ferrite 

fraction experiences local plastic deformation due to the martensitic phase 

transformation. The introduction of additional dislocations decreases the 

average spacing between dislocations. The region affected by martensite is not 

necessarily distributed homogeneously around martensite blocks, as can be 

seen in this figure. In case of a high number of martensite neighbors, the ferrite 

grains are sometimes entirely affected by the shape accommodation, i.e. the 

whole grain is work-hardened after martensitic phase transformation. This steel 

contains a high density of non-uniformly distributed dislocations.  
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There were also some minor dislocation accumulations visible at the F/F and 

F/M grain boundaries of steel with a low MVF of 10 %. Yet, the dislocation 

density of this steel is scarce and less pronounced than of steels with higher 

MVFs (20 and 30 %).  

5.4.3 Influence of Cooling Rate on the Mechanical Properties and Bake 

Hardening Behavior 

For the DP steels discussed here, the cooling rate dependencies after TMCP as 

well as after PS and BH are plotted in Fig. 5.6. The increase in the dependency 

of strength with cooling rate indicates that there is an increase in the contribution 

of thermally activated dislocation processes, e.g. the formation of doublekink 

pairs, as dislocations move past Peierls barriers, to the overall stress required 

for dislocation movement such that at high cooling rates the properties are 

dominated by the stress for individual dislocation movement [Mat03]. Wu et al. 

[Wu08] have pointed out that the relaxation mechanism can be prevented during 

thermomechanical processing at higher cooling rates after the last deformation. 

This causes the generation of more dislocation in the final microstructure, which 

could increase the strength effect in DP steels. 

For the prestrained and baked samples at higher cooling rates, the high strength 

and low ductility level suggest that the mechanisms responsible for 

strengthening are the same. If it is assumed that the process of aging produces 

a fully pinned dislocation structure, then on reloading the stress for deformation 

corresponds primarily to the stress to generate sufficient new dislocations as 

controlled by the long range stress fields associated with the dislocation 

structure and the stress required to operate dislocation sources [Bru03].  

However, with an increase in cooling rate the inherent resistance to the 

movement of individual dislocations by the same processes operating for the not 

aged samples dominate and the effects of pinning due to aging are 

overshadowed by the inherent processes of dislocation movement over short 

range barriers, such as Peierls barriers. Therefore, DP steels containing a 

certain MVF exhibit a better strength level at high cooling rates.  

The other influencing factor of the BH effect, which should be discussed here, is 

the solute C content. Marunouchi et al. [Mar87] reported that after hot rolling 

high cooling rate from a high temperature is effective to suppress carbide 



Chapter 5             Martensite Content and Cooling Rate: Results and Discussion 

89 

precipitation. On the other hand, carbide formation can decrease the effective 

solute C content. Hence, suppression of carbide precipitation by higher cooling 

rates could increase the bake hardenability.  

5.4.4 Influence of Martensite Volume Fraction on the Mechanical Properties and 

Bake Hardening Behavior 

The TMCP and mechanisms involved during the production of DP steels using 

hot deformation simulation have been already presented in section 5.2. First of 

all it has to be stated that DP microstructures are successfully achieved through 

the TMCP schedules applied. The thermomechanical calculations predict that 

for the DP steel used the formation of martensite in given volume fraction is 

possible by varying fast cooling start temperature. 

The main factor governing the mechanical properties of DP steels clearly is the 

amount of martensite [Che89b, Gup84]. The values of Rm, Rp0.2 and TEl after 

TMCP are plotted in Fig. 5.6 as a function of MVF. An increase of Rm is found 

for rising MVF. For Rp0.2 such a general relationship is found, too, but at smaller 

martensite levels the increase is less pronounced. TEl systematically decreases 

with an increase in strength, i.e. an increase in MVF which correlates with the 

increase of strength. The results show that for TMCP a direct influence of the 

phase composition in terms of the MVF on the mechanical properties of DP 

steels is given. In general, there are many factors affecting the magnitude of 

strength in DP steels, e.g. residual stresses, the mobile dislocation density at the 

F/M interfaces, plastic incompatibility of hard and soft phases, their amount and 

distribution and possibly the transformation of retained austenite to martensite 

[Spe81b]. As discussed earlier, the chemical strength and grain size of the 

ferrite are the same in all DP microstructures.  

Lower elastic limit by increasing martensite fraction can be explained in terms of 

residual stresses [Pri84, Lie02]. As the fraction of F/M interfaces increases with 

increasing martensite fraction, a higher fraction of ferrite is affected by the 

martensitic phase transformation and hence, higher residual stresses are 

introduced into the matrix. This might be the reason why the elastic limit in ferrite 

is locally reached earlier during tensile deformation which is reflected by the 

lower initial slope of the curve with higher martensite fraction (30 % of MVF). As 

DP steels are stored at RT before tensile straining, dislocation locking by 
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segregation of solute C does not occur, and the reoccurrence of a yield point is 

suppressed. The higher strength levels are generally attributed to the higher 

phase fraction of the hard second phase and can be approximated by a 

volumetric linear rule of mixtures [Koo80]. 

On the other hand, overall dislocation density in ferrite is increased with 

increasing martensite fraction, i.e. a higher ferrite fraction experiences local 

plastic deformation due to the martensitic phase transformation. The introduction 

of additional dislocations decreases the average spacing between dislocations, 

which is linked to the yield strength of the material [Koc66]. 

The influence of the volume fraction of martensite as a hard phase was 

investigated by a number of authors [Ble04b, Cal10, Hwa05, Kim81, She84]. 

The growth of the volume fraction of martensite results in an increased yield 

point, tensile strength and impact strength of DP steels. According to [Bag99, 

Tav99], this effect was only observed for MVF of 55 %. At higher MVF, the 

authors observed a decrease of strength properties, which they explain by a 

decreased carbon concentration in martensite. 

Similar behavior of mechanical properties can be observed for the samples after 

PS and BH treatment (Fig. 5.6). The strength values of samples after PS = 2 % 

and baking simulation at 170 °C for 20 min increase with increasing MVF. At the 

same time total elongation decreases. Clearly high BH0 and BH2 values are 

observed as the MVF increases (Fig. 5.7). Obviously, a large volume fraction of 

martensite favors large BH without and with 2 % prestrains. However, probably it 

is not only the MVF, which governs this process, but rather the state of 

martensite is likely to influence the BH behavior as well. It is reported [Kra01] 

that in martensite structures C atoms are trapped leading to a distorted bct 

lattice, i.e. supersaturation with C compared to the bcc ferrite. This leads to the 

high strength of martensite. In carbon steels with high MS, tempering of 

martensite takes place already during cooling and also during storage and 

testing at RT. Thus, C may precipitate or diffuse towards dislocations and 

interfaces.  

A possible explanation towards this behavior can be given by the specific 

microstructure. For DP steel having 30 % of MVF quite a large number of mobile 

dislocations at the F/M interfaces could be seen (Fig. 5.8). After deformation 

their number even increases. Together with the low volume fraction of ferrite it is 
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probable that the dislocations generated during prestraining can be blocked very 

effectively. Thus, the BH values are larger than those with lower MVF. 

Waterschoot suggested that there should be an increase of BH levels with rising 

MVF [Wat03c]. This is explained by the higher level of residual stress to be 

relieved. In this study it was checked, whether such a correlation could be found 

for the DP steels. Comparing the samples with different MVFs it is obvious that 

in our study such a relation is valid, either for the BH0 or for the BH2. The results 

are presented in Fig. 5.9. A linear increase of BH0 and BH2 with MVF is found for 

the samples cooled at 10 K/s. This observation is valid for other cooling rates. 

However, a final answer, whether this dependence is solely attributable to the 

amount of martensite or to related changes in the microstructure affecting both 

Rm and solute C and hence BH0 and BH2, is yet to be given. 

 
Fig. 5.9 Relationship between BH values and martensite volume fraction (MVF); 
Cooling rate during the γ → α transformation was 10 K/s. 

5.5 Conclusions 

DP structure with different volume fractions of martensite and ferrite had been 

thermomechanically obtained by cooling the samples from the last deformation 

step to TFC at different cooling rates and quenching samples from TFC to RT. 

MVF in DP steels had been adjusted by setting TFC. The influence of the cooling 
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rate in the first cooling stage as well as of MVF on the mechanical properties 

and BH behavior was studied. The major conclusions drawn from the present 

investigation are as follows: 

1- Using the dilatometric analysis, a clear differentiation between γ → α 

transformation temperatures depending on cooling rate after the last 

deformation step is found. This allows selecting the most appropriate fast 

cooling start temperature to obtain microstructures with defined volume 

fraction of martensite and ferrite. Increasing cooling rate shifts the Ar3, Ar1 

and MS towards lower temperatures. 

2- The estimated MVF in the final microstructure based on dilatation curves is in 

good quantitative agreement. It is estimated that quenching of specimens 

from different TFC temperatures results in different DP microstructures 

containing different MVFs at a given cooling rate. An assessment of the 

microstructures obtained in the thermomechanically processed samples with 

respect to MVF and cooling rate allows selection of processing parameters 

required to develop the specified DP microstructures. 

3- By making use of the beneficial effect of the TMCP a variation in MVF and 

cooling rate does not influence the grain size of phases. The dislocation 

density in ferrite and at F/M interfaces increases with increasing MVF, 

resulting in a higher fraction of ferrite affected by the martensitic phase 

transformation and in higher residual stresses introduced into the matrix. 

4- An increase in the cooling rate after the last deformation step to TFC during 

the γ → α transformation results in higher values of strength after TMCP as 

well as after PS and BH. This is due to an increase in the contribution of 

thermally activated dislocation processes. 

5- The magnitude of mechanical properties after TMCP as well as after PS and 

BH is affected by the MVF. The increased number of dislocations in the ferrite 

grains and a higher amount of C atoms at the F/M interfaces is the most 

reasonable explanation for this observation, leading to a stronger dislocation 

pinning at large MVFs. 
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6 Chemical Composition: Results and Discussion 

6.1 Introduction 

The development of structural DP steels is characterized by a continuous search 

for higher strength and toughness combined with a good bake hardenability. 

During these two decades, development of DP steels has resulted in a wide 

variety of alloying combinations and processing technologies. The properties 

attained depend on the presence of small additions of alloying elements 

[Now10]. A knowledge of the precipitation strengthening effect in the steels with 

different additions is very important for development of optimal rolling schedules 

with the aim of improving as hot rolled mechanical properties and bake 

hardenability. DP steels alloyed with different elements are interesting variants 

to the already existing broad spectrum of AHSS steel for various applications. 

These can have favorable combinations of strength and toughness with fine-

grained microstructures in the as thermomechanical controlled processing 

(TMCP)-rolled condition. Moreover, the variation of the chemical composition 

provides the possibility of changing the transformation temperatures and 

microstructure of the steel during TMCP which results in a wider window for 

designing mechanical properties and BH behavior.  

Carbon is the main alloying element by which all transformations are noticeably 

affected and the final microstructure, the mechanical properties and BH effect 

can be controlled as could be shown in our actual investigations [Asa08a, 

Asa09c]. There are several studies that have dealt with the influence of C 

content and the influence of addition of solid solution strengthening elements 

(Mn, Si and P) on the mechanical properties and bake hardenability in low 

carbon steels [Han84, Miz94, Wat99]. Furthermore, niobium is known as a 

microalloying element by which austenitization, recrystallization, grain growth, 

phase transformation, and precipitation behavior can be controlled in a very 

efficient way and by which the mechanical properties can be varied in a wide 

range [Ble02]. Little investigations have been reported yet as to the study the 

influence of variation of alloying and microalloying elements on the mechanical 

properties and microstructure developing in combination with the BH effect in 

DP steels.  
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6.1.1 Aim of the Study 

This chapter is concerned with a further investigation of the hot-rolled DP steel 

by variation their chemical composition. The study clarifies how the addition of 

alloying elements (C, Si, Mo and Nb) affects the microstructure, mechanical 

properties and BH behavior through the aforesaid metallurgical factors. The 

effect of both, alloying elements and TMCP, was studied in detail. Throughout 

the present work, the influence of alloying elements on phase transformation 

kinetic had been reviewed. Furthermore, the influence of reheating temperature 

(TR) and Nb soulability during the simulation of roughing rolling process on the 

mechanical properties was investigated.  

6.2 Investigated Materials and Alloying Concept 

For this study the DP steel with chemical composition given in Tab. 3.1 was 

selected as the base steel which then was vacuum-melted in laboratory furnace 

and appropriately alloyed to obtain different chemical compositions. The 

selection of the compositions was based upon current researches under 

consideration of the industrial tolerance extent. Tab. 6.1 gives the chemical 

compositions of cast steels.  

Tab. 6.1 Chemical composition of the steels (wt. %); D1 is the base steel 

Steel C Si Mo Nb Cr N 
D1 0.06 0.10 0.005 0.002 0.60 0.006 
D2 0.09 0.10 0.005 0.002 0.60 0.006 
D3 0.06 0.25 0.005 0.002 0.60 0.006 
D4 0.06 0.10 0.25 0.002 0.60 0.006 
D5 0.06 0.10 0.005 0.04 0.60 0.006 
D6 0.09 0.25 0.25 0.04 0.60 0.006 
D7 0.09 0.10 0.005 0.04 0.60 0.006 
D8 0.09 0.25 0.25 0.002 0.60 0.006 

 

Numerous alloying concepts have been developed for DP steels in order to 

adjust the desired microstructure and properties. The alloying elements change 

the thermodynamic stability of the phases and the kinetics of transformation 

whereby the transformation temperatures are shifted, the transformations are 

either promoted or hindered and the phase distribution is altered. Additionally, 

the elements might act as solid solution or precipitation hardeners and affect the 

grain size. As can be seen in Tab. 6.1, C ranges between 0.06 % to the 



Chapter 6                                     Chemical Composition: Results and Discussion 

95 

maximum of 0.09 % in the DP alloys. In this regards, all the investigated alloys 

are listed in the low carbon steel grades. C is the most important element which 

improves the mechanical properties and bake hardenability [Asa08a-b, Han84] 

of DP steels. Si is a solid solution strengthening element and increases the 

hardenability of DP steels [Lie96]. Nb in solid solution has been found to 

improve the mechanical properties of DP steels. Furthermore, the addition of Nb 

to DP steels not only provides noticeable grain refinement and thus improves 

mechanical behaviour but also renders an additional holding step in the 

temperature range of maximum ferrite formation unnecessary and enables 

continuous cooling to be applied after finish rolling. Ferrite formation involves C 

enrichment of the austenite thus retarding pearlite and bainite formation and 

facilitating martensite formation [Ble02]. Mo retards the precipitation of Nb(C, N), 

thus potentially improvement of the effectiveness of Nb [Bou98, Jia02]. 

Furthermore, Mo has the retardation effect on the austenite transformation to 

both ferrite and pearlite rendering the process control more manageable 

[Cap05]. 

6.3 Simulation of Roughing Rolling  

The cast slabs were cut into blocks of 35 mm thickness, 50 mm width and 

300 mm length. The simulation of roughing rolling took place at TR of 1100 °C in 

four passes to a thickness of 10 mm and with a true strain value φ = 0.27 for 

each pass. During the final cooling of the hot rolled strips in air, the temperature 

was continually monitored using a pyrometer. It took up to 50 min to cool the 

strips from the final rolling temperature (about 1000 °C) to RT. The scale was 

removed from the plates using shot-blasting before being prepared for flat 

compression test, used for the simulation of the finishing rolling process. 

In addition, alloys D5 and D7 having addition of Nb were reheated to 1200 °C in 

order to study the influence of TR and Nb solution on the mechanical properties. 

This temperature was sufficient to dissolve the entire Nb in solution as it is clear 

from the relevant solubility versus temperature curve, which was calculated 

using Thermo-Calc (Fig. 6.1). 
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Fig. 6.1 Dependence of the amount of Nb, going under equilibrium into solution, 
on the reheating temperature (TR). 

6.4 Simulation of Finishing Rolling  

The TMCP simulation of finishing rolling was applied using flat compression test 

in the same way as described in section 5.2. The hot deformation parameters of 

the last three deformation steps were the same as listed in Tab. 5.2. The cooling 

rate has been taken following industrial conditions. The flat compression 

specimens were cooled after the last deformation step to the fast cooling start 

temperature (TFC) at a cooling rate of 10 K/s until required fraction of ferrite 

(80 %) and austenite (20 %) was obtained and then accelerated cooled down to 

RT at a cooling rate of ~100 K/s (Fig. 5.1). As well known, the alloying elements 

affect γ → α transformation temperatures during cooling. Therefore, the TFC 

temperature in γ and α region changes depending on the alloying elements. 

Defining TFC is described in section 6.5.1. 
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6.5 Results  

6.5.1 Phase Transformation Behavior and Defining TFC  

To define TFC deformation / dilatometric measurements had been performed on 

different alloys, as described in section 4.3.1. Fig. 6.2(a) displays dilatation 

curves of different steels during cooling stage at a cooling rate of 10 K/s where 

the change in length as a function of temperature is plotted. This figure 

represents the effect of alloying elements on the γ → α transformation behavior. 

Fig. 6.2(b) shows the fraction of austenite to ferrite during cooling for different 

alloys. The determination of the fraction of austenite to ferrite is described in 

chapter 4.3.1. From these curves the transformed volume fraction of austenite to 

ferrite at different temperatures can be found. In this study, the fraction of ferrite 

and martensite in the microstructure of different DP alloys was set to 80 % and 

20 %, respectively. From the transformed volume fraction curves the appropriate 

TFC for different alloys can be determined. This is shown in Fig. 6.2(b) by dashed 

line for 80 % of fα and 20 % of fγ. From this temperature the start of fast cooling 

during TMCP can be performed to obtain 80 % of ferrite and 20 % of martensite.  

 

(a) 
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Fig. 6.2 Influence of the chemical composition on the phase transformation 
behavior; (a) dependences of the change in length on the temperature at γ → α 
phase transformation during cooling stage at 10 K/s and (b) calculated fraction 
of γ → α as a function of temperature for different alloys. 
 

Tab. 6.2 lists Ar3 and Ar1 as well as determined TFC temperatures. MS 

temperatures of alloys obtained during accelerated cooling stage of TMCP can 

also be seen in this table. From Fig. 6.2 and Tab. 6.2 it can be noted that the 

variation of alloying elements influences Ar3, Ar1, MS and TFC. Alloy D6, 

containing the highest amount of elements reveals the lowest Ar3 (721 °C),  

Ar1 (639 °C), TFC (683 °C) and MS (395 °C), while alloy D3 with increased Si 

shows the highest Ar3 (770 °C), Ar1 (678 °C) and TFC (729 °C). Increasing Si has 

a marginal decreasing effect on MS (Tab. 6.2).  

It is obvious that C has a strong influence on the phase transformation 

temperatures. Increasing C lowers these temperatures. It is also evident that Si 

and Nb have narrowed influence on the phase transformation temperatures. 

From steeply transformation slop of corresponding curve for alloy D5 

(Fig. 6.2(a)) it is clear that Nb addition accelerates the γ → α transformation. 

Increasing Mo lowers the Ar3 and Ar1 or correspondingly increases the austenite 

C content at the beginning of transformation with the effect to decrease MS 

(discussed in section 4.4.1). One can state that alloying increments in DP steel, 

(b) 
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which decrease the Ar3 and Ar1 temperatures, will in fact decrease the driving 

force for γ → α transformation and for martensite formation in particular. 

Increasing Si from 0.1 to 0.25 % increases the Ar3 and Ar1 about 3 K, but has no 

influence on the MS temperature. Comparing alloys D1 and D2 it is seen that the 

MS decreases of about 20 K by C increasing from 0.06 to 0.09 %. The results 

are in a good agreement with other studies [And65, Nip03, Ouc82]. 

Tab. 6.2 Determined Ar3, Ar1, appropriate TFC for fα = 80 %, fγ = 20 % and MS 
obtained during accelerated cooling for different alloys  

Steel Ar3 
[°C] 

Ar1 
[°C] 

TFC 

[°C] 
MS 
[°C] 

D1 768 675 722 420 
D2 742 638 685 398 
D3 771 678 729 418 
D4 757 665 715 415 
D5 765 675 720 413 
D6 739 635 682 395 
D7 748 644 697 405 
D8 745 640 693 401 

 

Fig. 6.3 shows the change of length as a function of temperature (Fig. 6.3(a)) 

and corresponding curves of austenite to ferrite transformation with respect to 

temperature (Fig.6.3(b)) for alloys D5 and D7 which additionally were reheated 

at 1200 °C during the simulation of roughing rolling process. For better 

comparison the dilatation and austenite to ferrite transformation curves of these 

two alloys at the TR of 1100 °C (Fig. 6.2) are also plotted in this figure. Tab. 6.3 

presents Ar3, Ar1 as well as corresponding TFC and MS (obtained during 

accelerated cooling). For both alloys it is obvious that a higher TR of 1200 °C 

lowers Ar3, Ar1 and the corresponding TFC. MS temperatures of both alloys 

reheated at 1200 °C during the roughing rolling simulation are lower than those 

reheated at 1100 °C.  



Chemical Composition: Results and Discussion                                     Chapter 6 

100 

 

 
Fig 6.3 Influence of the TR during simulation of roughing rolling on the phase 
transformation behavior; (a) dependences of the change in length on the 
temperature at γ → α phase transformation during cooling stage at 10 K/s and 
(b) calculated fraction of γ → α as a function of temperature for specimens 
reheated at different temperatures.  
 

(a) 

(b) 
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Tab. 6.3 Determined Ar3, Ar1 and the corresponding TFC for obtaining 20 % MVF 
and MS obtained during accelerated cooling for different alloys  

Ar3 [°C] Ar1[°C]  TFC [°C] MS [°C] Steel 
T R, 1200 TR, 1100 TR, 1200 TR, 1100 TR, 1200 TR, 1100 TR, 1200 TR, 1100

D5 756 765 663 675 712 720 404 413 
D7 741 748 641 644 691 695 396 405 

6.5.2 Microstructure Evolution 

Microstructure investigation of different alloys reveals that the grain refining 

effect of alloys D3 and D5 is demonstrative, whereas no refined grains are 

observed for other alloys. Fig. 6.4 shows exemplary the microstructure analyses 

of alloys D1 and D5 after TMCP. In general, the specific characteristics of the 

microstructural features reveal in the DP alloys with different alloying elements 

include: 

a) The volume fraction of ferrite and martensite for all alloys is quite the same of 

80 % and 20 %, respectively. The estimation of the MVF is in good 

agreement with the values calculated from dilatation curves. 

b) Large martensite islands can be seen, but they often show dark 

substructures either within or in their immediate surroundings. 

c) The average grain size of ferrite and martensite is finer in alloys containing 

low C content and addition of Nb or Si. For these alloys the grain refining 

effect of Nb is more visible than of Si. 

 

  
Fig. 6.4 Microstructure of DP steels showing different grains sizes obtained after
TMCP: (a) alloy D1 (b) alloy D5; cooling rate of all samples in first cooling 
stage = 10 K/s and in second cooling stage = 100 K/s.  
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Tab. 6.4 compares the grain sizes of ferrite (dα) and martensite block (dα’) being 

observed after TMCP for all alloys investigated. Evaluating this table fine dα and 

dα’ are obtained for alloys D3 and D5, where grain refining of D5 is more 

noticeable. No grain refining could be found for other alloys. Whereas no 

differences of dα are observed in alloys with high C content, these alloys 

exhibited finer dα’. 

Tab. 6.4 Effect of variation of alloying elements on the grain size of ferrite (dα) 
and martensite (dα’) 

Steel D1 D2 D3 D4 D5 D6 D7 D8 
dα  [μm] 14.5 ± 3 13.9 ± 5 10.3 ± 6 14.2 ± 3 8.5 ± 5 14.3 ± 5 13.0 ± 4 13.5 ± 6
dα’ [μm] 11.8 ± 2 9.8 ± 5 9.5 ± 3 11.9 ± 3 6.0 ± 4 10.2 ± 2 9.1 ± 4 10.6 ± 4

  
Additionally, the microstructure of Nb microalloyed steels (D5 and D7) after 

roughing rolling simulation at different TR temperatures was studied by thermal 

etching method in order to compare the influence of TR and Nb solution on the 

prior austenite grain sizes (dγ). Fig. 6.5 gives a comparison among the final 

structure grain sizes of prior austenite revealed by thermal etching in alloy D5. 

The comparison of Fig 6.5(a) and Fig. 6.5(b) suggests that dγ decreases with 

increasing TR. The same result is observed for D7. It should be noted that the 

samples are obtained after simulation of roughing rolling process and they are 

cooled after the last deformation step under air condition. 

 

  
Fig. 6.5 LOM of the prior austenite grains at different temperatures revealed by
thermal etching the Nb microalloyed steel D5; (a) TR = 1200 °C 
(b) TR = 1100 °C; both samples were austenitized at 950 °C and cooled at a rate 
of 1 K/s.  
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Further information about the microstructure of steel D1 after simulation of 

roughing rolling and finishing rolling were obtained from TEM. Fig. 6.6 

represents a montage of 40 bright field TEM images from alloy D1 after TMCP 

providing an overview of the microstructure of ferrite and martensite phases. 

This figure clearly shows the F/F and F/M interfaces. The enhanced dislocation 

density around martensite can be visualized on this figure placing emphasis on 

F/M interfaces. The dominant martensite morphology of low carbon steel grades 

like DP steels is of lath type which is characterized by a high dislocation density 

[Gho06, Kim81]. The most affected areas of ferrite are in the vicinity of 

martensite crystals. However, the dislocation cells occasionally form with 

complex dislocation tangles into cell walls and free dislocations inside the cells. 

Dislocations inside the ferrite are distributed irregularly while in the interior of the 

grains a relatively low dislocation density is usually observed. At the F/M 

interfaces, a significantly higher dislocation density is present due to the 

volumetric expansion from austenite to martensite by accelerated cooling during 

TMCP [Jac01, Man93]. 

 

 
Fig. 6.6 Montage of 40 bright field TEM images from alloy D1 after TMCP 
showing microstructure of ferrite and martensite phases and dislocation
distribution within ferrite and at F/F and F/M interfaces. 
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6.5.3 Mechanical properties 

Mechanical properties corresponding to all of the investigated alloys after TMCP 

are displayed in Fig. 6.7. Stress vs. strain curves (Fig. 6.8) have been 

reproduced to show changes in the yielding behavior of different alloys. 

Evaluating the different alloys of DP steel, a pronounced influence of the 

chemical compositions on mechanical properties is obvious. It should be 

mentioned that the amount of martensite is kept the same for all alloys. Among 

the alloys with higher C content, D8 indicates the highest level of ultimate tensile 

strength (Rm) and yield strength (Rp0.2) combined with a narrowed total 

elongation (TEl) as compared to those of alloy D1. This alloy shows a Rm of 

(728 ± 18) MPa and Rp0.2 of (469 ± 14) MPa. The TEl value of this alloy is 

(14 ± 0.5) %. For alloy D1 (basic steel) Rm = (607 ± 15) MPa, 

Rp0.2 = (375 ± 12) MPa and Tel = (20.5 ± 1) % was found. Alloy D6 with the 

same alloying elements as D8 but more Nb content demonstrates nearly the 

same level of strength as alloy D8 but a slightly higher ductility. Alloys D2 (with 

higher C content) and D7 (with higher C and Nb content) show also high 

strength levels but lower than alloys D6 and D8. D2 and D7 reveal a higher 

ductility than alloys D6 and D8.  

 

Fig. 6.7 Tensile strength (Rm), yield strength (Rp0.2) and total elongation (TEl) 
dependence on the chemical compositions of DP steel produced by TMCP way. 
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Fig. 6.8 Engineering stress-strain curves of DP steels containing different 
amount of alloying elements. The DP steels having 20 % of MVF are obtained 
by TMCP way. 
 

In fact, the strengthening effect of DP steels generally increases with increasing 

C content. Thus, C is the most effective element in increasing strength of low 

carbon steels and reveals an essentially strong effect in DP steels together with 

increasing Si, Mo and Nb approaching to 0.25, 0.25 and 0.04 %, respectively.  

Among alloys without C addition, D3 with the highest Si content indicates nearly 

the same strength and ductility level as D4 with the highest Mo content. The 

tensile curves of D3 and D4 show that very similar properties are achieved for 

these steels. Rm close to 620 MPa was found for both alloys. No significant 

differences were observed for the elongation properties. Among the alloys 

without any C addition, the highest values of Rm and Rp0.2 were observed in Nb 

microalloyed steel (D5). In all cases, addition of Nb seems to improve ductility.  

Fig. 6.9 illustrates the stress-strain curves of two Nb microalloyed steels D5 and 

D7 and reheated at temperatures of 1100 and 1200 °C during simulation of 

roughing rolling process. Comparing these TR temperatures a higher strength 

and simultaneously higher ductility after reheating at 1200 °C was observed for 

the both steels. For both TR temperatures, alloy D7 having more C content is 

characterized by a larger Rp0.2 and Rm. The elongation properties of D7 are 
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lower than for D5. Under the same temperature conditions alloy D7 reached 

values of Rm = (676 ± 19) MPa and (703 ± 14) MPa, Tel = (17 ± 0.5) % and 

(18 ± 0.5) %, respectively. D5 reached Rm = (621 ± 23) MPa and 

(621 ± 17) MPa and Tel = (22 ± 1) % and (24 ± 1) %, respectively.  

 
Fig. 6.9 Engineering stress-strain curves of alloys D5 and D7 containing Nb 
addition at different TR temperatures.  

6.5.4 Bake Hardening Behavior 

This section considers the differences resulting from the different steel 

compositions after prestraining and baking condition. For these steels the two 

BH parameters - prestrain and baking temperature - were varied. The samples 

were prestrained at 0, 2 and 5 % and baked at 170 and 240 °C. The results of 

these experiments are presented a) in terms of changes in the ultimate tensile 

strength and b) in terms of BH values. Fig. 6.10 presents Rm values of all alloys 

with respect to prestraining at different baking temperatures. For better 

discrimination and illustration, some bar charts have been reproduced to show 

changes in the Rm behavior with respect to temperature of paint baking 

simulation at different prestrains (Fig. 6.11). Many interesting conclusions can 

be taken from these figures. In general, it can be noted that for all alloys Rm 

increases after PS and BH, as expected. The increase of Rm after PS and BH is 

more visible by increasing C content in the investigated alloys. Similar to the 
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condition before PS and BH, alloys with increasing C demonstrate larger 

strength level after PS and BH compared to alloys without increasing C. 

 

 
Fig. 6.10 Influence of prestraining on the tensile strength (Rm) of DP alloys; at 
PS = 0, 2 and 5 %; (a) T = 170 °C; (b) T = 240 °C; holding time for all conditions 
was t = 20 min.  
 

The behavior of Rm with respect to prestrain can be described as follows 

(Fig. 6.10). While without any PS no distinct increase of Rm is found, Rm rises 

(a) 

(b) 
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steeply, when the PS is increased, reaching its maximum with the maximum 

amount of PS = 5 %. These observations are valid for all alloys. 

The influence of baking temperature, been displayed in Fig. 6.11, can be 

described in general as a significant increase of Rm values at standard 

temperature of 170 °C, reaching the highest level by further increasing baking 

temperature up to 240 °C for all alloys at different prestrains. 

 

 

(a) 

(b) 
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Fig. 6.11 Influence of baking temperature on the tensile strength (Rm) of DP 
alloys; (a) PS = 0 %, T = 25, 170, 240 °C; (b) PS = 2 %, T = 170, 240 °C; 
(c) PS = 5 %, T = 170, 240 °C; holding time for all conditions was t = 20 min. 
 

In Fig. 6.12 the BH0, BH2 and BH5 values of different alloys with respect to 

baking temperature are shown. These figures yield some clues about the 

possible mechanisms contributing to the BH behavior of DP steels. Considering 

the BH behavior under amounts of prestraining a higher BH level is found for 

prestrained steels (BH2 and BH5) than for non-prestrained ones (BH0). The 

greatest level of BH is obvious for steels prestrained at 5 % (BH5). Comparing 

the different baking temperatures (170 and 240 °C), clearly higher BH values are 

found for 240 °C. This difference between 170 and 240 °C is more 

demonstrative for BH2 and BH5 at prestrained condition. It is of less evidence for 

BH0, when samples are not prestrained.  

Evaluating the alloys with respect to their chemical composition the following 

results can be stated: Two main groups may be obtained from both the 

properties and the Rm balks: alloys containing the lowest and highest C content. 

Comparing the alloys with the highest C content, D2 and D7 show a high 

strength level but it is lower than that ones of the alloys D6 and D8 (Fig. 6.10 

and Fig. 6.11). Among these alloys, D7 has the lowest Rm after PS and BH. 

Similar to the condition after TMCP (previous section), the highest Rm level is 

found for the alloys D6 and D8.  

(c) 
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Comparing the alloys with respect to BH values, D2 and D8 demonstrate the 

highest BH values with a prestrain of 2 and 5 % (Fig. 6.12). For alloy D6 a high 

level of BH, but slightly lower than for D2 and D8, is found for these conditions, 

while D6 without prestraining shows a higher BH level than alloy D2 under 

comparable conditions. Among the steels with the highest C content, D8 exhibits 

the largest BH, while D7 reveals the smallest one.  

In general, for alloys with a low C content a lower Rm level after PS and BH is 

found compared to alloys with higher C content (Fig. 6.10 and Fig. 6.11). Among 

these alloys, D5 demonstrates the highest strength level after PS and BH, 

whereas D1 (basic steel) indicates the lowest strength level.  

Evaluating the low C content alloys with respect to BH behavior, a significantly 

higher BH level is obtained for Nb microalloyed steel D5 after PS and BH with 

different conditions (Fig. 6.12). D5 presents a comparable BH level to D7 with 

high C content. D3 shows also high BH values after PS and BH which are still 

lower than those of D5. For alloys D1 and D4 nearly the same BH level is 

observed in all conditions of prestraining and baking. However, D4 has a higher 

BH level than D1.  

 

(a) 
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Fig. 6.12 Influence of variation the chemical composition in the DP steel on 
(a) BH0, calculated from difference between Rp0.2 of the tensile sample and Re of 
the respective BH sample; (b) BH2 and (c) BH5. 

6.5.5 Microstructure Evolution after Prestraining and Baking Process 

TEM analyses were conducted on alloy D1 after TMCP without any prestraining 

at RT and at T = 170 and 240 °C. Since no significant differences with regard to 

the morphology and dislocation distribution of ferrite were found in alloy D1 for 

(b) 

(c) 
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the given conditions, only TEM images of martensitic phases are evaluated in 

this section.  

Fig. 6.13 provides overviews on martensite structure in different conditions. The 

martensite morphology, showing packets of laths with different orientations, can 

be seen more clearly from this figure. In addition to this, a number of very small 

particles, most probably carbides, within single laths can be observed in these 

figures. TEM experiments on sample baked at temperatures of 170 °C / 20 min 

(Fig. 6.13(b)) yielded no significant differences to the microstructure of basic 

steel (Fig. 6.13(a)). Clear changes in the martensite phase were observed after 

BH simulation at 240 °C / 20 min. In contrast to the martensite morphology of 

sample without baking treatment, strong tendencies for the martensite phase to 

decompose are found in heat baked state at T = 240 °C (Fig. 6.13(c)). Such 

decomposition does not necessary affect the whole structure all at once, but 

parts of the martensite may keep their initial structure. The formation of carbides 

can also be observed from Fig. 6.13(c) showing small carbide particles inside of 

lath martensite. Diffraction patterns confirmed that the carbides are of Fe3C type 

(Fig. 6.13(d)). They indicate possible martensite aging as a result of the baking 

process.  
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Fig. 6.13 TEM micrographs showing lath martensite, obtained from steel D1
after TMCP (a) without PS and BH; (b) after PS to 2 % and BH at 170 °C for 
20 min; (c) after PS to 2 % and BH at 240 °C for 20 min and (d) diffraction 
pattern from cementite within single laths.  

6.6 Discussion 

6.6.1 Influence of Alloying Elements on the Phase Transformation Behavior 

The results of transformation behavior (section 6.5.1) indicate that increasing C 

and Mo content lowers γ → α and γ → α‘ transformation temperatures. Increasing 

these elements shifts Ar3, Ar1 and MS towards lower temperatures. This effect is 

more significant for increasing C. Increasing Si has a negligible rising influence 

on the transformation temperatures.  

As well known, the final mechanical properties depend upon the kinetics of the 

austenite to ferrite and martensite transformation, which is strictly related to 

phase stability, mostly dependent on C concentration in austenite [Lee02, 

Ryu02, Shi06], the size and arrangement of particles of this phase as well as its 
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strength and the present state of stress [Hai06, Tim03]. Thermodynamic stability 

of austenite is described by the temperature of ferrite start transformation Ar3, 

expressed most often by Eq. 6.1 [Ouc82]:  

NiMoCrCuMnCAr 55801520803109103 −−−−−−=          (Eq. 6.1) 

where alloy contents are in wt. % and Ar3 temperature is in °C. In agreement 

with our findings Mo decreases Ar3 and is found to be an austenite stabilizer 

[Ble02]. Alloy D4 having increased Mo shows lower Ar3 and Ar1 than alloys D1 

(Fig. 6.2). Furthermore, it is noted that Mo has the retardation effect on the 

austenite transformation to ferrite rendering the process control more 

manageable [Cap05]. On the basis of Eq. 6.1, the effect of γ phase stabilization 

obtained by Mo is substantially weaker compared to C. For this reason, 

determination of changes of C concentration in γ phase according to the 

conditions of TMCP has a fundamental significance for DP steels. 

In the case of multiphase steels, taking into consideration Si is also very 

essential. The modification of Eq. 6.1 regarding Si is achieved by [Nip03], who 

modified the dependence (Eq. 6.1) into the following form:  

PSiMnCAr 28438665168793 ++−−=            (Eq. 6.2) 

where alloy contents are in [wt. %] and Ar3 temperature is in [°C]. On the basis 

of Eq. 6.2, it can be observed that Si has a small rising influence on the Ar3 

temperature, which is in good agreement with own investigations (alloy D3 in 

Fig. 6.2), as distinct from Mn, which has a stabilizing effect on retained austenite 

[Mur06, Soe04, Van02]. Mano et al. [Man82] showed that in a DP steel 

containing Si the ferrite starting temperature curve of the continuous cooling 

transformation diagram shifts towards the left. Elsewhere [Joa81] the same 

effect was reported. The formation of ferrite was found to accelerate the ferrite 

formation as a result of Si enhancement in Si-Cr-Mo DP steels. This may be 

attributed to the increased dislocation density which facilitates “pipe diffusion” 

thus, enabling partitioning of solute atoms from austenite to ferrite and resulting 

in more ferrite formation. 

It can be seen from both equations that the influence of Nb on Ar3 is not 

considered. From Fig. 6.2(a) it is also evident, that addition of Nb shows no 

significant influence on the Ar3, Ar1 temperatures but accelerates the γ → α 

transformation (steeply slop of transformation curve for alloy D5). This is due to 

the grain refining effect (discussed elaborately in section 4.4.1) of Nb on 
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austenite, leading to the accelerated γ → α transformation. In [Bau81] Nb has 

been classified as austenite stabiliser when added in amounts less than 

approximately 0.05 %. 

From Tab. 6.2 it is obvious that MS decreases by increasing C, Si, Mo and Nb 

content during accelerated cooling. The influence of C on MS is more visible. It is 

reported that MS is mainly a function of C content, i.e. by increasing C content 

MS decreases [And65, Gra09]. Increasing C increases C content in the 

austenite. According to Fig. 4.14, C becomes enriched in the remaining 

austenite as a consequence of ferrite formation during the γ → α transformation. 

Therefore, higher austenite C contents retard transformation to martensite upon 

cooling to RT [Goe87, Sug92, Wen05, Yue97]. The influence of increasing C on 

the MS was reported by [Mey99]. He pointed out that the high C content results 

in the stabilization of austenite and decreasing MS.  

From Tab. 6.2 it can be seen that addition of Nb and Si lowers the MS. It could 

be due to the effect of these elements on the dγ. As mentioned in section 6.5.2, 

addition of Nb and Si results in decreasing prior austenite and thus ferrite grain 

size. Due to smaller austenite grain size the amount of strain (generated by 

austenite to martensite transformation) in the austenite phase region becomes 

sufficiently large. Therefore, the motion of glissile interfaces becomes impossible 

and causes the blockage of martensitic transformation [Nad08]. Consequently, a 

higher driving force for the martensitic transformation is required which can be 

provided at lower temperatures. Hence, the MS temperature is decreased to 

lower temperatures. Takaki et al. [Tak93] examined the influence of austenite 

grain size in a Fe-Mn alloy and concluded that the amount of athermally 

transformed martensite becomes smaller with decreasing austenite grains. 

Finally, the dependence of the MS temperature on austenite grain size in a  

Fe-Mn-Si-Cr alloy was investigated by Jiang et al. [Jia95], who stated that the 

start temperature of martensite is raised in larger austenite grains.  

Furthermore, the lowering effect of Mo on MS is in agreement with [And65]. As 

mentioned before, it can be stated that alloying increments in DP steel, which 

decrease the Ar3 and Ar1 temperatures, will in fact decrease the driving force for 

martensite formation and thus decrease the MS temperature. 

Additionally, dilatometric investigations show that varying TR temperature during 

simulation of roughing rolling influences γ → α transformation kinetics during 
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simulation of finishing rolling in a pronounced way (Fig. 6.3). From this figure it 

can be seen that the γ → α transformation starts faster at lower TR for both 

alloys. LOM observations (Fig. 6.5) show that the higher TR results in finer prior 

austenite grains owing to dissolution of Nb in γ matrix, which is confirmed by 

ThermoCalc analysis (Fig. 6.1). Indeed, the decreasing prior austenite grains 

increases the nucleation sides at which the first ferrite subunits nucleate. Thus, 

the transformation starts faster due to an enhanced nucleation rate. The 

transformation then proceeds by nucleation and grow of new subunits from the 

tip of the previous ones towards the interior of the austenite grain. Furthermore, 

at lower TR Nb possibly depletes C in γ matrix of both steels to form Nb(C, N). 

Thus, when the undissolved Nb(C, N) particles are increased the transformation 

proceeds in a slower rate [Hua01, Jac04, Mat04]. Therefore, it could be 

assumed that a lower C content is contained in γ matrix of both steels, leading to 

an increase of Ar3.  

6.6.2 Influence of Alloying Elements on the Microstructure  

From the microstructural examination after TMCP it is obvious that alloying 

elements influence the ferrite and martensite grain size (section 6.5.2). 

Comparing the microstructure investigation of alloys (Fig. 6.4 and Tab. 6.4), the 

finest ferrite grain size can be obtained for the alloys D3 and D5 with increasing 

Si and Nb, respectively. It is reported that increasing Nb supersaturation in 

austenite is associated with increasing TnRX [Pal96]. Zhu et al. [Zhu08] stated the 

same effect for Si. On the other hand, for a fixed rolling schedule which includes 

a specific number of roughing and finishing passes, the higher the TnRX, the 

larger will be the amount of rolling strain imparted in the non-recrystallization 

region of austenite. This leads to a finer austenite grain size. Thus, increasing 

Nb and Si decreases the ferrite grain size due to increasing TnRX. 

For alloys having the highest addition of carbon (D2, D6-8) no noticeable 

difference in ferrite grain size but smaller martensite blocks were observed 

(Tab. 6.4). The observed refinement is a consequence mainly of the ability of 

high C content and low transformation temperature to enhance the strength of 

the austenite. It is expected that the martensite laths would become thinner as 

the yield strength of the austenite, from which they are formed, increases 

[Sin98]. As stated before, the high C content results in decreasing MS. 
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Therefore, a lower fast cooling start temperature (TFC) is required (Tab. 6.2) to 

expand the γ region and provide the same amount of martensite in the final 

microstructure of DP steels. Due to lower TFC temperature, the mechanical 

stability of austenite increases and as a result, a higher driving force for 

martensitic transformation is needed [Nad08]. Thus, a high C content directly 

refines the martensite by strengthening the austenite and indirectly by lowering 

the MS temperature and thus allowing performing the martensite transformation 

process at lower temperature.  

Ankara et al. [Ank66] described that the lath shaped martensite transformation is 

often associated with grain boundaries. In contrast to the present observations, 

they found that the higher C content results in a coarser primary austenite grain 

size due to lower MS temperature, i.e. larger martensite. Therefore, a nucleation 

argument would suggest that the finer grain sizes result in higher MS 

temperatures, i.e. easier nucleation since grain boundary areas increase.  

It has to be noted that a higher C content may lead to the existence of 

untransformed austenite in the microstructure, which is known to be detrimental 

to the mechanical properties. The incomplete transformation phenomenon, 

which limits the amount of martensite that can be formed at any temperature, is 

the reason for the existence of some regions of untransformed austenite [Aar06, 

Bha04]. 

6.6.3 Influence of Alloying Elements on the Mechanical Properties  

Evaluating the results of mechanical properties for different alloys (section 

6.5.3), a pronounced influence of alloying elements on the mechanical 

properties is obvious. In fact, multi phase steels rely on a combination of several 

strengthening mechanisms: structural refinement, precipitation strengthening 

and solid solution strengthening [Pal96]. Based on these mechanisms the 

influence of each element on the mechanical properties will be separately 

discussed as follows: 

Influence of C: For alloys with the highest C amount a very high level of Rm and 

Rp0.2 combined with a narrowed TEl is obtained (Fig. 6.7 and Fig. 6.8). The high 

strength effect of these alloys is due to the effect of C which is the most 

hardenability enhancer and austenite stabiliser [Ble02]. C strengthens the 

martensite in DP steels as it is an effective solid solution strengthener. The 
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amount of martensite, which is the most effective phase in strengthening of DP 

steel, should be nearly the same for all steels investigated. From microstructure 

investigations it can be seen that increasing C has no influence on the ferrite 

grain size. Thus, the main factor governing the mechanical properties is the 

amount of solute C. The main part of this C is found in the C rich phases like 

martensite. Additionally, C is the most effective element in promoting ferrite 

strengthening. There are still reasons to assume that some C is dissolved in 

ferrite as well, resulting from the fast cooling after TMCP.  

Influence of Si: The DP steel was investigated in two different Si contents of 

high and low level. The alloy D3 with higher Si contents results in somewhat 

higher Rp0.2, Rm and lower TEl than alloy D1 with lower Si contents (Fig. 6.7 and 

Fig. 6.8). As argued in previous section, the ferrite grain size becomes finer with 

increasing Si content. This leads to an increase in values of Rp0.2 and Rm 

through the Hall-Petch relationship (Eq. 4.4). Furthermore, Si as very effective 

substitutional solid solution strengthening element strengthens ferrite and thus 

can enhance the overall strength of DP steels [Ali63]. Si also strengthens the 

martensite by causing the partitioning of C to the austenite thus increasing its 

hardenability and the strength of the resulting martensite phase [Kot79]. 

Moreover, Si helps to retain C-enriched-austenite by suppressing cementite 

precipitation from austenite [Les78, Ray82]. However, little information is 

available as to the effect of this element upon the tensile ductility, especially at 

very fine grain sizes. 

Influence of Mo: Increasing Mo in the alloy D4 indicates an enhanced effect on 

strength. The effect of Mo on the mechanical properties is similar to the effect of 

Si. As can be observed in Fig. 6.7 and Fig. 6.8, Mo raises the strength of DP 

steel. This can be due to a solid solution hardening effect of Mo. Moreover, Mo 

lowers the activity of C in austenite and promotes carbide formation from the 

thermodynamic point of view [Cap05]. It is noted that Mo is a strong carbide 

forming element and may lead to the formation of its carbides in addition to Fe3C 

in the martensite and bainite regions [Ram79]. Although, Bleck has reported a 

contrary effect of Mo. Due to the strong solute drag effect, the carbide 

precipitation seems to be retarded in the presence of Mo [Ble02]. To achieve a 

significant increase in strength only small amounts of Mo are needed [Tra99]. 
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Alloys D6 and D8 containing the highest amount of C, Si and Mo exhibit a quite 

high strength level. Probably, mutual effect of Mo together with other elements 

such as C and Si provides reasonable conditions to have higher strengthening 

by keeping the benefits of acceptable C content. The additions of Mo to Nb 

bearing steels were reported to bring about an improvement of the combination 

of strength and ductility and to constitute another possibility of lowering the 

silicon level [Ble02, Bou98]. 

Influence of Nb: The addition of Nb improves the strength and ductility of DP 

steel (alloy D5) as can be seen from Fig. 6.7 and Fig. 6.8. On the other hand, for 

this alloy finer ferrite grain sizes were observed (Fig. 6.4 and Tab. 6.4). It has 

been reported that Nb microalloying yields a significant grain refinement causing 

a clear increase in strength in hot rolled DP [Mon07]. The influence of austenite 

grain size on the transformation rate was already shown and modelled by Rees 

and Bhadeshia [Ree92]. Current practice has placed much emphasis on the 

study and application of Nb addition to HSLA steels, as it is deemed the most 

beneficial microalloying element, since it promotes austenite pancaking. The 

highly work hardened pancaked austenite provides numerous nucleation sites 

for the ferrite during the subsequent transformation which give very fine ferrite 

grains [Ouc77]. The high austenite contents are a result of the combination of 

the different mechanisms including grain refinement, C enrichment, and 

martensite nucleation inhibition [Ohl02]. Nb may also result in mechanical 

stabilisation of the small austenite particles [Han95b]. The improvement in 

ductility seems entirely to be due to microstructural refinement which is caused 

by the addition of Nb. It has been theoretically and experimentally shown that 

refinement of the microstructure in DP steel leads to a better work hardening 

rate and thus the ductility improves in agreement with the Considère criterion 

[Bal81, Mai88]. Accordingly, the optimum combination of strength and ductility 

can be achieved by homogeneously dispersing fine martensite islands in a fine 

grained ferrite matrix. Conglomerates of interconnected martensite should be 

avoided as much as possible. The basis of obtaining a fine grained and 

homogeneous microstructure in DP steel is the preparation of a suitable 

microstructure already in the hot band. 

Comparing mechanical properties of the alloys D5 and D7 a greater strength 

level and lower ductility is obvious for D7 (Fig. 6.7 and Fig. 6.8). This is due to 
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the dominant effect of C content resulting in higher strengthening of D7. 

Moreover, higher C content provides a higher precipitate stability and binds 

more Nb in solution [Pic77]. Precipitation in multi phase microstructure must also 

be mentioned as an additional point. Yamamoto et al. [Yam82] found that LC 

steels with higher C content display more precipitation of Nb(C, N) particles 

which leads to slower softening behavior. In the case of hot rolled multi phase 

steels, a comparatively high C content accelerates the kinetics of Nb(C, N) 

precipitation [Tim01]. Furthermore, the re-dissolution of these carbides may 

become more difficult [Han95a].  

Comparing alloys D2 and D7 with the same C content, the same level of 

mechanical properties was observed for both alloys (Fig. 6.7 and Fig. 6.8). On 

the other hand, no difference with regard to the grain size was found for both 

alloys. It can be concluded that under the chosen conditions the addition of Nb 

in combination with C doesn’t influence the grain size and thus the mechanical 

properties of DP steels. 

Finally, comparing alloy D7 with alloys of higher C content (D6 and D8), a lower 

strength level was found for D7. This might attribute to decrease the amount of 

C in solid solution by adding Nb which is accompanied with impairing strength 

effect. The same behavior was reported by Krizan [Kri05] for TRIP steels. 

6.6.4 Influence of Reheating Temperature on the Microstructure and Mechanical 

Properties in Nb Microalloyed DP Steels 

The effect of TR on the microstructure and the mechanical properties of the 

alloys D5 and D7 (Nb addition) during roughing rolling has been investigated. An 

increase of the TR results in higher strength for both alloys (Fig. 6.9) being 

attributed to two effects: a) grain refining of austenite and b) precipitation of finer 

Nb(C, N). In fact, the variation of TR temperatures during hot rolling process 

result in pronounced differences in the hot rolled structure which is in correlation 

with the mechanical properties [Sol07]. From the images in Fig. 6.5 it can be 

seen that reheating alloy D5 at 1200 °C results in a marginal smaller dγ. The 

same observation is valid for D7. This effect is due to solution of Nb at this 

temperature. From the ThermoCalc analyses (Fig. 6.1) it was found that Nb 

goes into solution at TR of 1200 °C for both alloys. This occurs for D5 even at 
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lower temperature due to lower C content. The smaller dγ at higher TR was 

confirmed by dilatometric tests (Fig. 6.3), as already discussed in section 6.6.1.  

Furthermore, the improvement of mechanical properties for both temperatures 

could also be due to Nb(C, N) precipitations. Whereas at low TR the Nb(C, N) 

particles partially can be dissolved, a high TR during simulation of roughing 

rolling process may lead to dissolution of initial coarse Nb(C, N) which is 

characterized by a lower precipitate density, a larger average distance between 

precipitates and a larger precipitate diameter [Kri05]. These coarse particles can 

be regenerated into a finer form during the deformation and cooling process. 

This improves the ability of Nb(C, N) precipitates to pin the austenite and ferrite 

grain boundaries during the processing of the Nb microalloyed steel [Kan97]. 

Therefore, the precipitation strengthening by fine Nb(C, N) particles will be 

increased. Hence, this effect may improve the mechanical properties of Nb 

microalloyed steels at higher TR.  

6.6.5 Influence of Alloying Elements on the Bake Hardening Behavior 

As already mentioned in chapter 2, the main factors influencing the BH effect of 

DP steels are the solute C content, grain size and dislocation density. Based on 

these factors the influence of variation of alloying elements on BH behavior in 

DP steels will be discussed in this section. 

It is observed that a higher C content results in a larger BH potential (section 

6.5.4). Two main groups may be obtained from the results of mechanical 

properties after PS and BH process: Alloys containing low C content (D1, D3, 

D4 and D5) and alloys containing high C content (D2, D6, D7 and D8).  

First, the BH behavior of low C content alloys is discussed. The results of BH 

clearly suggest that BH level of D3 and D5 steel is the highest among the four 

low C content alloys (Fig. 6.10 to Fig. 6.12). Alloy D3 with increasing Si content 

as a solid solution strengthening element shows intermediate values of strength 

increase after PS and BH. For D5 somewhat higher BH values are obtained. On 

the other hand, both alloys demonstrate the finest grain size (section 6.5.2). 

Therefore, the high BH level of alloys D3 and D5 could be due to finer grain 

sizes. Grain refining of ferrite by Nb addition in solid solution [Bou98, Jia02] and 

by increasing Si [Han84, Miz94] has been already reported.  
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Grain size is reported to be a long range barrier to the dislocation motion in bcc 

lattice and hence affects the BH [Asa08a, Han84]. The reason why bake 

hardenability depends on grain size is not clear, but it is inferred that the 

influence of dissolved C on bake hardenability differs depending on the location 

of C. Different effects of dissolved C were reported on the bake hardenability 

depending on its location, at grain boundary and inside grains [Kri07]. For a 

given C content, the bake hardenability increases with a decrease in grain size 

and the dependence on grain size increases with an increase in solute C. While 

the explanation of this effect is not complete, data suggests that free C located 

near grain boundaries has a more profound influence on the strength than free 

C located within the grain interior [Tak10]. 

The effect of ferrite grain refinement on the increase of bake hardenability is 

associated with the location of solute C. It is assumed that during cooling, the C 

atoms diffuse to the grain boundaries. Solute C positioned at the grain 

boundaries, so called “hidden” C atoms, can not be detected by internal friction 

measurement [Hua03], but it is supposed that this C makes a contribution to the 

BH effect [Mas04]. The smaller the grains are, the more C should be in the grain 

boundaries because of shorter diffusion paths. Thus, although the same overall 

solute C content can be measured, the “contributed” C content as well as bake 

hardenability can be higher in case of fine grains as the amount of “hidden” C is 

higher in finer grains [Kam61]. 

From Tab. 6.4 it is clear that the ferrite and martensite grain size in LC alloys D1 

and D4 is nearly the same. It may therefore be inferred that a possible variation 

in the BH level of D4 will be due to a difference in the amount of solid solution 

additions others than C. Another reason could be the distribution of dislocation 

density as a result of variation of the chemical composition associated with 

influencing the recrystallization and γ → α transformation behavior. Little or no 

information can be found in literature about the effect of Mo content on the BH 

behavior and mechanical properties of the DP steels. For hot rolled steels it is 

reported that recrystallization delay is induced by Mo [Her96]. The main 

consequences will be higher rolling loads in the rear stands of the finishing mill 

and the production of a strained microstructure before cooling and phase 

transformation. As discussed in chapter 4, the higher strains result in larger 

dislocation density, contributing to the BH effect.  
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Comparing D4 with D3 and D5, a lower bake hardenability is found for D4. As 

mentioned earlier, the presence of the stronger carbide forming elements like 

Mo in steel D4 may lead to the formation of its carbides (Mo2C) in addition to 

Fe3C. Therefore, the amount of solute C could decrease because it is tied up in 

the alloy by carbide particles [Ram79]. Compared to that of D3 and D5 this may 

cause the reduction of bake hardenability of D4.  

Evaluating the BH behaviors of alloys with higher C content shows a significant 

higher BH level for these alloys compared to the alloys with low C content 

(Fig. 6.10 to Fig. 6.12). Higher C content in the alloys is associated with a larger 

magnitude of solute C. To maximize the strength increase associated with BH, it 

is necessary to have as much free C as possible. As outlined in chapter 2, the 

classical BH mechanism is related to pinning of mobile dislocations by C atoms. 

In multiphase steels the overall C content is larger than in the conventional BH 

steels (LC and ULC grades). The main part of this C is found in the C rich 

phases like martensite, retained austenite and bainite, of course. But there are 

still reasons to assume that some C is dissolved in ferrite as well, resulting from 

the fast cooling after intercritical annealing or after TMCP, when the solubility for 

C in ferrite is higher than at RT [Jeo85]. Thus, some excess C can be kept in 

solid solution. Nevertheless, significantly larger amounts of C in the ferrite phase 

are not likely for multiphase steels, since their alloying with manganese 

promotes the formation of austenite during γ → α transformation, which in turn 

narrows the ferrite phase field [Kri07]. 

Evaluating the BH behavior of alloys D6 and D8, a comparable high BH level is 

obtained for both alloys. Both alloys contain the highest amounts of C, Si and 

Mo, while alloy D6 is additionally microalloyed by Nb. It has to be mentioned that 

Si is reported to increase solute C [Wat99]. As discussed before, the grain size 

becomes finer when Si [Miz94] and Nb [Mon07] contents are increased. On the 

other hand, no grain refining in high C content alloys is observed by increasing 

Si and Nb. Thus, the high BH behavior of high C alloys can be well explained in 

terms of the changes in solute C and formation of fine alloyed carbides and 

clusters like Nb-Si-Mo-Fe-C and Si-Mo-Fe-C by increasing alloying elements. 

Pereloma et al. [Per08a] have found the formation of fine alloy carbides and 

clusters as Nb-Mo-Fe-C in the alloyed TRIP steels. According to Cochardt et al. 

[Coc55] the binding energy of C atoms to dislocations is 0.75 eV, whereas 
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according to [Per08] the binding energy of C to such particles as Nb-Mo-Fe-C is 

2.3 eV. Thus, the driving force for cluster / fine precipitate formation in alloyed 

steels would be higher than that for Cottrell atmosphere formation. 

Among the alloys wit increased C content, D7 shows the lowest values of BH. 

This could be due to the formation of Nb(C, N) which could lead to reduction of 

solute C. As earlier mentioned, Nb forms Nb(C, N) which may tie up the solute C 

contributing to BH. 

6.6.6 Influence of the Prestraining and Temperature on the Bake Hardening 

Behavior 

The general relationships between baking conditions, i.e. prestrain and 

temperature, have been already shown in section 6.5.4. In this section the 

possible mechanisms related to the behavior observed will be discussed. Stress 

vs. strain curves (Fig. 6.14 to Fig. 6.21) therefore have been produced to show 

changes in the yielding behavior with respect to PS and temperature of paint 

baking simulation. This yields some clues about the possible mechanisms 

contributing to the BH behavior of DP steels. 

As discussed before, generally, the same type of BH behavior was found for the 

alloys D1, D3, D4 and D5 having the lowest C content. They show quite similar 

tensile curves, too. Fig. 6.14 to Fig. 6.17 present the tensile curves of these four 

alloys with respect to the prestrain and baking temperature. Without PS no or 

just minimal deflection is visible, indicating aging effects. This is accompanied 

with very low BH0 indices. The absence of a yield point elongation for 0 % 

prestrain in case of a DP steel has been found elsewhere, too [Han03]. A more 

distinct response to BH can be observed at 2 % and 5 % prestrains at which a 

real yield point phenomenon occurs. The occurrence of a yield point indicates 

that a dislocation pinning mechanism becomes involved. 

Significant changes in the yielding characteristics of the tensile curves with 

increasing temperatures are found. For all four alloys distinct aging is observed 

at 170 °C. At the BH temperature of 240 °C the yielding characteristics become 

very pronounced showing strong yield drops up to yield point elongations. It is 

interesting to note that yielding is discontinuous at all imposed prestrains and 

temperatures exception at PS = 5 % and T = 170 °C. For this condition 

continuous yielding appears for all alloys. The yield point elongation becomes 
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more pronounced at a temperature of 240 °C. In general, the formation of 

Lüders bands is more pronounced at higher temperature and PS. In [Bal09a] it 

is noted that the gap between the aged and the classic behaviors during Lüders 

phenomenon increases with time and temperature of the aging treatment until a 

saturation. In the same literature, it is also argued that the difference between 

aged and classic behaviors depends on PS, i.e. an increase of PS leads to an 

increase of the gap. 

The continuous increase of BH values at 240 °C can be attributed to the faster 

diffusion of C atoms towards the dislocation lines. The largest BH2 and BH5 

values are observed for this high temperature. This indicates that additional 

processes start to become involved at elevated temperatures. Some authors 

reported tempering mechanism of martensite at temperatures between 200 and 

250 °C in DP steels [Kri07, Tim07, Wat06]. In martensite structures C atoms are 

trapped leading to a distorted bct (body centered tetragonal) lattice, i.e. 

supersaturation with C compared to the bcc ferrite [Kra01]. In C steels with high 

amount of martensite, tempering of martensite takes place already during 

cooling and also during storage and testing at RT. Thus, C may precipitate or 

diffuse towards dislocations and interfaces. A volume decrease of about 0.5 % is 

reported, when freshly quenched martensite is tempered [Che88]. The additional 

aging process in martensite at high BH temperatures is discussed at the end of 

this section. 
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Fig. 6.14 Stress-strain curves for alloy D1 after PS and BH. 
 

 
Fig. 6.15 Stress-strain curves for alloy D3 after PS and BH. 
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Fig. 6.16 Stress-strain curves for alloy D4 after PS and BH. 

 
Fig. 6.17 Stress-strain curves for alloy D5 after PS and BH. 
 

Fig. 6.18 to Fig. 6.21 present the general characteristics of the stress-strain 

curves of the alloys with higher C content. Along with the generally increasing 

Rm values after paint baking simulation, the main difference with the curves of 

high C content alloys is the larger value of Re, leading to the large BH levels 
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calculated. This behavior is most likely attributable to initial tempering of freshly 

quenched martensite, leading to a relief of internal stresses [Wat06]. Thus, the 

onset of yielding is delayed and the stress-strain curves show linear behavior up 

to larger stresses than in the case of low C content alloys. It should be 

emphasised again that a very reliable calculation of the exact BH0 indices is 

difficult due to the absence of a distinct yield point and the large WH of DP 

steels. It is interesting to note that the tensile curves are nearly as smoothly 

shaped and show a continuous yielding behavior after prestraining and baking.  

Evaluating the tensile curves prestrained by 5 % and baked at 170 and 240 °C, 

a continuous decrease of stress after reaching the upper yield point is observed. 

Obviously, baking increases the Re close to the Rm, i.e. after the onset of 

yielding the sample instantly starts to neck. This behavior is more pronounced 

for the alloy D6 at PS = 5 % PS and T = 170 °C. In this case the degree of PS 

approaches the uniform elongation of the particular alloy. 

A first indication of aging can be seen in the curves after BH simulation at 

240 °C. Especially for steel D8 this leads to BH as high as 120 MPa at 

PS = 2 %. The occurrence of a distinct yield point allows the conclusion that at 

240 °C baking temperature a C-related mechanism has a distinct influence on 

the BH behavior. Such a mechanism is probably present at lower temperatures 

as well, since cooling of alloys after last deformation step during TMCP and 

accelerated cooling from fast cooling start temperature (TFC) should provide a 

certain amount of C in solid solution, but it might be overshadowed by a strong 

tempering phenomena taking place in these alloys. It is reported that such C is 

present at sites where it is hindered to contribute to baking at low temperatures 

[Kri07]. Possible sites where C resides are regions in the vicinity of the ferrite 

and martensite interfaces with a high density of geometrically necessary 

dislocations [Tim07]. 

It should be noted that these alloys show higher yield point after PS and BH than 

those of alloys containing low C content. It can be conjectured that this effect is 

attributable to a large amount of solute C present in such steels due to higher C 

content. It is probable that the dislocations generated during prestraining can be 

blocked very effectively. 
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Fig. 6.18 Stress-strain curves for alloy D2 after PS and BH. 
 

 
Fig. 6.19 Stress-strain curves for alloy D6 after PS and BH. 
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Fig. 6.20 Stress-strain curves for alloy D7 after PS and BH. 
 

 
Fig. 6.21 Stress-strain curves for alloy D8 after PS and BH. 
 

Two major observations from these data on the response to BH are: a) the 

contribution of BH increases with an increase in prestrain and (b) the BH 

sensitivity of the baked alloys at 240 °C is much higher than that at 170 °C.  
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As can be well recognised in TEM image (Fig. 6.6), the transformation of 

austenite to martensite leads to a volume increase which has to be 

compensated by the generation of dislocations in the surrounding ferrite. This 

observation coincides with a number of other investigations [Lie02, Tim07, 

Tim08, Wat03]. During the ferrite to martensite transformation process 

compressive stresses are introduced in the surrounding ferrite causing an 

increase of yield strength. As mentioned earlier, TEM experiments on the alloy 

D1 prestrained to 2 % and without baking yield a negligible higher dislocation 

density compared to the condition before prestraining. Moreover, no significant 

differences are observed after BH at 170 °C with 20 min baking time to the 

microstructure (martensite phase) of the basic alloy (Fig. 6.13 (a)-(b)). A distinct 

tempering of martensite takes place after BH simulation at 240 °C for 20 min, 

showing a clear decomposition of martensite structures and the formation of 

carbides (Fig. 6.13(c)). Diffraction pattern confirms the Fe3C carbides 

(Fig. 6.13(d)). This can lead to a high BH level at this temperature. This 

observation was reported elsewhere [Bar02, Brü10, kri07, Nag83, Wat06].  

Fig. 6.22 shows an example of HAADF STEM images used to detect the 

dislocation densities and Fe3C precipitations in martensite. These precipitations 

appear bright in martensite structure. The micrographs are obtained from the DP 

sample after TMCP without PS and baked at T = 240 °C for t = 20 min. Between 

the martensite laths a localized dislocation density is clearly observed 

(Fig. 6.22(a)). Moreover, the formation of fine, nano-scaled Fe3C carbides is 

detected in the martensite after BH at 240 °C (Fig. 6.22(a)). The most advanced 

formation of carbides can be observed from Fig. 6.22(b), showing regularly 

oriented carbides of around 50 nm. This structure is identified as tempered 

martensite, i.e. Fe3C particles surrounded by ferrite at places originally occupied 

by lath martensite [Bha92a, Bra90]. 

At temperatures about 250 °C, decomposition of retained austenite into  

χ-carbides (Fe2C5) and ferrite, transformation of transition carbides into Hägg-

carbides and finally the formation of θ-carbides (Fe3C) take place. The last 

process is associated with bcc lattice formation [Wat06, Van97]. Cheng et al. 

[Che88] found the precipitation of small orthorhombic ε-carbides (Fe2C) and/or 

hexagonal η-carbides (Fe2,4C) at about 200 °C. 
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It should be noted, that for martensite structures in low alloyed steels these 

stages are likely to overlap [Wat06]. The strongest changes in microstructures 

usually are attributed to temperatures above 200 °C. Experiments show that the 

processes, which are associated with significant changes of mechanical 

properties, are completed at about 300 °C [Brü10]. 

Samek et al. [Sam06] reported Fe3C precipitation at 170 °C already, but only for 

very long aging times (≥ 5000 min). Similar observations using SEM 

experiments were reported by Speich et al. [Spe83], yielding distinct 

substructures compared to the smooth surfaces in the as-quenched martensite. 

Changes caused by martensite tempering can be observed in the mechanical 

and BH properties, too. For all alloys and conditions an increase of yield 

strength and re-occurrence of a distinct yield point is observed at BH 

temperature of 240 °C.  

Due to the number of possible mechanisms involved in the BH of DP steels it is 

thus not surprising that a very broad range of BH levels may be found, 

depending on various factors: chemical composition (including content of 

dissolved C), microstructure (e.g. MVF, grain sizes, distribution of phases), 

parameters of paint baking simulation: prestrain, time and temperature. 

Especially the baking temperature was found to have a big influence on the BH 

behavior of these DP steels. This is different to common BH steels, for which no 

influence of temperature on the general BH level is found [Ste04]. 
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Fig. 6.22 HAADF STEM micrographs showing distribution of Fe3C precipitations 
for steel D1 applied TMCP after prestaining at PS = 0 % and baking at 
T = 240 °C for t = 20 min; (a) martensite structure containing Fe3C precipitations 
and dislocation densities and (b) tempered martensite (Fe3C in different 
orientations).  

6.7 Conclusions 

The major conclusions drawn from the present investigation are as follows: 

1- Increasing alloying elements can exert a significant influence on the 

transformation behavior allowing promoting or retarding the formation of 

individual phases. This can be exploited to exert better process control and 

optimize properties during producing of DP steels. In general, increasing C, 

Mo and Nb shifts the Ar3, Ar1 and MS towards lower temperatures, while 

increasing Si raises the Ar3, Ar1 and decreases the MS. 

2- Among the four alloying elements, increasing C and Mo does not influence 

the ferrite and martensite grain sizes. Increasing Nb and Si refines the final 

microstructure of DP steel when they are added into steels individually. The 

effect is more pronounced for the addition of Nb. No grain refining effect is 

observed for the steel by addition of Nb together with increasing C. Moreover, 

TEM studies of basic alloy show localized increased density of dislocations in 

the ferrite regions adjacent to the pre-existing martensite.  

3- Increasing all alloying elements increases the strength of DP steels. C is the 

most important element influencing the mechanical properties of DP steels. 

Nb is more effective than Mo and Si in increasing strength without 

deteriorating ductility in alloys without C increasing. Since much of the Nb 

effectiveness in steels with high C content results from complex two-, three- 
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and four-way alloy interactions, Nb alloying does not cause an increase in the 

strength of steels unless Mo and Si were also added. It thus allows working 

with an alloying concept to reach a specified strength level. 

4- Increasing TR during roughing rolling process leads to improvement of 

mechanical properties of two Nb microalloyed steels. This could be attributed 

to the grain refining effect of Nb solution and dissolution of initial coarse 

Nb(C, N) particles at the higher TR and partially reformation of fine Nb(C, N) 

particles during TMCP. 

5- Variation of alloying elements as well as prestrains and baking temperatures 

indicates a pronounced influence on BH behavior of DP steels as follows: 

 (a) C is the most important element affecting BH behavior. The steels 

investigated having high C content exhibit a high BH potential. 

 (b) Increasing Si and Nb improves BH behavior in steels without rising C 

where Nb is more effective than Si in increasing BH behavior. This is due to 

grain refining effect of both elements. Increasing C content of DP steels from 

(0.06 - 0.09) % strongly reduces the effectiveness of Nb alloying on bake 

hardenability. The formation of Nb(C, N) precipitations is used to scavenge 

solute C from the ferrite matrix in DP steel. Partial re-dissolution of Nb(C, N) 

during the roughing rolling can be used to liberate C for the BH effect. 

 (c) For Mo increasing in steels without C rising a slightly improving in BH 

behavior is observed. Increasing Mo together with other alloying elements 

shows a rising effect on BH.  

 (d) For all alloys a strength increment is observed without PS and with 

prestrains at 2 % and 5 % after baking simulation. This increment is 

significantly high for the alloys prestrained at 5 % and baked at 170 and 

240 °C for 20 min where for the baking temperature of 240 °C a slightly 

higher BH level is found. TEM and HAADF STEM observations reveal the 

formation of Fe3C carbides corresponding martensite tempering at 240 °C. 
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7 Summary 
Dual phase (DP) steels offer a combination of tensile properties such as a low 

yield strength and a high tensile strength, which make them unique among high 

strength low alloy (HSLA) steels. They also exhibit high work hardening rates in 

the early stage of plastic deformation and good ductility during forming relative 

to strength in the deformed conditions. The correct distribution of the two phases 

allows a low yielding stress, a high elongation value and a smooth flow-stress 

curve. In order to produce DP steel, different methods can be employed such as 

heat treatment and hot rolling. The utilization of thermomechanical controlled 

processing (TMCP) by hot rolling is an industrial method for manufacturing DP 

steels. In this technique, the control of the rolling parameters and chemical 

compositions has a significant role on the final microstructure and mechanical 

behavior. 

This work provided a detailed study of replication of hot rolling mill by TMCP 

aimed at further development of new categories of DP steels in terms of 

mechanical properties and bake hardenability via affordable addition of alloying 

elements together with optimisation of the processing conditions.  

In this study, the influence of hot rolling parameters (deformation temperatures 

and amounts of strain), cooling conditions during γ → α transformation, amount 

of martensite as well as variation of alloying elements (C, Si, Mo and Nb) on the 

phase transformation behavior, microstructure development, mechanical 

properties and BH behavior of DP steels was investigated. The TMCP 

simulation of the three last finishing rolling steps was conducted on a 

deformation simulator using flat compression test. The specimens were cooled 

after the last deformation step to TFC temperatures to obtain prescribed amount 

of ferrite and retained austenite and subsequently accelerated cooled below MS 

to obtain martensite from retained austenite. Dilatation tests under similar 

conditions to that of hot deformation were conducted to determine TFC 

temperatures and to the study the transformation behavior.  

For the simulation of changing process conditions within the final hot rolling the 

specimens were hot deformed using different schedules with different reductions 

and temperatures which were selected according to the non-recrystallization 

temperature. It was possible to refine the DP steel structure by controlling the 

deformation temperature and the amount of strain below non-recrystallization 
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during the TMCP. This structure refinement resulted in improvement of the 

strength and BH behavior. A wide spectrum of mechanical properties was 

obtained mainly as a result of employing different hot deformation schedules. 

The best strength and BH levels were recorded for the materials applied 

deformation below TnRX at the highest amount of strain. It was also found that 

applying hot deformation steps below TnRX at high strains accelerates the γ → α 

transformation and increases the Ar3 and Ar1 as a result of grain refining.  

In chapter 5, specimens were hot deformed using a hot deformation schedule 

according to the industrial conditions combined from deformations above and 

below non-recrystallization.  Different cooling rates were applied after the last 

deformation step to TFC temperatures during the γ → α transformation. Different 

MVFs from 10 to 30 % were obtained by varying TFC. DP-like properties were 

obtained for all conditions. It was found that an increase of the cooling rate and 

MVF resulted in improving both, strength and BH behaviors together with a 

decreased ductility. The highest cooling rate during the γ → α transformation 

together with the largest amount of martensite led to highest strength and lowest 

ductility either after TMCP or after prestraining and baking. No noticeable 

changes in microstructure in terms of ferrite and martensite morphology and 

grain size were observed for all conditions. Furthermore, increasing cooling rate 

shifted the Ar3, Ar1 and MS towards lower temperatures. 

To achieve an improvement in mechanical and BH behavior of hot rolled DP 

steels the alloying concept was successfully used in the present work  

(chapter 6). For this purpose, eight alloys had been cast, rolled down in four 

passes, simulating roughing rolling and followed by three deformation steps in 

the deformation simulator, simulating last steps of the finishing rolling process. 

In order to investigate the influence of reheating temperature on the mechanical 

properties of Nb microalloyed steels, these alloys were additionally rolled at 

higher TR during simulation of roughing rolling process. All specimens were 

deformed using the same deformation schedule as in chapter 5.  

It has been shown that the addition of a small amount of alloying elements to 

this steel grade caused a significant change in mechanical properties and bake 

hardenability due to content of solute C, precipitation strengthening and 

refinement of the final microstructure. Increasing C yielded increased C in 

solution resulting in improved strength and BH levels. Finer grain sizes achieved 
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by increasing Nb and Si without C enhancement are expected to have a 

beneficial influence on both, strength and bake hardening, too. Furthermore, Ar3, 

Ar1 shifted towards lower temperatures by increasing C, Mo and Nb, while 

increasing Si shifts Ar3, Ar1 towards higher temperatures. The influence of C is 

more pronounced than for other elements. Moreover, increasing TR during the 

roughing rolling led to decreasing Ar3, Ar1 and MS as well as improvement of 

strength and ductility. 

Principally, the BH properties of DP steels investigated were characterised by 

low values when no prestrain was applied before the paint baking simulation, 

while the BH values were rising very steeply as soon as a prestrain of 2 % was 

introduced. It could be explained by a more effective dislocation pinning, jointly 

resulting from the migration of dislocations from the F/M interfaces to the interior 

of the ferrite grains, where they were blocked by solute C atoms, which are 

released from the trapping sites near F/M interfaces at the same time. Further 

increase in prestrain caused an increased number of dislocations leading to an 

increase of BH. With respect to the baking temperature a nearly continuous 

increase of the BH values was found towards larger temperatures. A distinct 

change of yield point behavior with increasing temperature was observed, 

pointing to additional dislocation pinning due to the faster diffusion of carbon at 

higher temperatures. At temperatures above 200 °C additional tempering of 

martensite was recognised, indicated by a regular orientation of Fe3C particles.  

Generally, it can be summarized that for hot rolled DP steels through optimizing 

composition and processing schedules, a spectrum of mechanical behaviors 

was observed, outperforming many commercially available steel grades.  
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