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RESUMEN 

 

 

Los Aceros Avanzados de Alta Resistencia (AHSSs) se utilizan generalmente en la 

fabricación de componentes que trabajan en condiciones de servicio estáticas y/o a 

fatiga. Por lo tanto, es necesario que proporcionen un buen compromiso entre coste, 

comportamiento mecánico y fiabilidad. En los últimos años, se está prestando una 

gran atención hacia el novedoso tratamiento térmico conocido en inglés como 

"Quenching and Partitioning" (Q&P) para la producción de AHSSs con 

microestructuras multifásicas que consisten en mezclas de martensita y austenita 

retenida, proporcionando de este modo la combinación de resistencia, ductilidad y 

tenacidad deseada. Sin embargo, a pesar de que ya se ha realizado un importante 

trabajo de investigación para avanzar en la comprensión de la microestructura y las 

propiedades mecánicas de estos aceros, resulta imprescindible profundizar aún más 

en el efecto que la arquitectura microestructural tiene en los aceros Q&P. En 

particular, no se ha realizado hasta la fecha ningún trabajo que analice el 

comportamiento a fatiga y fractura de los aceros Q&P. Por este motivo, el principal 

objetivo de la presente Tesis Doctoral es desarrollar el concepto de diseño 

microstructural en los aceros Q&P. De este modo se busca mejorar un amplio rango 

de propiedades mecánicas entre las que se incluyen la resistencia a tracción, así como 

a fatiga y fractura. Asimismo, se busca establecer la relación entre las citadas 

propiedades mecánicas, la microestructura y los parámetros de procesado. En este 

trabajo se ha comprobado que: (i) el comportamiento a tracción y la partición de la 

deformación entre distintas fases depende en gran medida de la microestructura de 

los aceros Q&P que, por otra parte, puede ajustarse gracias a la manipulación de los 

parámetros de procesado Q&P; (ii) las propiedades de la matriz juegan un papel muy 

importante en el comportamiento a fractura de los aceros Q&P y (iii) la vida a fatiga 

de los aceros Q&P también está determinada por la microestructura y puede ser 

mejorada reforzando los bordes entre fases. En base al análisis de los resultados 

experimentales obtenidos, se muestra que el rendimiento mecánico de los aceros 

Q&P puede mejorarse a través del diseño microstructural.  
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ABSTRACT 

 

 

Advanced high-strength steel (AHSS) grades have been frequently used for 

applications that require a compromise between cost reduction, mechanical behavior 

and reliability of components that work under static and fatigue service loading 

conditions. Quenching and Partitioning (Q&P) is receiving increasing attention as a 

novel heat treatment to produce AHSSs containing martensite/retained austenite 

mixtures, with desirable combination of strength, ductility and toughness. However, 

despite the significant body of research on microstructure and mechanical properties 

of Q&P steels, there is still a significant lack of knowledge on the effect of 

microstructural architecture on their mechanical performance. Particularly, no 

research on fatigue and fracture behavior of Q&P steels has been carried out up-to-

date. Therefore, the main objective of this PhD thesis is to develop a concept of 

microstructural design in Q&P steels in order to improve a wide range of mechanical 

properties (uniaxial tensile, fatigue and fracture), as well as to gain fundamental 

understanding of their relationship with the microstructure and Q&P processing 

parameters. It is demonstrated that: (i) tensile mechanical behavior and strain 

partitioning between phases strongly depend on the microstructure of Q&P steels, 

which, in turn, can be tuned via manipulation of the Q&P parameters; (ii) matrix 

conditions play an important role in fracture behavior of Q&P steels and (iii) fatigue 

life of Q&P steels is also determined by their microstructure and can be enhanced 

via improvement of strength of interphase boundaries. Based on the analysis of the 

experimental results, it is shown that tailoring of the microstructure of Q&P 

processed steels can lead to further improvement of their mechanical performance. 
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1. INTRODUCTION 

 

 

1.1. Advanced High Strength Steels (AHSSs) 

Vehicle designers must balance the objectives of better fuel economy, crash safety 

standards imposed by governments and stringent consumer demands [1]. The steel 

industry is continuously presenting innovative solutions to the automotive industry, 

since this material has the ability to adapt to the changing requirements. In 

particular, in 1994, a consortium of 35 major sheet-steel producers around the world 

launched the Ultra Light Steel Auto Body (ULSAB) series of programs to design and 

build a lightweight steel structure to meet new safety and performance targets, by 

decreasing fuel consumption and gas emissions at the same time [2-5]. In addition to 

low weight and good mechanical behavior, high levels of formability, joinability, 

weldability and paintability were important points to have a competitive material [1]. 

 

Figure 1-1. Porsche Cayenne body structure material composition [6]. 

The body-in-white (BIW) structural parts and panels, and in particular the materials 

used in car construction, offer the greatest possibilities in terms of weight reduction 

and determine its behavior in the event of collisions (see Figure 1-1) [1]. The first 

BIW unveiled in 1998, validated the ULSAB program’s design concepts, and a major 

contributor to its success was a group of new steel types and grades called advanced 
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high-strength steels (AHSSs) [6, 7]. In consequence, over the past decade, with 
increasing demands for weight reduction in the automotive industry a significant 
research effort has been directed towards the development of several types of AHSSs 
[3], as they provide an opportunity for the development of cost-effective and light-
weight parts with improved safety and optimized environmental performance [4, 8, 
9].  

AHSS grades are complex, sophisticated materials, with carefully selected chemical 
compositions and multiphase microstructures resulting from precisely controlled 
heating and cooling processes [1, 7]. They have been frequently used for applications 
that require a compromise between cost reduction, weight saving, fuel economy, 
higher mechanical performance and reliability of components which work under 
high static and particularly fatigue service loading conditions [10, 11]. Various 
strengthening mechanisms are employed to achieve a range of strength, ductility, 
toughness, and fatigue properties. The research strategies are based on the 
development of microstructures consisting of ultrafine microconstituents formed in 
non-equilibrium conditions, such as polygonal ferrite, bainitic ferrite, retained 
austenite (RA), stress/strain-induced martensite and athermal martensite [1, 12-14]. 
The tailored combination of soft and hard phases and the presence of RA provides 
to the AHSS grades the superior strength-ductility balance demanded by the car 
industry [1, 3, 15]. Some types of AHSSs have a higher strain hardening capacity 
resulting in a strength-ductility balance superior to conventional steels. Other types 
have ultra-high yield and tensile strength and show a weak hardening behavior [6]. 
The high strength martensitic or bainitic constituents contribute to a simultaneous 
increase of strength and toughness, whereas RA provides an improvement of 
strength and ductility through the strain-induced transformation of the metastable 
austenite to hard martensite, i.e., the transformation induced plasticity (TRIP) effect 
[15, 16]. The strain induced transformation to martensite provides an additional 
deformation and strain-hardening mechanism, thereby suppressing strain localization 
and enhancing formability [17, 18]. 

All AHSSs are produced by controlling the chemistry and cooling rate from the 
austenite or austenite plus ferrite phase, either on the run-out table of the hot mill 
(for hot-rolled products) or in the cooling section of the continuous annealing 
furnace (continuously annealed or hot-dip coated products). However, the AHSSs 
can be divided into three groups. The so-called “first generation” of the AHSS grades 
comprises dual phase (DP), transformation induced plasticity (TRIP) and complex 
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phase (CP) steels showing combination of high strength and good ductility. These 
steel grades are typically low alloyed and have ferrite based multiphase microstructure 
[9]. DP steels consist of a ferritic matrix containing islands of a hard martensitic 
second phase. An increase of the volume fraction of hard second phases generally 
increases its strength. DP steels are produced by controlled cooling from the two-
phase ferrite plus austenite region to transform some austenite to ferrite, before a 
rapid cooling transforms the remaining austenite to martensite. The soft ferrite phase 
is generally continuous, providing excellent ductility. When these steels are 
deformed, strain is concentrated in the lower-strength ferrite phase surrounding the 
islands of martensite, creating the unique high initial work-hardening rate exhibited 
by these steels [6]. The microstructure of TRIP steels is made up of RA embedded in 
a primary matrix of ferrite. TRIP steels typically require the use of an isothermal 
holding at an intermediate temperature, which produces some bainite. Therefore, 
hard phases such as martensite and bainite are also present in varying amounts. 
During deformation, the dispersion of hard second phases in soft ferrite creates a 
high work hardening rate, as observed in the DP steels. However, in TRIP steels the 
RA progressively transforms to martensite with increasing strain, thereby increasing 
the work hardening rate at higher strain levels [6]. CP steels typify the transition to 
steel with very high ultimate tensile strengths. The microstructure of CP steels 
contains small amounts of martensite, RA and pearlite within the ferrite/bainite 
matrix. CP steels are characterized by high energy absorption, high residual 
deformation capacity and good hole expansion [6]. 

The “second generation” of the AHSSs consists of highly alloyed austenitic steels, 
such as the austenitic twinning induced plasticity (TWIP) steels. These steels are very 
attractive for engineering due to their superior mechanical properties, but their high 
cost and complexity of their industrial processing limit their applications [9]. TWIP 
steels usually have a high manganese content (17-24 %) that causes the steel to be 
fully austenitic at room temperature. A large amount of deformation is driven by the 
formation of deformation twins, which gives the name to this steel class. The 
twinning causes a high instantaneous hardening value as the microstructure becomes 
finer and finer. The resultant twin boundaries act like grain boundaries and 
strengthen the steel. TWIP steels combine extremely high strength with extremely 
high formability [6]. 
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Figure 1-2. Overview of tensile strength and total elongation combinations for various 
classes of conventional and AHSS grades [6, 9]. 

These “first and second generations” of AHSS grades are uniquely qualified to meet 
the functional performance demands of certain parts. For example, DP and TRIP 
steels have already been widely used in the automotive industry as they provide good 
formability at room temperature and crash performance of the car for high energy 
absorption. For structural elements of the passenger compartment, extremely high-
strength steels, such as martensitic steels result in improved safety performance [6, 9].  

Nevertheless, there are limiting factors that produce a wide gap between the currently 
available AHSS grades of the first and second generations. The broad range of 
properties is best illustrated in Figure 1-2, where an overview of representative 
properties compared to those exhibited by conventional steel grades is depicted. 
Recently significant research efforts have been channeled into the development of 
the “third generation” of AHSSs. These steels have improved strength-ductility 
combinations compared to existing grades, with potential for more efficient joining 
capabilities, at lower costs. [12-14]. Therefore, ongoing research activities are focused 
on increasing strength, ductility and toughness to higher levels than exhibited by the 
“first generation” of the AHSSs without significant changes on their chemical 
composition, i.e. on the "third generation" of the AHSS grades [9, 16, 17]. 

1.2. Quenching and Partitioning process as an advanced approach for 
fabrication of AHSSs 

Speer et al. first proposed in 2003 a novel processing route for the production of 
austenite-containing steels, based on a new understanding of carbon diffusion from 
martensite into RA, the so-called “Quenching and Partitioning” (Q&P) process [19]. 
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Consequently, a complex microstructure is generated consisting of metastable RA, 
ferrite (in the case of partial austenitization) and martensite formed after final 
quenching to room temperature [9, 23]. The use of martensite rather than ferrite, 
has the immediate attraction of attaining potentially higher strength levels [23]. For 
that reason, Q&P steels exhibit desirable combinations of strength, ductility and 
toughness, which permit their use in a new generation of AHSSs for automobiles [6].  

The Q&P heat treatment was envisioned to have application to high-strength 
austenite containing TRIP sheet products, replacing isothermal bainitic heat 
treatment of low-carbon steels. Some suggested advantages of Q&P include the 
potential for greater carbon enrichment of austenite, decoupling of the bainitic 
ferrite growth kinetics from the carbon partitioning process, and increasing strength 
via formation of substantial quantities of lath martensite in the microstructure [16].  

1.2.1. Background and "Quenching and Partitioning" fundamentals 

1.2.1.1. Carbon partitioning concept 

Although the existence of carbon-enriched RA in martensitic steel microstructures 
has been known for some time, the concept of using carbon partitioning from 
martensite to stabilize RA was not previously developed towards a steel treatment 
process. This was mainly due to two reasons: 

• The temperature which is used normally is too low for substantial amounts of 
carbon diffusion to occur [16]. 

• Carbon supersaturation in martensite is ordinarily eliminated by a different 
mechanism, such as carbide precipitation during tempering [16, 23]. 

As a consequence, whereas carbon-enriched RA has been identified in martensitic 
steels for some time [25], the thermodynamics of carbon partitioning between 
martensite and austenite has been scarcely considered [16]. Recently, a 
computational model has been implemented in order to address carbon partitioning 
from as-quenched martensite into untransformed austenite and hence to understand 
the carbon redistribution across the phase interfacial region during partitioning [23, 
26]. Competing reactions, such as bainite, cementite or transition carbides 
precipitation are assumed to be suppressed. This model predicts the endpoint of 
partitioning, when martensite is in metastable equilibrium with austenite [16]. It is 
first required to define several important concepts. Paraequilibrium can be described 
as the metastable equilibrium between austenite and martensitic ferrite under 
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conditions where long-range diffusion of carbon occurs but partitioning of slow-
moving substitutional elements is difficult [16, 23]. However, this concept is typically 
applied during transformation and, thus, when interface migration is occurring. In 
this model [23, 26], the interface between martensite and untransformed austenite is 
assumed to be stationary, i.e., constrained. In particular, it has been recently 
suggested that the carbon partitioning from martensite into austenite is controlled by 
the constrained carbon equilibrium (CCE) criterion [16, 23, 27]. In such case, the 
metastable martensite/austenite equilibrium reached by the completion of carbon 
partitioning is described by two conditions:  

• One thermodynamic requirement: equal chemical potential of carbon in each 
phase (martensite and austenite). 

• One key matter balance constraint: conservation of iron (and substitutional) 
atoms in each phase [16, 23].  

In constraint paraequilibrium, the thermodynamic condition can be satisfied by an 
infinite set of possible phase compositions, but the conservation condition of the 
matter balance associated with the stationary interface uniquely determines the 
applicable phase compositions. The phase fractions are determined by the extent of 
the martensite reaction at the QT and not by the lever rule applied using an 
equilibrium or paraequilibrium tie-line. Consequently, by combining the 
thermodynamic requirement with the mass balance requirement, it is possible to 
calculate the extent of carbon partitioning and hence austenite stabilization, 
according to the total carbon concentration and volume fractions of martensite and 
untransformed austenite determined by the QT (obtainable from the Koistinen and 
Marburger relationship [28]). This has shown that most of the carbon in the steel is 
expected to partition to the austenite and thus, that quite high levels of carbon 
enrichment, and hence strong austenite stabilization, are possible [16, 23]. 

The results of the CCE model were successfully used to propose the novel Q&P 
process. On the other hand, austenite grain size and mechanical stability by the 
introduction of dislocation forests may affect both the Ms temperature [29] and phase 
fractions predictions [22]. Simulations have also been used to understand carbon 
partitioning to austenite from martensite through intercritical ferrite, resulting in 
austenite inhomogeneity after Q&P [30]. The austenite morphology (and size) and 
characteristics of the martensite, such as the carbon supersaturation and dislocation 
density [31, 32], may also influence carbon diffusion, along with the coupling of the 
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austenite with neighboring phases. Thus a variety of additional refinements could be 
implemented in order to improve the coming models [22]. 

1.2.1.2. Importance of suppressing carbide precipitation 

The Q&P process, giving greater control over the respective volume fractions of 
martensitic ferrite and untransformed austenite, can make possible potentially very 
high carbon concentrations in the austenite. The escape of carbon from the 
martensite to the untransformed austenite during the partitioning treatment is a 
critical step for the Q&P process, since it competes with the formation of carbides in 
the martensite, the normal characteristic of the tempering process [23]. These carbon 
atoms are no longer available to enrich the austenite since any carbide formation 
effectively "consumes" carbon. It is hence necessary to understand and control all the 
carbide precipitation processes that may occur during partitioning [16]. The escape 
path of the carbon between the martensitic plate and the austenite may vary, since 
the exact morphology and distribution of the untransformed austenite regions within 
the partially transformed microstructure are not known precisely, and might be 
expected to differ, for example, with steel composition and whether the 
untransformed austenite has an interlath-lamellar or blocky morphology [23]. 
"Dynamic stabilization" of austenite may also occur during quenching [33], associated 
with carbon partitioning during epitaxial ferrite (EF) growth upon cooling after 
intercritical annealing [12, 30, 34]. 

In martensite, fine transition carbides are usually not considered detrimental, 
whereas cementite can be of more concern. Thus, usually, the greater emphasis has 
been on understanding when transition carbides are replaced by cementite formation 
[35, 36], rather than on the initiation of transition carbide precipitation. 
Nevertheless, for Q&P processing any transition carbide diminishes the potential for 
carbon enrichment of austenite [16]. Carbon trapping at crystallographic defects, and 
austenite decomposition to ferrite and cementite as a result of martensite tempering 
during Q&P will also reduce the amount of available carbon for partitioning to 
austenite [19, 37-39]. Precipitation of transition carbides within RA has not been 
documented. Since the chemical potential of carbon is much higher in the as-
quenched martensite than in the RA, it is reasonable to conclude that carbide 

nucleation would be more likely in BCC ferrite than in austenite. The α/γ interface 
is also a favored site for carbide formation [40]. Carbon trapping, along with carbon 
supersaturation of the martensite is consistent with the lower experimental austenite 
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fractions often achieved compared with predictions [31, 32]. Opportunities clearly 
exist to better understand how carbon supersaturation is relieved in the martensite 
and how martensite substructure evolves to result in the availability of carbon to 
diffuse to austenite during partitioning [22]. In any event, the extent to which 
carbide formation is suppressed will be a critical factor influencing the 
microstructures that are achievable using the Q&P process [16].  

1.2.1.3. Selection of suitable chemical compositions for the Q&P steels 

Carbide precipitation in martensite is often observed during the partitioning step in 
high-carbon steels [41] and even in low-carbon steels [34]. In order to expand the 
Q&P heat treatment window to lower PTs, the transitional carbide reaction within 
the martensitic ferrite must be suppressed. This attracts special interest in the case of 

industrial applications [23]. Therefore, as pointed out by Speer et al. [19], it is 
important to choose appropriate chemical compositions in order to avoid carbide 
precipitation in realizing an ideal Q&P conditions. The role of alloying elements on 
transition carbides (e.g. epsilon or eta) is less clear with respect to martensite 
tempering, but knowing how alloying elements influence the transition carbide 
formation and their evolution is critical for improving the understanding of 
martensite tempering and advancing Q&P.  

The approach described by Wever [42] indicates that alloying elements can influence 
the iron equilibrium diagram in two different ways: 

 By expanding the γ-field, and encouraging the formation of austenite over 
wider compositional limits. These elements are called γ-stabilizers. Important 
steel alloying elements such as C, N, Ni and Mn, as well as Cu, Co and some 
inert metals, belong to this group [42, 43]. 

 By contracting the γ-field, and encouraging the formation of ferrite over wider 
compositional limits. These elements are called α-stabilizers. Si, Al, Be, P and 
B fall into this category, together with strong carbide-forming elements such as 
Ti, V, Mo, Cr and Ta [42, 43]. 

During martensite tempering, Si was probed to efficiently retard cementite formation 
[44]. In particular, Si delays the transition from early-stage tempering 

(where  or  carbides are present) to later-stage tempering (where -Fe3C is present) 
as well as the formation of cementite during the bainite transformation, resulting in 
"carbide-free" bainite [23, 43]. The suppression of cementite is usually explained by 
its low solubility in cementite, and thus a need to diffuse away from the growing 
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carbide [45]. Then, cementite formation may be delayed or even suppressed through 
additions of Si [41, 44]. Al and even P are thought to behave similarly to Si in 
retarding tempering reactions [16]. Such elements thus play a critical enabling role in 
the Q&P process.  

Alternative reactions affecting carbon enrichment and retention of the 
untransformed austenite, such as the formation of ferrite, pearlite or bainite during 
the partitioning step are also to be avoided [23, 30]. Otherwise, the formation of new 
phases would reduce the amount of austenite available for stabilization. For this 
reason, the selected chemical composition should also contain γ-stabilizing elements, 
so as to reduce the temperature window for bainite formation as well as to delay 
ferrite and bainite incubation times for the longest possible time [30]. Alloying 
elements such as Mn and Ni have been proven effective in reaching those targets [23, 
30]. 

Finally, during Q&P processing the steel must be quenched at a sufficiently rapid 
rate to avoid the decomposition of austenite during cooling to such products as 
ferrite, pearlite and bainite [30]. The effectiveness of the quench will depend 
primarily on two factors: the geometry of the specimen and the composition of the 
steel. Hardenability is, therefore, of greatest importance, and an interesting approach 
is based on selection of the appropriate concentration of alloying elements [43]. C 
has a strong influence on hardenability, but its use at higher levels is limited, because 
of the lack of toughness as well as the greater difficulties in fabrication [43]. Cr is 
widely used as an alloying element in wrought steel due to its relatively low cost and 
to its effectiveness as an alloying element. Cr has many interesting effects on steel 
[43], but it is considered amongst the cheapest alloying additions per unit of 
increased hardenability. Especially when combined with Mn [46, 47], a substantial 
improvement in hardenability can be seen [43].   

Thus it is clearly seen that the Q&P processing route cannot be applied to every 
steel. All these alloying elements have already been extensively used in AHHSs [9, 
14]. As an example, in DP steels, C enables the formation of martensite at practical 
cooling rates by increasing the hardenability of the steel. Mn, Cr, Mo, V and Ni 
either added individually or combined also help to increase hardenability. C and Si 
also act as ferrite solute strengtheners. These additions must be carefully balanced, 
not only to produce unique mechanical properties, but also to maintain the generally 
good resistance to spot welding capability [6]. TRIP steels use higher quantities of 
carbon than DP steels to obtain sufficient C content for stabilizing the RA to room 
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temperature. Suppressing the carbide precipitation during bainitic transformation 
appears to be crucial for TRIP steels. Si and Al are used to avoid carbide 
precipitation in the bainite region. These elements also assist in maintaining the 
necessary carbon content within the RA [6]. Low carbon "lean alloy" TRIP steel 
compositions, such as the 0.2C-1.5Mn-1.5Si (wt. %) alloy, have been used to 
successfully generate martensitic microstructures with substantial RA levels through 
Q&P processing [22, 48]. Some TRIP steel alloy modifications have also been 
investigated, including partial replacement of Si by Al [15, 34] which has been shown 
to yield slightly inferior RA stabilization.  

1.2.1.4. Design of heat treatment 

A schematic diagram summarizing the sequence of microstructural evolution from 
homogeneous austenite during Q&P processing is presented in Figure 1-3. Following 
austenitization the steel is quenched to a QT estimated so as to produce a pre-
determined fraction of martensite and balancing fraction of untransformed 
austenite. The steel temperature is then raised to the PT, when carbon escapes into 
the untransformed austenite. Therefore, following partitioning, the chemical stability 
of austenite is raised, so after subsequent cooling to room temperature it is retained 
[23].  

The QT determines the fraction of martensite that undergoes carbon partitioning to 
the neighboring austenite during the partitioning step. A QT closely above the Mf 
temperature leads to the formation of an elevated fraction of martensite, which 
leaves a small fraction of austenite available for carbon enrichment. On the contrary, 
a QT closely below the Ms temperature produces a small fraction of martensite, so 
the C available for partitioning might not be sufficient for the stabilization of the 
austenite. This trade-off leads to the determination of an optimal QT for a maximum 
volume fraction of RA. Theoretical selection of this optimum QT requires previous 
knowledge of the martensite kinetics in the steel [30]. In particular, a QT selection 

methodology was developed by Speer et al. [49] to predict stable austenite fractions as 
a function of QT. This methodology is based on the following assumptions [19, 23, 
30, 50]:  

• There is full carbon partitioning from the martensite to the austenite at the 
end of the partitioning step. 

• Martensite/austenite interface is fixed.  
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• Any other phenomena such as bainite formation or carbide precipitation are 
precluded. 

First, the relative fractions of martensite and untransformed austenite at the QT are 
calculated from the undercooling below Ms, based on the Koistinen-Marburger 
relationship [28]. Then, by applying the Koistinen-Marburger relationship [28] to the 
carbon-enriched untransformed austenite fraction after full partitioning, the final 
phase fractions after final cooling can be predicted [23, 50]. This methodology has 
been proved to be effective for calculating optimum QTs for yielding the maximum 
amount of RA [23, 51]. The appropriate QT can be defined as the temperature 
where just the right amount of martensite is formed during the initial quench to 
enrich the untransformed austenite after full partitioning, in order to reduce its Ms 

temperature to room temperature [23]. 

The second and third statements above imply that the austenite fraction does not 
change during partitioning. Although these assumptions can lead to a good 
approximation of the optimal QT, the amount of carbon that actually partitions 
from the martensite to the austenite also depends on the PT and Pt: the Pt must be 
long enough to lead to considerable carbon partitioning, but also be restricted, since 
the risk of formation of carbides as a consequence of the martensite and austenite 
tempering also increases at longer times [16, 30]. It is important to consider that 
increasing PT can accelerate the carbon partitioning from martensite to austenite. 
However, the risk of carbide precipitation and the formation of other phases, such as 
bainite, is increased at higher temperatures [12]. 

Consequently, the different heat treatment schedule for processing steels by Q&P 
would lead to modified behavior. The design of adequate Q&P heat treatments 
requires an understanding of the phenomena that may affect to the final 
microstructure of the material during this processing route [34]. 

1.2.2. Microstructural changes during Q&P process 

Assuming that all possible overlapping processes were successfully inhibited, the final 
Q&P steel grade will consist of a complex multiphase microstructure. In general 
terms, two distinct microstructures are expected, whether the Q&P processing route 
starts with full or partial austenitization [12, 30, 34].  
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First, steels produced by Q&P processing with full austenitization have some 
morphological similarities with the microstructures present in carbide-free bainitic 
steels [52]. They are formed by microstructures containing [24]: 

• Carbon-depleted martensite laths (i.e. tempered martensite (TM)), formed 
during the first cooling to QT and which underwent carbon partitioning to 
the austenite. In some cases, carbide precipitation in these phases can be 
observed, due to the auto-tempering of the martensite. 

• RA and untempered martensite (UM), formed during the last quench to room 
temperature. This martensite will be different to that previously formed as it 
will normally be expected to inherit a higher carbon concentration. 

• Occasionally, islands of bainite can be present, as well, depending on the 
chemistry and Q&P parameters.  

In such case, the final volume fraction of martensite and austenite at room 
temperature will be related to the martensite and austenite grain sizes before the 
partitioning step, whereas the carbon concentration gradient within the martensite 
and austenite grains will determine the thermal stability of the austenite [30, 50]. 

Second, the microstructures resulting from intercritical annealing usually consist of a 
ferritic matrix and islands of TM (formed during the first cooling), UM and RA 
(formed during the last quench) embedded in the matrix [12]. At longer Pts, 
decomposition of austenite into bainite has also been reported [34]. For illustrative 
purposes, microstructural changes during Q&P processing of the steel with 
intercritically annealing until the QT is reached are schematically presented in Figure 
1-4.  

 

Figure 1-4. Scheme of morphology and carbon profiles during different stages of the 
intercritically annealed Q&P process. (A is austenite, IF is intercritical ferrite, EF is 

epitaxial ferrite, and M is martensite) [20]. 
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Frequently, the ferritic areas that are closer to the austenite/martensite grains 
correspond to ferrite that has grown from the ferrite present after the intercritical 
treatment during the first cooling, the so called EF [12, 30]. Thus, in this case, 
carbon partitioning into austenite may also occur through the ferrite present in the 
microstructure prior to the partitioning step. EF formation introduces carbon 
gradients in the remaining austenite during the first cooling step. This will lead to an 
enhanced carbon enrichment close to austenite boundaries and an inferior carbon 
concentration in areas well inside austenite grains. As a result, the formation of 
martensite at the quenching step takes place in the carbon-depleted interior zones of 
the former austenite grain. After the second quench, the surrounding austenite will 
be either transformed (UM) or retained (RA) [12, 30].  

In any case, it is clear that the resulting multiphase microstructure of the Q&P 
processing will consist of a combination of RA, TM and UM, together with, in some 
cases ferrite and bainite. The different Q&P heat treatment routes would lead to 
different microstructures and hence, to different mechanical behaviors. The complex 
combination of different phases makes the understanding of the microstructures 
obtained by classical etching techniques not directly applicable to Q&P structures. A 
more accurate description of the microstructure is essential for better understanding 
of the microstructure formation and better control of the final properties of the 
material [12]. 

1.3. Strength and ductility of Q&P steels  

It was suggested for long time that strength and ductility are mutually exclusive in 
steels, i.e. strengthening of steel results in decrease of its ductility, thus dramatically 
limiting its practical utility [52-54]. Significant research activities have been focused 
on improvement of low ductility of high-strength steels. Below, the effect of steel 
chemistry and microstructure on strength and ductility of Q&P steels is considered 
in detail. 

1.3.1. Effect of alloying elements and the Q&P processing route on 
mechanical properties 

The effect of alloying elements on the microstructure and mechanical properties of 
the Q&P steels has been reported in literature: i.e. for C [24, 54-56], Mn [24, 57], Si 
[24, 58, 59], Al [58], Mo [58], and Ni [55, 56].  
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De Moor et al. examined mechanical properties in different Q&P steels subjected to 
different Q&P processing routes [58]. Five different steels with different chemical 
compositions were subjected to the Q&P process at different PT (300, 350, 400, and 
450°C) following full austenitization. The chemical compositions of the steels were: 

• CMnSi: 0.2C-1.63Mn-1.63Si 
• CMnSi: 0.24C-1.61Mn-1.45Si-0.30Al 
• CMnAlSi: 0.25C-1.70Mn-0.55Si-0.69Al 
• MoCMnAl: 0.24C-1.60Mn-0.12Si-1.41Al-0.17Mo 
• MoCMnSi: 0.21C-1.96Mn-1.49Si-0.25Mo 

It was found that the partial replacement of Si by Al (CMnSi) leads to significantly 
lower fractions of RA at the same partitioning conditions, whereas some addition of 
Mo (MoCMnSi) results in somewhat higher fractions of RA as well as in its reduced 
sensitivity to increased holding at the PT. Alloying with both Al and Mo 
(MoCMnAl) also results in lower volume fractions of RA. The effect of alloying 
elements on the tensile mechanical properties was studied, as well. The stress-strain 
curves displayed a strong dependence on the partitioning conditions. For example, 
the ultimate tensile strength of the CMnSi was found to be in the range of 1100 to 
1390 MPa and decreased with increasing partitioning time, whereas the yield 
strength showed the opposite trend. Uniform elongation was in the range of 5 to 12 
% and total elongation was in the range of 5 to 18 %. Tensile strengths of 1280-1510 
MPa and yield strengths of 1050-1200 MPa were obtained with uniform elongations 
of 4-11 % and total elongations of 4-15 %, for the MoCMnSi grade obtained by the 
Q&P processing following full austenitization. Higher yield and tensile strength were 
obtained for the MoCMnSi grade rather than for the CMnSi alloy. Tensile strength 
of the MoCMnSi grade decreases with increasing partitioning temperature. No clear 
trend with temperature or time was observed for the yield strength. A significant 
improvement in elongation was obtained especially given the higher strength levels. 
In addition, the highest PT results in the highest ductility [58]. 

The tensile properties obtained for the MoCMnAl grade, yield strength values of 
1030-1150 MPa and tensile strength of 1170-1420 MPa were obtained with total 
elongations of 4-9 % and uniform elongations of 3-5 %. Although much lower Si 
content, higher yield strength values were obtained compared to the strength of the 
CMnSi alloy. It should also be noted that the Al-grade containing the lowest RA 
fractions exhibits also the lowest ductility levels, whereas the highest combinations of 
strength and ductility were obtained for the Mo-grade with the greatest amount of 
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RA. The tensile mechanical properties are summarized in Figure 1-5. It was shown 
that the most effective contribution of the TRIP mechanism to the increased strain 
hardening was obtained for longer Pt and/or higher PT leading to higher volume 
fraction of RA [58]. 

 

Figure 1-5. Total elongation vs. tensile strength diagram obtained via Q&P for different 
chemical compositions following full austenitization. PT are given in the legend [58]. 

In [24], the effect of C and Mn on the Q&P response of CMnSi steels was studied. 
Three CMnSi steel grades with C contents ranging from 0.2 to 0.3 wt. % and Mn 
contents of 3 and 5 wt. % were subjected to the Q&P processing with intercritical 
annealing and with full austenitization. The results of this study can be roughly 
generalized as follows. For the steels after the Q&P processing with intercritical 
annealing: 

• Yield strength increases with increasing C content from 0.2 to 0.3 wt. %, 
whereas the ultimate tensile strength shows the opposite trend.  

• Both uniform elongation and total elongation slightly decrease with increasing 
C content. 

• Strain hardening ability decreases with increasing C content (ultimate tensile 
strength / yield strength ratio can be considered as an indirect measure of 
strain hardening ability). 
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30, 100, and 1000 s at each temperature. Microstructural studies showed that the 
samples austenitized at 930°C have a higher volume fraction of RA than the samples 
austenitized at 870°C for the same Q&P conditions. 

Higher RA fractions were obtained in the samples partitioned at the highest 
temperature, 450°C. The steel grade HCHNi, demonstrated higher volume fractions 
of RA (15-32 % depending on the partitioning parameters) compared to other 
grades. Data on uniform elongation and ultimate tensile strength of the studied 
materials are presented in Figure 1-6 in comparison with other high performance 
steels. It is seen that the HCLNi grade has the highest strength (1500-1900 MPa) and 
uniform elongation (5-15 %), whereas the HCHNi grade shows much lower strength 
(500-900 MPa) and very low uniform elongation (1-3 %). 

 

Figure 1-6. Uniform elongation and ultimate tensile strength of samples subjected to 
Q&P processing, compared to high performance grades [56]. 

Low carbon Q&P steels containing film-like intercritical ferrite were developed in 

[59]. Santofimia et al. demonstrated that both uniform and total elongation in a low 
carbon steel after Q&P processing increased with volume fraction of RA [59]. Two 
low carbon steels with the varying content of Si (1.54 and 0.45 wt. %) and Al (0.006 
and 0.22 wt. %) were used. The materials were subjected to the Q&P processing 
route with intercritical annealing. The obtained microstructures in both steels 
contained ferrite grains separated by films of RA and/or martensite. It was found 
that the volume fraction of RA increases with increasing Si content. Volume fraction 
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of RA dramatically increased with increasing partitioning time up to 100 s and nearly 
saturated at the reached values. The samples partitioned for 10 s showed higher 
strength, whereas the higher ductility was obtained in the samples partitioned for 
100 s. Strength of both materials decreased with increasing volume fraction of RA, 
whereas ductility showed the opposite trend. 

In [54], Cao et al. investigated the effect of C on the microstructure and mechanical 
response of the low alloyed steels after Q&P processing. Three steel grades with 
varying C content (0.21, 0.37, and 0.41 wt. %) were subjected to Q&P processing 
[54]. It was demonstrated that the volume fraction of RA significantly increases from 
12 % to 27 % with increasing carbon content. Similar trend can be noted for tensile 
strength increasing from ≈1300 MPa to ≈1800 MPa and for uniform elongation 
increasing from 10 % to 14 % whereas total elongation did not change (≈20 %). 

In addition, the fine substructure in the Q&P heat treated condition is apparently 
responsible for the elevated strength levels [16]. Nevertheless, the deformation 
behavior at the micro- scale with respect to the local microstructure has not been 
investigated so far. Therefore, there is a need for fundamental understanding of the 
local deformation behavior of the Q&P steels with respect to the local 
microstructure, since manipulation of the microstructure via optimization of their 
chemical composition and Q&P processing parameters can lead to further increase 
of mechanical properties. 

1.3.2. Mechanical properties of individual Q&P phases and their 
deformation behavior 

The first requirement for a deep understanding of the property - microstructure 
relationship in Q&P steels is the knowledge of the flow properties of each of the 
phases of the microstructure. Since it is not possible to reproduce the same phases in 
single phase microstructures (especially in the case of RA), the properties of the 
individual phases have to be directly characterized in the fine grained multiphase 
microstructures. The only technique which allows hardness measurements at such 
fine scale is nanoindentation [60].   

In [60], Furnémont et al. measured the nanohardness of the different phases present 
in the microstructure of two TRIP-assisted multiphase steels differing from their Si 
content. According to their results, it appears that the softest phase in both steels was 
the ferritic matrix, followed by bainite, austenite and martensite, which was found to 
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be the hardest phase of the microstructure [60]. The observed high hardness values 
of the martensite may be explained by the high levels of carbon in martensite (≈0.6–1 
wt. %), since the heat treatment aims at concentrating all the carbon in a small 
volume fraction of austenite that transforms afterwards into martensite [60]. In 

addition, in [20] de Diego-Calderón et al. reported that RA in Q&P intercritically 
annealed steels is also enriched by carbon atoms diffused from martensite during the 
partitioning process, leading to an extra solution hardening of this phase [20]. 
Therefore, despite RA has usually been considered to have lower strength and higher 
formability compared to ferrite [61], the authors found that RA should have 
increased strength comparable to that of ferrite [20]. This agrees well with the results 

of He et al. [62] which shows that the hardness of RA is higher than that of the 
ferrite in a TRIP-assisted steel. On the other hand, in [63, 64] nanoindentation 
techniques were used to evaluate the matrix strength of Fe-C binary martensitic steels 
with various carbon contents and tempering temperatures. The matrix strength was 
found to decrease with increasing tempering temperature for all sample compositions 
[63, 64]. 

It should be noted that the local properties of some individual microconstituents 
may vary at nanoscale (≈10...100 nm) within their interior. For example, carbon 
diffusion from martensite into RA during partitioning process should lead to 
inhomogeneous distribution of C atoms within both martensite and RA [34], thus, 
leading to variations of the local strength within these microconstituents [60]. For 
instance, in [65], nanoindentation measurements were performed in commercially 
produced DP steels in order to quantify the hardness of the individual constituents, 
i.e., ferrite and martensite. The authors observed a significant range of hardness 
values for each constituent which reflects the inhomogeneous distribution of 
chemical content within grains, dislocation density variation within grains and/or 
potential contributions of the microstructure below the indented plane [65]. This 
effect has also been reported for TRIP-assisted steels. For example, in [62] it is 
interesting to note that although a small variation in hardness was reported for 
ferrite, a large scatter in RA was observed. The authors claim that the large scatter 
among RA grains could be due to a different mechanical stability and grain boundary 
structure in different RA grains [62]. 
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1.3.3. Strain partitioning in Q&P steel grades during plastic deformation 

Although there are already works on characterization of the steel microstructure after 
Q&P and on the relationship between the microstructure and the obtained 
mechanical properties [12, 20, 21, 53, 66], there is still a lack of knowledge about the 
strain distribution between the microstructural constituents in Q&P structures 
during loading in the plastic range. During plastic deformation, the microstructural 
heterogeneity in materials with multiphase microstructures can result in significant 
stress and strain partitioning among phases, that may be greatly affected by the 
difference in strength of the individual microconstituents [67, 68]. It was already 
demonstrated that global deformation behavior and global mechanical properties of 
DP steels strongly depend on mechanical properties, morphology and spatial 
distribution of individual phases [69-71]. Factors such as the martensite volume 
fraction, its grain orientation and morphology, all influence the micro-deformation 
behavior on a local scale [68]. The ferritic regions which develop high localized 
plastic strain are determined by the morphology of the surrounding microstructure, 
since they are usually highly constrained by close martensite blocks [69, 70], rather 
than by the ferrite grain orientation or the interphase boundaries [68, 69]. This 
suggests that quite different deformation behaviors could be exhibited by similar 
steel grades, depending on the microstructure that is developed during processing 
[68].   

Q&P steel grades have more complex microstructures compared to DP steels, and, 
thus, their plastic deformation at the micro-scale should have more complex 
character too. However, investigations of the relation between the local 
microstructure and local plastic deformation in Q&P steels have just begun. 
Therefore, there is a need for fundamental understanding of the local deformation 
behavior of the Q&P steels with respect to the local microstructure since 
microstructural design via optimization of their chemical composition and Q&P 
processing parameters can lead to further increase of mechanical properties. 

Very recently in [20], de Diego-Calderón et al. have reported the effect of the 
microstructure on the local mechanical behavior of an intercritically annealed Q&P 
steel. A strong partitioning of plastic strain between the microconstituents was 
observed at all deformation steps. The plastic strain accommodated by a given phase 
or constituent was observed to be inversely proportional to its nanohardness [20]. 
Besides, the degree of strain partitioning between ‘hard’ and ‘soft’ phases was 
strongly increased with increasing the global plastic strain.  
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During deformation of Q&P intercritically annealed processed steels [20], a network-
like structure of interconnected bands of localized plastic flow develops, whereas a 
significant fraction of little or non-deformed areas remains present. These bands 
initiate in RA and ferrite leading to their hardening, as plastic yielding starts in the 
soft phases, whereas the hard martensite remains in the elastic state [20]. During the 
plastic deformation of the soft phases, stress is transferred to the martensite. 
However, it should be noted that martensite also provides significant contribution to 
plastic deformation. The martensite starts to deform plastically when the transferred 
stress is large enough to reach its elastic limit. As a result, deformation bands can also 
cross hard phase islands when high global plastic strains are applied and the local 
shear stress is sufficient to cause localized plastic flow in the harder phases [20]. It 
should be noted that the experimental observation of plastic deformation in 
martensite was already reported earlier in [15, 72]. Moreover, the amount of plastic 
strain accommodated by individual martensite grains does not depend on their 
orientation with respect to the loading axis. However, soft phases such as retained 
austenite and ferrite elongated along tensile axis have lower amount of plastic strain 
compared to the soft phases inclined at 45° or perpendicular to the loading axis [20]. 

The network-like structure described in [20] for intercritically annealed Q&P steels, 
has also been observed in other works for DP steels [69-71, 73] and single phase 
aluminum alloys [74, 75]. However, a comparison of deformation maps for Q&P 
intercritically annealed processed steels [20] and DP steels [69-71, 73] with those for 
the Al based metal matrix composites (MMCs) reinforced with ceramic particles [74, 
76] shows more significant strain partitioning in the MMCs. This is due to much 
higher difference in Young's modulus and mechanical strength of phase 
microconstituents. 

It is, hence, clear that in multiphase AHSSs, including Q&P steels, the difference in 
mechanical properties of individual phases may lead to inhomogeneous local plastic 
deformation behavior [12, 34, 52, 55]. Nevertheless, variations in the local 
microstructural architecture, i.e., disparity in size, shape, orientation and spatial 
distribution of individual microconstituents within the multiphase Q&P steel grade 
can significantly affect strain partitioning during plastic deformation, as well. It 
should be also taken into consideration that transformation of the RA may also lead 
to increased strain hardening in these AHSSs if the TRIP effect is operating [15, 77, 
78], so the volume fraction and stability of RA strongly affect mechanical properties 
of Q&P steels [60, 77, 79, 80].  
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1.4. Stability of retained austenite during plastic deformation and its effect 
on mechanical properties 

According to Section 1.2, the common feature of all Q&P processed steels is that a 
considerable volume fraction of RA remains stable after the last quench to room 
temperature. As a result, it is reasonable to believe that the excellent ductility of these 
advanced high-strength steels may be determined to some extent by the combination 
of a strong matrix (TM and UM) and the presence of RA grains in the final 
microstructure [81, 82].  

The stability of RA refers to its resistance to transformation with stress, strain as well 
as with temperature [83, 84]. It is well known for TRIP steels that not only the 
volume fraction of RA, but also its transformation stability plays an important role in 
determining mechanical properties [60, 77, 79, 80]. This transformation provides a 
localized work hardening effect, that delays the onset of local necking and provides 
improved elongation [83]. Besides, the local increase in specific volume caused by the 
TRIP effect can help to close propagating cracks. In fact, mechanical properties 
(strength and ductility) and mechanical behavior (strain hardening) of Q&P steels 
have also been reported to depend on their microstructure [20, 21, 52, 53, 66, 85]. 
As is shown in literature, the mechanical stability of individual RA grains is 
determined by a complex interplay of microstructural parameters [86], among others 
the local carbon concentration in the RA grains [84, 87-90], the RA grain size [88, 
91], the constraining effect of the surrounding phases [21, 83, 92], the morphology 
of the RA grains [77, 93, 94] and their orientation [90, 95], which are considered 
more in detail in the subsections below. 

During the initial stages of tensile plastic straining in Q&P steels, the local plastic 
deformation is mainly accommodated in the TM and RA grains. Once the critical 
strain stage for austenite has been reached, the RA grains transform, thereby 
reducing the local internal strains in the TM grains. In the last stages of deformation, 
strain accommodation processes in the TM and UM microconstituents take place, 
along with the TRIP-effect in the RA [86] and the latter becomes dominant to the 
former with increasing strain [86]. 

1.4.1. Grain size of the retained austenite 

In [91] the effect of a thermal load on the stability of RA was assessed. Three 
different forms of transformation behavior were observed. Most of the austenite 
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grains completely transformed into martensite in a single step. However, a few 
showed an incomplete transformation, where only part of the austenite grains 
transformed into martensite. Finally, a significant amount of austenite grains did not 
show any transformation at all. Accordingly, the authors found a minimum RA grain 
size below which the martensitic transformation does not occur [91]. In addition, in 
[88] only smaller austenite grains have been reported to be successfully retained at 
room temperature for short bainitic holding times, since bigger grains were too 
unstable and did transform into martensite even above room temperature [88]. 
Smaller grains of RA have been found to be more stable against deformation due to 
a resultant lowering of the Ms and a decrease in the number of nucleation sites in 
each grain [92, 96].  

During straining of Q&P steels, the average RA grain size has also been reported to 
decrease [86]. Largest grains have been described to transform rapidly and therefore 
they only contribute to strain hardening in the initial stages of the tensile test. On 
the contrary, smallest grains can sustain plasticity at larger strains, due to their high 
stability. For this reason, smallest RA grains contribute most during the TRIP effect 
in the last stages of plastic elongation [20, 86]. Partial transformation of austenite 
grains has also been observed in Q&P steels during tensile testing [86]. 

1.4.2. Morphology of the retained austenite 

Another parameter that determines the RA transformation stability is its 
morphology. In the case of TRIP steels, RA was observed to exist in different 
morphologies, such as the blocky morphology [77, 88], as thin layers between 
martensite laths (film-like type) [77, 88, 96] or in a thicker interlath-lamellar shape 
[97]. As proved in [98], different morphologies of RA provide different mechanical 
stabilities [94]. The largest "blocky type" austenite grains usually show a relatively low 
mechanical stability during tensile testing [84, 98]. The interlath-lamellar type shows 
intermediate stability and steadily transforms throughout the entire test, whereas the 
film-like type has been reported to be the most resistant morphology against 
transformation [98]. In addition, interlath-lamellar RA grains with a large aspect ratio 
between width to length have been reported to be less stable compared to other 
grains with inferior aspect ratio values [86].  
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1.4.3. Local carbon concentration in the retained austenite 

Another factor that affects the stability of RA is the local concentration of stabilizing 
alloying elements. The most important stabilizing element in low-alloy TRIP-assisted 
steels is carbon [99]. Therefore, the strain level at which RA begins to transform to 
martensite can be controlled by adjusting the local carbon content. At lower carbon 
levels, the RA begins to transform almost immediately upon deformation, increasing 
the work hardening rate and formability of the material. At higher carbon contents, 
the RA seems to be more stable and begins to transform only at higher strain levels 
[7]. However, the mechanical stability of RA grains depends simultaneously on the 
carbon content, the grain orientation and the grain size [84]. This was confirmed in 
[88], where only austenite grains with a combination of a small size and a high 
carbon content were stable enough not to transform into martensite. On the other 
hand, in [91] the austenite grains with the lowest carbon content and the highest 
grain volume were found to show the lowest stability against martensitic 
transformation. 

Furthermore, the differences of RA volume fraction and carbon content between 
measured values in Q&P steels and the CCE model predicted values are mainly 
attributed to the different grain size of the austenite formed in the first quenching 
process and the different carbon partitioning behaviors during the partitioning step 
[82]. During plastic deformation of Q&P steels, the overall C-content of the more 
stable RA grains is observed to increase, due to transformation of RA grains with low 
C-concentrations [66]. Intrinsic to the slow C-diffusion in austenite [85], larger grains 
are generally linked with lower C-contents compared to the smaller counterparts with 
higher C-contents. This can be observed as well as from their partial transformation 
to UM due to incomplete stabilization during partitioning [82]. Therefore, the effect 
of low C-content in large austenite grains reinforces the influence of grain size on its 
transformation stability. Recent investigations revealed, however, that stabilized 
blocky RA grains were enriched more in C than their thin film-like counterparts [26, 
77], which combined with the fact that larger, blocky RA grains transform at lower 
strains [80] would suggest that size and morphology are strong determining factors in 
controlling the RA stability [86]. On the contrary, if smaller film-like austenite grains 
have lower C-contents than the larger, blocky RA grains [26, 77], then the combined 
effect of grain size and morphology on RA stability may exceed that of the C-content 
[86].  
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1.4.4. Constraining effect of the surrounding phases 

RA grain stability has also been reported to depend on the resistance to plastic flow 
of the surrounding microstructure [84], as one of the most complex contributions to 
the RA stability comes from the interaction of the austenite with its surroundings. 
The mechanical properties of the surrounding matrix affect the stress and strain 
carried by the austenite at a given total strain level, as it would do in a composite 
material [83]. Consequently, the size, shape and composition of the phases located in 
the environments of the RA grains play a major role in the global level of strain 
required for transformation [83, 84, 86]. The resulting "apparent" stability of RA will, 
thus, depend not only on the austenite properties but also on the properties of the 
other phases [92]. During straining, this effect is enhanced in the case of multiphase 
steels due to the induced stress and strain partitioning (Section 1.3.3). For instance, 
when the austenite phase is surrounded by soft ferrite, it experiences more of the 
global stress and strain than if it would be surrounded by a harder phase [100]. On 
the other hand, the presence of a hard phase such as martensite or bainite around 
the interlath-lamellar RA introduces hydrostatic pressure and enhances the 
stabilization of RA, by decreasing its local Ms temperature [93].  

Particularly in Q&P processed steels, UM was reported [21] to play a significant role 
in: 

• The strain distribution in the microstructure by inhibiting the amount of 
deformation that could be accommodated in the TM matrix. 

• The fracture mechanism by triggering void formation 

Hence, in Q&P steels, the UM microconstituent has a constraining effect on the 
strain accommodation processes which decreases the austenite transformation 
stability [21, 86].  

1.4.5. Orientation of the retained austenite 

The dependence of the austenite crystallographic orientation on its stability is 
defined by the theory of martensite crystallography. This theory describes the 
influence of the crystallographic orientation on the austenite transformation 
stability. Austenite grains with a high transformation potential should have a low 
crystallographically based transformation stability [86]. 

In the initial deformation stages, grains with their longest axis at an angle of ± 45° 
have reported to be the less stable of all the orientations during tensile loading [86]. 
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Tensile deformation is usually accommodated by dislocation slip which begins when 
the critical value of the shear stress on the slip plane is reached [101]. The shear 
stress is maximum at an angle of 45° with respect to the loading axis. For this reason, 
the grains oriented with their longest axis parallel to this direction experience the 
highest shear component, and as a result, transform first [86]. Then, due to the 
depletion of the ± 45° oriented austenite grains, the strain in the subsequent 
deformation steps is accommodated mainly by the transformation of the austenite 
grains having long axes parallel and perpendicular to the tensile axis [86]. 

Subsequent to deformation and transformation, the RA grains rotate to 
accommodate part of the imposed plastic straining. Orientations with high 
transformation potentials transform to martensite instead of rotating significantly. In 
contrast, orientations with low transformation potentials rotate in the range between 
2° to 6° prior to the transformation [86]. These rotations may act as a barrier to the 
movement of dislocations inside the martensite grains, and hence reduce the back-
stress on dislocations and postpone crack initiation processes [101].  

1.5. Fracture behavior of Q&P steels 

Fracture can be defined as the separation or fragmentation, of a solid body into two 
or more parts under an applied stress. In materials science, fracture toughness is the 
property that describes the ability of a material containing a crack to resist fracture. It 
also is one of the most important properties of any material for many design 
applications [101].  

The process of fracture can be considered to be made up of two components, crack 
initiation and crack propagation. Macroscopically, fracture can be classified into two 
general categories: ductile and brittle fracture, depending on the stable or unstable 
character of crack propagation, respectively. A ductile fracture is characterized by 
appreciable plastic deformation prior to and during the propagation of the crack. An 
appreciable amount of gross deformation is usually present at the fracture surfaces. 
On the contrary, brittle fracture in metals is characterized by a rapid rate of crack 
propagation, with no gross deformation and very little micro-deformation [102]. 
Microscopically, three of the most common fracture mechanisms in metals and alloys 
are schematically presented in Figure 1-7. Ductile materials (Figure 1-7 (a)) usually fail 
as the result of nucleation, growth and coalescence of microscopic voids that initiate 
from various internal free surfaces [102]. However, the ductile crack growth 
resistance is usually not only determined by the nucleation process of voids. The 
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less stable RA grains further improves the toughness of Q&P steels [105]. On the 
contrary, the fracture resistance of DP steels [106, 107] and TRIP-aided steels [108-
110] has already been systematically investigated by several authors. Some authors 
have reported that in both DP and TRIP steels, the damage process starts by cracking 
of the interphase between hard phases and the ferrite matrix [110]. In such 
composite materials consisting of mixtures of brittle and ductile components the 
most important influence factor for the crack growth resistance is the arrangement of 
the brittle and ductile domains, and not the volumetric fraction of the components. 
The toughest arrangement is that of isolated brittle domains surrounded by a 
network of ductile components [107]. Then, the coalescence of voids nucleated on 
second phases dictates the crack path [110]. It has also been reported that the TRIP 
effect can significantly improve the fracture resistance, by bringing additional work-
hardening capacity in the neck zone developing in front of the propagating crack 
[110, 111]. In addition, in DP steels grain refinement has been reported to promote 
ductile fracture mechanisms. The formation of martensite cracks and cleavage 
fracture in ferrite is suppressed in the fine grained steels due to the small size, the 
more homogeneous distribution and more spherical shape of martensite islands 
[112, 113]. The same tendency has been reported for the hard martensite 
microconstituent in TRIP-assisted steels: martensite will not crack easily if its size is 
reduced below a critical value [111]. 

Therefore, it seems clear that it is essential to determine and understand the 
relationship between local fracture properties and local microstructure of Q&P 
processed steels, since manipulation of the microstructure can lead to further 
improvement of the global fracture properties. 

1.6. Effect of microstructure on cyclic behavior of Q&P steels 

It has been recognized since 1830 [101] that a metal subjected to a repetitive or 
fluctuating stress will fail at a much lower stress than that required to cause fracture 
on a single application of load. Failures that occur under conditions of dynamic 
loading are called fatigue failure. Therefore, the fatigue behavior of a component can 
be defined as its ability to resist degradation during a series of repetitive loads. Three 
basic factors are necessary to cause fatigue failure [101]: 

• A maximum stress of sufficiently high value. 
• A large enough variation or fluctuation in the applied stress. 
• A sufficiently large number of cycles of the applied stress. 
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As it is well known, fatigue failure proceeds in three distinct stages [101]:  

• Crack initiation in the areas of stress concentration (near stress raisers). 
• Stable fatigue crack propagation in direction normal to maximum tensile 

stress. 
• Unstable crack growth and ultimate ductile failure, which occurs when the 

crack reaches sufficient length, so that the remaining cross section cannot 
withstand the applied load. 

While the development of the Q&P steels often focuses on microstructural 
characterization [12, 20, 21, 53, 66] and on the improvement of mechanical strength 
and ductility [20, 21], it is also vital to understand the fatigue behavior and impact of 
cyclic loading on the microstructure of these materials to ensure good performance 
in service. On the other hand, the effect of RA on the fatigue behavior of AHSSs has 
been a controversial issue for long time. Some authors have reported that in the case 
of steels with high volume fraction of RA, its transformation into martensite under 
certain number of cycles will accelerate crack propagation and therefore decrease 
fatigue life [114-118]. In such cases, the newly formed martensite may provide a path 
for fast crack propagation [10]. On the contrary, in a number of other studies, the 
improvement in fatigue life for multiphase steels with RA was associated with the 
transformation of RA to martensite in front of the crack tip [10, 119, 120] due to the 
crack closure effect [121]. This transformation is triggered by the strain energy in 
front of the crack tip and has been linked with a delay of crack initiation, as well as 
retardation of stage I of crack propagation [117]. Consequently, while it is evident 
that RA typically transforms in front of a propagating crack tip, the impact of RA on 
fatigue performance is not clear [10]. In addition, the fatigue life of DP steels has 
been recently reported to be connected to the martensite volume fraction, and it is 
significantly reduced by an increase in the volume fraction of the hard phase [122]. 
Therefore, it is essential to gain fundamental understanding of microstructure - 
fatigue behavior relationship in multiphase AHSSs, as cyclic loading constitutes one 
of the major causes for failure of auto parts. It should also be noted that research on 
the fatigue behavior of Q&P steels is very limited [11], and no studies on 
mechanisms of fatigue crack initiation and propagation have been carried out so far. 
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2. MOTIVATION AND OBJECTIVES 

 

 

There are several important challenges that have to be overcome before Q&P 

processed steels can replace the current DP and TRIP assisted-steels in many 

applications. There are currently a lot of reports on microstructure, strength and 

ductility of Q&P steels. While much progress has been made, the field provides rich 

opportunities for further understanding and development. There is no systematic 

study where the effect of Q&P parameters on microstructure and tensile properties 

along with fatigue and fracture behavior, is analyzed. A requirement for further 

improvement of mechanical properties via intelligent microstructural design is, thus, 

to achieve fundamental understanding of the processing - property - microstructure 

relationships in this type of steels. 

Therefore, the main goal of this work is to develop a concept of microstructural 

design in Q&P steels to improve a wide range of mechanical properties, as well as to 

relate them with microstructure (phase composition, size of microconstituents, 

carbon content in RA, etc.) and Q&P parameters. The following partial objectives 

can be derived from the previous general one: 

• To relate the micromechanics of the deformation of a Q&P steel grade with 

its phase composition, Q&P processing conditions and mechanical properties 

of its individual phases. 

• To study the effect of microstructure on fracture behavior of Q&P steels. The 

study of crack propagation conditions and the knowledge of the relations 

between microstructural parameters, failure micro-mechanisms, and the 

processes which enhance the formation of fracture surfaces may play a key role 

in this issue and hence will be thoroughly discussed in this study. 

• To explore the effect of microstructure on fatigue properties of Q&P steels 

and the role of RA in their cyclic behavior.  
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3. EXPERIMENTAL PROCEDURES 

 

 

This chapter details the basis of the main materials and techniques used in this work. 

Justification for the choice of the selected chemical compositions is provided, along 

with the description of the Q&P processing routes applied to the materials. The 

experimental methods and techniques used for the microstructural and mechanical 

characterization are described in detail. For this purpose, the facilities used in this 

investigation are briefly introduced. 

3.1. Materials and processing 

As described in Section 1.3.1, three main requirements were considered in order to 

select the appropriate chemical composition [30, 85]: 

• avoiding ferrite, pearlite or bainite during quenching and bainite during 

partitioning.  

• suppressing carbide precipitation during partitioning.  

• stabilizing the austenite during final quenching. 

The effect of appropriate alloying elements is of great importance on this issue. Mn is 

effective in fulfilling the first requirement [123]: it has been demonstrated that Mn 

can be utilized for stabilization of retained austenite at room temperature [24, 57-59]. 

However, high Mn concentrations result in segregation banding, and therefore, the 

Mn content was limited to 3 wt. % [124]. Besides, during Q&P processing, any 

transition carbide precipitation diminishes the potential for carbon enrichment of 

austenite. It is known that cementite formation can be eliminated or suppressed 

through additions of Si, and also that Al can produce a similar effect [16, 23, 41]. 

According to literature [59, 72], around 2 wt. % Si is sufficient to suppress cementite 

formation during partitioning, since it changes the carbide precipitation kinetics 

from carbon diffusion control to silicon diffusion control, away from the carbide 

interface [45, 85]. Finally, Cr can enhance the response to heat treatment. When Cr 

is used in conjunction with Mn, the critical quenching speed is reduced and 

therefore hardenability is improved [125-127]. However, Cr content should be 

controlled in order to avoid the formation of stable hard carbides [125-127]. For this 

reason, the Cr content was limited to 0.15 wt. %. The carbon content was chosen 
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The materials were cast in a laboratory vacuum induction furnace. After casting, the 
steel slabs were hot rolled to a final thickness of 2.5 mm, accelerated cooled by water 
jets to 600°C and transferred to a furnace for coiling simulations at 560°C. The hot 
rolled plates were pickled and cold rolled to a thickness of 1 mm imposing a total 
reduction in thickness of 60 %. The obtained strips were cut and subsequently 
subjected to Q&P heat treatment cycles. Smaller strips were processed in the thermo-
mechanical simulator Gleeble™ 3500 (Dynamic Systems Inc., Poestenkill, NY, 
USA), whereas bigger ones were processed in a reactive annealing process simulator. 
The specimens were heated to 850°C, above the Ac3 temperature (see Figure 3-1), for 
full austenitization. Then, they were quenched to varying QT at a quenching rate of 
20°Cs-1 in order to obtain microstructures consisting of martensite and austenite, 
and to completely avoid bainite formation [85]. After that the samples were reheated 
with a heating rate of 10°C s-1 and kept isothermally at different PTs for varying Pts. 
Final quenching to room temperature was also performed with a cooling rate of 
20°C s-1. The Q&P processing parameters applied to the studied steel grades are 
summarized in Table 3-2, where the labeling of the samples is also indicated. The 
QP-0.28-1 and the QP-0.28-2 samples underwent heating to a peak PT of 280°C and 
450°C, respectively. The materials used in the present investigation were provided by 
Ghent University of Technology (Belgium), Arcelor Mittal Global R&D Gent 
(Belgium) and ThyssenKrupp Steel Europe AG (Germany), respectively. 

Table 3-2. Q&P processing parameters applied to the studied steel grades. 

Specimen 
QT PT Pt 
(°C) (°C) (s) 

QP-0.25- 

1 224 350 500 
2 244 300 500 
3 244 350 500 
4 244 400 100 
5 244 400 500 
6 244 400 1000 
7 264 350 500 

QP-0.28- 
1 280 280 - 
2 240 450 - 

 

Formulas having an exponential carbon dependence were considered in the 
calculation of theoretical martensite start temperature (Ms), according to the work of 
van Bohemen [130]: 
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 =565−∑ · −600·(1− . ·) (Eq. 3-1) 

with, 

· =31· +13· +10· +18· +13·  (Eq. 3-2) 

And describes how substitutional elements influence Ms. On the other hand, Mf was 

determined by means of dilatometer experiments for the two studied compositions 

[85]. Results of the Ms  and Mf calculation are summarized in Table 3-3, respectively. 

Table 3-3. Estimated martensite start temperature (Ms) and martensite finish temperature 
(Mf)  for the studied compositions. 

Specimen Ms 
(°C) 

Mf 
(°C) 

QP-0.25 325 ≈200 

QP-0.28 319 ≈200 

 

The optimum QT within the Ms and martensite finish Mf temperature range was 

then pursued, in order to maximize the final volume fraction of RA [85]. The 

subsequent partitioning stage consisted of reheating the partially quenched steel to 

the PT and isothermal holding, for the carbon diffusion from the martensite into the 

untransformed austenite [85]. Regarding the QP-0.25 chemistry, the lowest PT was 

selected in order to ensure the dissolution of ε carbides [23, 123], whereas the upper 

limit of the PT was set at 400°C to minimize competing reactions such as 

decomposition of the austenite into ferrite and coarse carbides [123], carbide 

precipitation [131] or decomposition of austenite to bainite [85]. Varying Pts for the 

different PTs were selected. On the other hand, for the QP-0.28 composition, all 

these requirements were also taken into consideration. However, in this case the 

focus of interest was set on the effect on the final microstructure of the one step 

Q&P processing route (QP0.28-1) and the ramping partitioning (QP0.28-2) to a 

slightly superior PT. 

Both the optimization of the Q&P processing route as well as the production of the 

Q&P processed strips were performed by Ghent University of Technology (Belgium), 
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Arcelor Mittal Global R&D Gent (Belgium) and ThyssenKrupp Steel Europe AG 
(Germany). 

3.2. Microstructural characterization 

3.2.1. X-ray diffraction (XRD) 

X-rays are electromagnetic radiation with typical photon energies in the range of 100 
eV - 100 keV. For diffraction applications, only short wavelength X-rays (hard X-rays) 
in the range of a few angstroms to 0.1 Å (1 keV - 120 keV) are used. Because the 
wavelength of X-rays is comparable to the size of atoms, they are ideally suited for 
probing the structural arrangement of atoms and molecules in a wide range of 
materials. The energetic X-rays can penetrate deep into the materials and provide 
information about the bulk structure [132-134]. 

X-rays are usually produced by X-ray tubes. In a X-ray tube, which is the primary X-ray 
source used in laboratory X-ray instruments, X-rays are generated when a focused 
electron beam accelerated across a high voltage field bombards a stationary or 
rotating solid target. As electrons collide with atoms in the target and slow down, a 
continuous spectrum of X-rays are emitted, which are termed "Bremsstrahlung" 
radiation. The high energy electrons also eject inner shell electrons in atoms through 
the ionization process. When free electrons fill the shell, a X-ray photon with energy 
characteristic of the target material is emitted. Common targets used in X-ray tubes 
include Cu and Mo, which emit 8 keV and 14 keV x-rays with corresponding 
wavelengths of 1.54 Å and 0.8 Å, respectively [132-134].   

X-rays primarily interact with electrons in atoms. When X-ray photons collide with 
electrons, some photons from the incident beam will be deflected away from the 
direction where they originally travel. If the wavelength of these scattered X-rays did 
not change (meaning that X-ray photons did not lose any energy), the process is 
called elastic scattering (Thompson Scattering) in that only momentum has been 
transferred in the scattering process. These are the X-rays that are measured in 
diffraction experiments, as the scattered X-rays carry information about the electron 
distribution in materials. On the other hand, in the inelastic scattering process 
(Compton Scattering), X-rays transfer some of their energy to the electrons and the 
scattered X-rays will have different wavelength than the incident X-rays. Diffracted 
waves from different atoms can interfere with each other and the resultant intensity 
distribution is strongly modulated by this interaction. If the atoms are arranged in a 
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(220) and (311) austenite peaks [59, 136]. The carbon concentration XC was obtained 

according to the procedure proposed in [21, 59] where the link between the lattice 

parameter of the austenite is presented as:  

aγ = 0.3556 + 0.00453·XC + 0.000095·XMn + 0.000563· XAl (Eq. 3-4) 

where aγ is the austenite lattice parameter in nm and XC, XMn and XAl are the 

concentrations of carbon, manganese and aluminum in austenite in wt. %. Volume 

fractions of TM and UM were estimated from Orientation Imaging Micrograph 

(OIM) images using the free ImageJ software [137]. 

3.2.2. Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) can be defined as a microscopy technique that 

uses electrons instead of light to form an image. Since its development in the early 

1950's, the SEM has been a powerful instrument widely used in materials science [6]. 

In SEM, a beam of electrons is produced by the electron gun. Then, it is focused on 

a specimen and scanned along a pattern of parallel lines. The purpose of the electron 

gun is to provide a stable beam of electrons of adjustable energy, which is held within 

vacuum. The beam travels through electromagnetic fields and lenses, which focus the 

beam down towards the sample. Once the beam hits the sample, electrons and X-rays 

are ejected from the sample. Various signals are generated as a result of the impact of 

the incident electrons: secondary electrons, high-energy backscattered electrons and 

characteristic X-rays (Figure 3-3). Detectors collect these X-rays, backscattered 

electrons, and secondary electrons and convert them into a signal that is sent to a 

screen in order to produce the final image [138]. Useful information can be obtained 

from the interaction between electrons and sample surface, such as the surface 

topography, composition and crystallography.  

Specimens for microstructural characterization were ground and polished to a 

mirror-like surface using standard metallographic techniques. For SEM 

characterization, specimens were etched with 2 vol. % HNO3 in ethanol (nital 2 %) 

solution. Examination of the microstructure was performed using a SEM EVO 

MA15 (Carl Zeiss, Oberkochen, Germany) operating at an accelerating voltage of 20 

kV. 
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Figure 3-3. SEM schematic view [138]. 

3.2.3. Electron backscatter diffraction (EBSD) 

Electron backscatter diffraction (EBSD) is a SEM based technique very useful for 
microstructural characterization and analysis of crystalline materials [139, 140]. It 
allows the micro-texture [141], grain and phase boundary characterization [142, 143], 
phase identification [144] and strain determination [145] in crystalline materials of 
any crystal structure.  

The heart of the EBSD technique is the indexation of diffracted patterns, that are 
obtained by focusing an electron beam on a crystalline sample. The sample is usually 
oriented at 70° (see Figure 3-4) with respect to the horizontal plane which allows 
more electrons to be scattered and to be registered by the detector [139]. The 
electrons disperse beneath the surface, subsequently diffracting among the 
crystallographic planes [135], according to Bragg's law [135]. The diffracted signal is 
collected and viewed via a low-light video camera interfaced to a phosphor screen 
[140]. If the sample produces good diffraction patterns, orientation determination is 
a three step process consisting of (i) Kikuchi band detection, (ii) Kikuchi band 
identification and (iii) determination of orientation. In the first step, Kikuchi band 
detection is carried through Hough Transform [146, 147], by converting Kikuchi 
lines from recorded image into single points in the Hough space. In the second step, 



Experimental procedures 

 

- 47 - 

Kikuchi band identification is related to correct identification of the particular lattice 
plane associated with the reconstructed Kikuchi band. The width of detected bands 
is a function of the spacing of diffracting planes (Bragg's law) and is compared with a 
theoretical list of diffracting lattice planes. Additionally, the angles between bands 
have to be determined and compared with theoretical values. This is done by 
comparison with a stored table in the database consisting of all interplanar angles 
between the low Miller indices [148] planes (hkl) present in the crystal structure, 
including every individual plane in the family of planes {hkl}. In the third step, 
orientation determination is based on the calculation of the orientation of the 
corresponding crystal lattice with respect to the reference frame [139].  

 

 

Figure 3-4. Schematic representation of the typical EBSD geometry, showing the pole 
piece of the SEM, the electron beam, the tilted specimen, and the phosphor screen [149]. 

The diffraction patterns provide crystallographic information that can be related to 
their origin position in the specimen. Evaluation and indexing of the diffraction 
patterns is performed in most cases automatically and the data is output in a variety 
of both statistical and pictorial formats. The most versatile and revealing of these 
outputs is the OIM map which is a quantitative depiction of an area of the 
microstructure in terms of its crystallographic constituents [140]. One common map 
constructed from EBSD data is the image quality (IQ) map. In such cases, electrons 
are diffracted from near the surface of the sample and the IQ can be considered as a 
metric describing the quality of a diffracted pattern. An IQ map is constructed by 
mapping the IQ value measured for each diffraction pattern obtained during an 
OIM scan to a gray or color scale. Both the "perfection" of the crystal lattice and the 
atoms present within the diffracting volume affect the IQ [139, 150]. Therefore, IQ 
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provides useful complementary information about these features to the indexed 
crystallographic orientations [150].  

Optimum specimen preparation is a fundamental requirement for an EBSD 
experiment. Inadequate specimen preparation will result in degraded diffraction 
patterns which feed through loss of data quality [140]. In this work, specimens for 
EBSD analysis were prepared using standard metallographic techniques with final 
polishing with OP-U (colloidal silica) for 40 minutes. Due to low availability reasons, 
Orientation imaging microscopy (OIM) studies were performed using two different 
equipments: first, a FEI Quanta™ 450 FEG-SEM (FEI Corporate, Oregon, USA) 
equipped with a Hikari detector controlled by the EDAX-TSL OIM-Data Collection 

(version 6.2) software (EDAX, Mahwah, USA). The data were acquired at an 
accelerating voltage of 20 kV, a working distance of 16 mm, a tilt angle of 70° and a 
step size of 40 nm. The orientation data were post-processed with TSL-OIM Analysis 
6.2© software (EDAX, Mahwah, USA). Secondly, a FEI Quanta™ Helios NanoLab 
600i (FEI Corporate, Oregon, USA), equipped with a NordlysNano detector 

controlled by the AZtec Oxford Instruments Nanoanalysis (version 2.4) software 
(Oxford Instruments, Abingdon, United Kingdom) was used. The data were 
acquired at an accelerating voltage of 18 kV, a working distance of 10 mm, a tilt 
angle of 70° and a step size of 55 nm. The orientation data were post-processed with 
HKL Post-processing Oxford Instruments Nanotechnology (version 5.1©) software 
(Oxford Instruments, Abingdon, United Kingdom).  

Data clean-up routines can compensate in part for unsolved patterns [140]. The post 
processing of the raw orientation data can be described as follows. First, a IQ 
standardization with a minimum grain size of 4 pixels was applied. This clean up 
algorithm changes the IQ of all points in a grain to the maximum IQ found among 
all points belonging to that grain. Afterwards, the neighbor IQ correlation algorithm 
was employed, which implies that if a particular point has v below 0.1, then the IQ 
of the nearest neighbors are checked to find the neighbor with the highest IQ. The 
orientation and IQ of the particular point are reassigned to match the orientation 
and IQ of the neighbor with the maximum IQ. Finally, if the majority of neighbors 
of a particular grain smaller than 4 pixels with a grain tolerance angle of 5° belong to 
the same grain, then the orientation of the particular grain is changed to match that 
of the majority grain, i.e. a grain dilation algorithm was applied [95]. It should be 
noted that clean-up procedures must never be used as an alternative to obtaining the 
best and most representative diffraction patterns [140]. 
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3.2.4. Representation of textures 

Most of engineering materials are polycrystalline in nature. In such cases, 
microstructure can be considered as the combination of morphology and orientation 
of the constituents [151]. The orientation changes that take place during 
deformation, such as rolling, are not random. They are a consequence of the fact 
that deformation occurs on the most favorably oriented slip or twinning systems and 
it follows that the deformed metal acquires a preferred orientation or texture. If the 
metal is subsequently recrystallized, nucleation occurs preferentially in association 
with specific features of the microstructure. The ability of the nucleus to grow may 
also be influenced by the orientations of adjacent regions in the microstructure. 
Together these features, nucleation and growth, ensure that a texture also develops 
in the recrystallized metal  [152]. Texture can thus be defined as the arrangement of 
building blocks in the polycrystalline material [151]. 

A remarkable feature of EBSD microscopy, is that microstructural design is 
dramatically enhanced in order to control the materials properties, by providing 
extensive crystallographic orientation information of a given two-dimensional section 
of a microstructure. In this sense, EBSD measures the discrete crystallographic 
orientations of volume elements arranged in a regular manner on the surface of the 
material [149].  

The purpose of texture representation is to preferentially examine the orientation of 
the crystallites without concern for their spatial characteristics, e.g., their 
arrangement, size and morphology. Therefore, the analysis of material texture begins 
with the correct definition of the sample orientation [149]. The axes of the sample or 
specimen coordinate system are chosen according to important surfaces or directions 
associated with the external form or shape of the specimen. For example, for a 
manufactured material there are obvious choices defined by the processing geometry. 
One of the most common of these relates to a rolled product, and hence the 
directions associated with the external shape are the rolling direction (RD), the 
through-thickness direction, i.e. the direction normal to the rolling plane (ND) and 
the transverse direction (TD) [153].  

There are numerous alternatives for the representation of texture information. The 
Euler angle parametrization is one of the most conventionally used for the analysis 
and presentation of texture information. The Euler angles refer to three rotations 
which, when performed in the correct sequence, transform the specimen coordinate 
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referred to as the z-axis. A beam of laser light is reflected from the reverse side of the 
cantilever onto a position-sensitive photodetector. Any deflection of the cantilever 
will produce a change in the position of the laser spot on the photodetector, allowing 
changes to the deflection to be monitored. The most common configuration for the 
photodetector is a quadrant photodiode divided into four parts with a horizontal 
and a vertical dividing line. By raster-scanning the probe across a surface of interest 
and simultaneously monitoring the deflection of this arm, as it meets the 
topographic features present on the surface, a three-dimensional picture can be built 
up of the surface of the sample to a high resolution. The forces of interaction 
between the probe and the sample may also be measured as a function of distance by 
the monitoring of the deflection of the cantilever, provided that the spring constant 
of the lever arm is sufficiently calibrated [155].  

Many different variations of this basic technique are currently used to image surfaces 
using the AFM, depending upon the properties of the sample and the information to 
be extracted from it. Usually, when a hard and relatively flat surface has to be 
imaged, ‘static’ techniques, such as the contact mode are used, mainly due to its 
simplicity of operation. The probe remains in constant contact with the sample at all 
times and thus the probe–sample interaction occurs in the repulsive regime [155]. 
Particularly, in the present work AFM topography scans were performed in contact 
mode on selected residual imprints using a Park XE150 instrument (Park Systems 
Corp., Suwon, South Korea). 

3.3. Mechanical behavior 

3.3.1. Uniaxial tensile testing 

The engineering tensile test is widely used to provide basic design information on the 
strength of materials. In such test, a specimen is subjected to an increasing uniaxial 
tensile force while simultaneous observations are made of the elongation of the 
specimen until failure. The tensile force is recorded as a function of the change in 
gage length. An engineering stress-strain curve can be subsequently constructed from 
the load-elongation measurement [101, 156], where engineering stress is defined as: 

휎 = 퐹
퐴  (Eq. 3-5) 
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where F is the tensile force and A0 the initial cross-sectional area of the gage section. 

Engineering strain can be defined as: 

=∆  (Eq. 3-6) 

where L0 is the initial gage length and ∆ is the change in gage length (L - L0). The 

advantage of dealing with stress versus strain rather than load versus elongation is 

that the stress-strain curve is independent of the specimen dimensions [101, 156]. 

For most metals, the initial elastic portion of the curve is linear. The slope of this 

linear region is called the elastic modulus or Young's modulus [101, 156]: 

= ⁄ (Eq. 3-7) 

When the stress rises high enough values, the strain hardening behavior ceases to be 

linear and the strain behavior does not fully disappear after unloading. The 

remaining strain is called plastic strain. Once plastic deformation has begun, there 

will be both elastic and plastic contributions to the total strain.  

The onset of the plastic plasticity is usually described by an offset yield strength, σ0.2, 

which can measured with great reproducibility. It can be measured by constructing a 

straight line parallel to the initial linear portion of the stress-strain curve, i.e. at 0.2 % 

offset. The offset yield strength, σ0.2, is the stress at which this line intersects the 

stress-strain curve. The tensile strength (or ultimate strength) , σUTS,  can be defined 

as the maximum value of the engineering stress-strain curve, i.e. the maximum load 

which is achieved divided by the original cross-sectional area of the specimen. Up to 

the maximum load, the deformation is uniform all along the gage section. In the case 

of ductile materials, such as steel alloys, the tensile strength corresponds to the point 

at which the deformation starts to localize, forming a neck [101, 156].   

Two common parameters are used in order to describe the ductility of a material. 

First, the uniform elongation, εu, is the percentage of elongation at the point (stress) 

at which necking begins. Second, the elongation or engineering strain to fracture, εf, 

is the final strain value reached during test before failure [101, 156].   

Another key property that can be determined from the engineering stress-strain curve 

is the strain hardening exponent (n). The n-value is given by the slope of the graph 

which plots the logarithm of the true stress versus the logarithm of the true strain in 

the region of uniform elongation [101, 156].  
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Miniature tensile specimens having a gauge length of 4 mm, a gauge width of 1 mm 
and a thickness of 1 mm were machined from the Q&P processed strips. Tensile 
specimens were loaded at room temperature using a Kammrath&Weiss (Kammrath 
& Weiss GmbH, Dortmund, Germany) tensile/compression module. Tensile 
specimens were deformed to failure with the constant cross-head speed 
corresponding to the initial strain rate of 10-3 s-1.  

3.3.2. Nanoindentation tests 

Indentation testing is a simple method that consists essentially of marking the 
material whose mechanical properties are unknown with another material whose 
properties are known. In particular, nanoindentation is an indentation test in which 
the length scale of the penetration is measured in nanometers (10-9 m) rather than 
microns (10-6m) or millimeters (10-3m), the latter being common in conventional 
hardness tests [157]. Apart from the displacement scale involved, the distinguishing 
feature of most nanoindentation testing is the indirect measurement of the contact 
area, i.e. the area of contact between the indenter and the specimen. In 
nanoindentation tests, the size of the residual impression is of the order of microns 
and too small to be conveniently measured directly. Thus, the depth of penetration 
beneath the specimen surface is measured as the load is applied to the indenter. 
This, together with the known geometry of the indenter, allows the size of the 
contact area to be determined at full load [157]. 

 

Figure 3-7. Schematic representation of the Berkovich indenter [157]. 

The Berkovich indenter [158] in Figure 3-7, is frequently used in small-scale 
indentation studies. It has the advantage that the edges of the pyramid are more 
easily constructed to meet at a single point, rather than the inevitable line that occurs 
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in the four-sided Vickers pyramid. The face angle of the Berkovich indenter normally 
used for nanoindentation testing is 65.27°, which gives the same projected area-to-
depth ratio as the Vickers indenter. The typical tip radius for a new Berkovich 
indenter is in the range between 50 to 100 nm. This can increase to ≈450 nm with 
use [157]. 

The two mechanical properties measured most frequently using load and depth 
sensing indentation techniques are the Young modulus values, E, and the 
nanohardness, H. Both the nanohardness and the Young modulus are determined 
from the analysis of the load-displacement curves using the method developed by 
Oliver and Pharr [159]. The effect of non-rigid indenters on the load-displacement 
behavior can be accounted for by defining a reduced modulus, Er, through [159]: 1
퐸

= (1 − 휈 )
퐸

+ (1 − 휈 )
퐸

 (Eq. 3-8) 

Where E and ν are the Young Modulus and Poisson's ratio for the specimen and Ei 

and νi are the same parameters for the indenter. In this work, 퐸 = 1050 퐺푃푎 and 
휈 = 0.07, corresponding to a diamond tip. 

 

Figure 3-8. A schematic representation of load versus indenter displacement for an 
indentation experiment [159]. 

The experimentally measured stiffness, St, of the unloading part of the indentation 
load - displacement curve (Figure 3-8), can be obtained through: 
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=
ℎ
 (Eq. 3-9) 

The reduced modulus of the sample can be derived by measuring the initial 

unloading stiffness, through [159]: 

=
√

2
·
(ℎ)
 (Eq. 3-10) 

where A is the contact area at peak load. This area of contact is determined by the 

geometry of the indenter at the depth of contact, hc, which is the vertical distance 

along which contact is made. From the load - displacement data it is also easy to 

determine the depth at peak load, hmax, and the final depth of the residual hardness 

impression, hf [159]. In order to calculate the contact depth from the experimental 

data, it should be noted that: 

ℎ=ℎ − ·  (Eq. 3-11) 

where =0.72 for a Berkovich indenter. With the determined contact area, the 

modulus can be computed from (Eq. 3-10) and the hardness from its definition: 

=
(ℎ)
 (Eq. 3-12) 

where Pmax is the peak indentation load and A(hc) is the projected area of contact at 

peak load of the hardness imprint. A(hc) is usually calibrated by indenting reference 

materials, mostly used silica. 

During the nanoindentation test, certain phenomena controlled by plasticity around 

the indenter, such as pile up or sink in, might take place. The presence of these 

events has a negative effect on the determination of the projected area of contact, 

since they are not taken into account in the method developed by Oliver and Pharr 

[159]. Consequently, this causes inaccuracies in the Young modulus and hardness 

values provided by nanoindentation tests. For this reason, AFM topography scans 

were performed in contact mode on selected residual imprints in order to estimate 

the projected area of contact. Then, the nanohardness and the Young modulus 
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values were recalculated from the peak indentation load and the measured projected 

area of contact. 

The existence of the indentation size effect (ISE), where the material appears to be 

harder at small indentation depths [160] was reported in the present work for the 

studied materials. However, due to the expected small size of the microconstituents, 

a maximum depth of 100 nm was chosen in order to keep the plastic zone within the 

individual microconstituent. 

In the present work, nanoindentation tests were performed after EBSD sample 

preparation and characterization. This way, surfaces had a low roughness (≤5 nm), 

suitable for performing nanoindentation measurements at the prescribed maximum 

depth of 100 nm. Nanoindentation tests were performed on a Hysitron TI950 

Triboindenter (Hysitron, Minneapolis, USA) using a Berkovich tip on square areas 

having a size of ≈12x12 µm2, which were a priori analyzed by EBSD. Five areas were 

subjected to testing for each material's condition. In order to target specific phases 

within well-defined grains, these square areas were scanned, prior to 

nanoindentation, using the SPM mode of the instrument. Nanoindentation tests 

were carried out in displacement control mode, at a constant strain rate (̇=ℎ̇ℎ⁄) of 

0.07 s-1, where h is the penetration depth and ℎ̇ the penetration rate of indenter. At 

least 20 indents were performed on each phase, at an imposed maximum depth of 

100 nm. At least 8 indentation tests were found to be located strictly within each 

individual microconstituent with good quality load-displacement depth curves.  

3.3.3. In situ tensile testing and digital image correlation analysis 

More precise quantitative information about the deformation at the micrometer 

scale can be obtained through the application of full-field measurement methods, 

e.g., digital image correlation (DIC) technique in combination with in situ tensile 

testing inside a SEM [161].  

Miniature tensile specimens having a gauge length of 4 mm, a gauge width of 1 mm 

and a thickness of 1 mm were machined from the Q&P processed strips. In situ 

tensile tests were carried out in the SEM EVO MA15 (Carl Zeiss, Oberkochen, 

Germany) operating at an accelerating voltage of 20 kV. Tensile specimens were 

loaded at room temperature using a Kammrath&Weiss tensile/compression module 

(Kammrath&Weiss GmbH, Dortmund, Germany) embedded in the SEM chamber. 

Tensile specimens were deformed to failure with the constant cross-head speed 
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corresponding to the initial strain rate of 10-3 s-1. Tensile deformation was stopped 
periodically, the tensile specimens were unloaded and secondary electron 
micrographs with 1024x768 pixel resolution were taken from the central area of the 
miniature tensile specimens after each deformation step. The cross-head 

displacement steps were 100 m corresponding to a global strain of 2.5 %. The 

analyzed areas had dimensions of 20 x 25 m2.  

The DIC technique was used to determine local in-plane plastic strain distribution 
after tensile deformation of the Q&P steels. For that purpose, SEM images of the 
specimens before deformation and after each deformation step were uploaded into 
the Vic-2D 2009 Digital Image Correlation software (VicSNAP, Correlated Solutions 
Inc., Columbia, SC, USA) for full-field strain analysis and generation of deformation 
maps.  

 

Figure 3-9. Kammrath&Weiss tensile/compression module (a) and SEM EVO MA15 (b). 

DIC is a non-contacting optical technique to measure the displacement field on the 
surface of a specimen at different stages of deformation, widely used in the field of 
experimental mechanics. Accordingly, DIC has been applied in recent years for 
revealing the deformation and fracture mechanisms in Q&P inter-critically annealed 
steels [20], Q&P fully austenitized steels [162], DP steels [69-71, 163] and MMCs 
[76], by analyzing secondary electron images obtained during in situ testing. 
Displacement correlation in DIC is based on the presence of a random speckle 
pattern on the specimen surface whose movement is tracked and compared with the 
initial, reference pattern (see Figure 3-10). In the case of secondary electron images, 
this pattern is produced naturally by the microstructural features [161].  

(a) (b)
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intensity in its neighborhood. This set of pixels around the central one is called the 

subset. Second, the deformations are constant within this subset. Under these 

assumptions, the coordinates Xi and xi of a point of the subset in the reference and 

deformed configurations can be related with the coordinates of the central point of 

the subset (Xc and xc) by: 

= + +∇()( − ) (Eq. 3-15) 

where ∇() stands for the constant displacement gradient within the subset. 

Therefore, the subset is limited to capture homogeneous deformations. Both Uc and 

∇() are obtained from the iterative minimization of the correlation function C (Eq. 

3-14) within the subset. 

Once the displacement of the central pixel has been obtained, the subset is shifted 

along X- and Y-directions to calculate the next point. The shift of the subset is 

determined by the step size, which defines how many pixels the subset was moved. 

Finally, the strains are computed according to the Lagrangian approach by taking the 

numerical derivative of the displacement field with a spacing defined by the strain 

window. A detailed overview of displacement and deformation measurements 

through digital image correlation, and its application to practical cases can be found 

in [164]. Deformation maps of the plastic strains in the loading direction εyy are 

presented in the Section 4.2: a subset of 60 pixels and a step size of 3 pixels have 

been used. 

3.3.4. Fracture characterization 

In order to characterize the fracture behavior of materials, linear elastic fracture 

mechanics (LEFM) is only valid as long as nonlinear deformation is confined to a 

small region that surrounds the crack tip. However, in many materials it is virtually 

impossible to characterize the fracture behavior with LEFM and, consequently, the 

fracture toughness, K1C cannot be determined. In such cases, an alternative fracture 

mechanics model is thus required. In this context, elastic-plastic fracture mechanics 

(EPFM) can be applied to all materials that exhibit time-independent, non-linear 

behavior (i.e., plastic deformation) [102]. Two elastic-plastic parameters must then be 

introduced: the crack-tip-opening displacement (CTOD) and the J contour integral. 

Both parameters define the crack-tip conditions in elastic-plastic materials, and can 

therefore be used as a fracture design critera. Critical values of CTOD or J give 
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ratio  푎 푊 ≈ 0.5 (Eq. 3-18) 

Where a is the total crack length. The fatigue pre-cracks were symmetrical and longer 
than 300 µm on each side. The samples were subjected to tensile testing after fatigue 
pre-cracking. Tensile tests up to failure were carried out at room temperature with 
constant cross head speed of 휀 ̇ = 1 푚푚

푚푖푛 using a INSTRON 3384 (Norwood, 

MA, USA) testing system. DIC technique equipped with a Vic-2D 2009 software 
(VicSNAP, Correlated Solutions Inc., Columbia, SC, USA) was employed for precise 
estimation of deformation strain during testing. The DC potential drop technique 
[172] was used to measure crack propagation during fracture testing. It relies upon 
the passage of a constant current (퐼 = 0.24 퐴) through the body of the specimen. 
The voltage generated across the specimen due to the constantly changing resistance 
as the crack propagates, is measured by a pair of potential probes mounted on the 
front edge of the specimen. The measured DC potential drop at any crack length is 
then converted into the corresponding crack length by the Johnson formula [172]: 

푎 = 2 · 푊
휋

· arccos
⎣⎢⎢
⎢⎢⎡ 푐표푠 휋2 · 푊

푉
푉 · 푎푟푐푐표푠

푐표푠ℎ 휋 · 푦2 · 푊cos휋 · 푎2 · 푊 ⎦⎥⎥
⎥⎥⎤ (Eq. 3-19) 

where V and Vo (Vo = 0.1 mV) are the updated and initial measured potential values 

and y is one half of the potential probe span. At least four specimens were tested for 
each material and the results were found to be reproducible. 

Fracture surfaces on both halves of the DENT specimens were subsequently 
analyzed. In order to reconstruct the depth information from SEM images, 
stereographic methods were used [173]. For this purpose, an automatic fracture 
surface analysis system was utilized [74, 174, 175]. Stereoscopic electron microscopy 
provides several advantages compared with other methods for the 3D-reconstruction 
of microscopic objects. Since the ‘‘sensor’’ has no mechanical contact with the 
observed specimen, SEM is well suited for very rough objects such as fracture 
surfaces. Furthermore the depth of focus as well as the lateral resolution is 
significantly better than with optical methods [173].  
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3.3.5. Fatigue characterization 

Specimens for fatigue testing were machined from Q&P processed strips and their 

geometry is displayed in Figure 3-14. Then, the surface of the specimens was 

prepared using standard metallographic techniques and final polishing, in order to 

remove the superficial defects that could have been induced during the machining 

process and to improve the quality of the surface. 

 

Figure 3-14. Geometry of the specimens for fatigue testing. 

After sample preparation, cyclic loading tests were performed using a RUMUL 

TESTRONIC (RUMUL, Neuhausen am Rheinfall, Switzerland) fatigue resonant 

testing machine (Figure 3-15). The considerations listed below were followed:  

• Imposed axial stress; 

• Stress ratio 0.1; 

• Load frequency between 75 and 100 Hz; 

• Failure criteria: specimen fracture. 

The basic method for presenting engineering fatigue data at high number of cycles is 

by means of the S-N curve, a plot of stress amplitude (S) against the number of cycles 

to failure (N). The usual procedure for determining an S-N curve is to test the first 

specimen at high stress where failure is expected in a fairly short number of cycles, 

i.e. at about two-thirds the static tensile strength of the material. Cycles to failure are 

counted and the test is repeated at decreasing amplitudes. The test stress is then 

decreased for each succeeding specimen until one or two specimens do not fail in the 

specified number of cycles, which is usually ≈ 107 cycles. The highest stress at which a 

run-out (non-failure) is obtained is taken as the fatigue limit [101].   

 As the number of cycles increase, the response of the part evolves, thus: 

• At high stresses, the material withstands a limited number of cycles before 

fracture. Under these conditions, the fatigue regime is commonly defined as 

Low-Cycle Fatigue (LCF). 
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3.3.5.2. Microstructural evolution of RA during fatigue testing 

In order to study the effect of cyclic deformation on microstructure and the role of 
RA in cyclic behavior, the microstructure of samples from both steel grades after 
fatigue testing with the highest stress amplitude (i.e. the lowest number of cycles 
before failure) and with the lowest stress amplitude (i.e. with the highest number of 
cycles before failure) was carefully analyzed. A FEI Quanta™ Helios NanoLab 600i 
(FEI Corporate, Oregon, USA) equipped with a NordlysNano detector controlled by 

the AZtec Oxford Instruments Nanoanalysis (version 2.4) software (Oxford 
Instruments, Abingdon, United Kingdom) was used for the microstructural 
characterization. The OIM scans were taken from areas located at 1 mm distance 
from the fracture surface of the broken specimens: thus, the measurements were 
performed inside the homogenously cyclically deformed zone, i.e., in the gauge 
length area, which was not affected by microscopic plastic deformation in front of 
the propagating crack.  
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4. RESULTS AND DISCUSSION 

 

 

4.1. Effect of Q&P parameters on microstructure development and 

mechanical behavior of the Q&P steels 

This section focuses on the influence of Q&P parameters on the microstructure with 

attention to phase composition, size, volume fraction and morphology of 

microconstituents as well as to texture and carbon content in RA. The steel with the 

QP-0.25 chemistry was subjected to Q&P processing with varying parameters (QT, 

PT and Pt) resulting in formation of multiphase microstructure, which was 

thoroughly studied in the present work using XRD and EBSD. Mechanical 

properties of the Q&P steel were measured by tensile testing and are discussed 

below.  

4.1.1. Effect of Q&P parameters on microstructure and mechanical 

properties 

Data on the Q&P parameters applied to the studied steel grade are presented in 

Table 4-1. Justification for the selection of these parameters is provided in Section 

3.1. 

Table 4-1. Q&P processing parameters applied to the studied steel grade. 

Specimen 
QT  PT  Pt 
(°C)  (°C)  (s) 

 QP-0.25- 

1 224  350  500 
2 244  300  500 
3 244  350  500 
4 244  400  100 
5 244  400  500 
6 244  400  1000 
7 264  350  500 
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OIM phase maps with BCC (martensite) in blue and FCC (RA) in yellow 
superimposed with the image quality maps of the studied samples are shown in 
Figure 4-1. After the applied Q&P treatment, irregular-shaped blocks of TM 
constitute the major phase of the microstructure, whereas the others (i.e. UM and 
RA) are dispersed in the matrix. The size of the microconstituents (TM and RA) is 
provided in Table 4-2. The average size of TM for all specimens is in the same range. 
Nevertheless, the Q&P parameters have a slight effect on the RA average grain size. 
Due to a less perfect BCC lattice, UM regions formed during the last quench to 
room temperature can be identified as the darkest ones and can be found in the 
vicinity of the yellow RA grains. The size of the UM can be roughly estimated but 
could not be accurately measured from the available OIM maps, since lattice 
distortion leads to a low pattern quality and indexation of the UM zones in the OIM 
scans.  

Various RA morphologies are present in the microstructure (Figure 4-1): film-like 
RA, lamellar RA and blocky RA. A thorough analysis of the available OIM 
micrographs shows the growth of interlath RA from film-like to a blocky type as a 
function of partitioning parameters. Although the spatial resolution of the EBSD 
technique is reasonably high (step size is ≈ 40 nm), the smallest austenite laths 
formed between the martensite plates, as observed with TEM, have sizes in the range 
of 20–100 nm [21, 77]. The smallest laths can therefore not be resolved by EBSD but 
are detectable with XRD.  

Table 4-2. Average grain size (equivalent circle diameter) for the different 
microconstituents of the Q&P steel. 

Specimen 
Tempered 
martensite 

Retained 
austenite 

(TM) (µm) (RA) (µm) 

QP-0.25- 

1 2.7 ± 0.3 0.5 ± 0.1 
2 2.3 ± 0.1 0.4 ± 0.1 
3 2.2 ± 0.4 0.6 ± 0.1 
4 2.2 ± 0.2 0.5 ± 0.2 
5 2.2 ± 0.3 0.7 ± 0.1 
6 2.4 ± 0.1 0.7 ± 0.2 
7 2.5 ± 0.3 0.5 ± 0.1 
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Table 4-3 lists the measurements of volume fraction and carbon content of RA, as 

well as the volume fraction of TM and UM which were determined by XRD 

combined with EBSD analysis.  

Table 4-3. Volume fraction and carbon content (wt. %) of RA and volume fraction of 
UM and TM in the studied steel. 

Specimen 
Retained Austenite 

(RA) 

Untempered 
Martensite 
(UM) 

Tempered 
Martensite 
(TM) 

(%)  %C (wt.) 

QP-0.25- 

1 14.2  0.91  13.8  72 
2 14.7  1.05  17.7  67.6 
3 14.4  0.99  14.1  71.5 
4 18.3  0.84  9.9  71.8 
5 17.9  1.03  12.2  69.9 
6 20.2  1.01  10.5  69.3 
7 13.5  1.11  15.8  70.7 

 

Figure 4-2, Figure 4-3 and Figure 4-4 show typical engineering stress – engineering 

strain curves for the Q&P processed steel grades. From these curves, σ0.2, σUTS, εu, 

and εf  were determined and are summarized in Table 4-4. In order to estimate the 

strain hardening exponent n, true stress – true strain curves were fitted by a single 

power law (for > ) [20, 21]: 

= ∙ ∙  (Eq. 4-1) 

where σy is the yield stress, ε=
σ

, E the Young modulus and α a dimensionless 

parameter. The n-values are also given in Table 4-4 and show that the mechanical 

properties strongly depend on the applied Q&P parameters. 
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Table 4-4. Mechanical properties measured on miniature samples of the studied steel 
grade (σσ0.2, σ, σUTS, ε, εu, ε, εf, n). 

Specimen 
σσ0.2 σσUTS εεU εεf 

n 
(MPa) (MPa) (%)  (%) 

QP-0.25- 

1 900  1357 10  22 0.19 
2 721  1419 10  21 0.25 
3 803  1471 11  21 0.26 
4 621  1462 17  26 0.24 
5 821  1267 16  28 0.19 
6 681  1275 16  29 0.20 
7 761  1354 13  24 0.24 

 

 

Below, the effect of each Q&P parameter (QT, PT, Pt) on microstructure and 

mechanical properties is analyzed. 

4.1.1.1. Influence of QT 

The EBSD phase maps of the three samples quenched at different temperatures  

(QP-0.25-1, QP-0.25-3 and QP-0.25-7) are shown in Figure 4-1 a, b and c. By 

comparing these samples it can be observed that the QT affects neither the TM, nor 

the RA average size (Table 4-2). In addition, it can be seen that the average volume 

fraction of RA ranges from 13.5 % to 14.4 %, whereas its carbon content ranges 

from 0.91 to 1.11 wt. % and appears to increase with increasing QT (Table 4-3). 

Various RA morphologies are present in the microstructure (Figure 4-1). In the QP-

0.25-3 sample mostly blocky RA can be found, whereas in the QP-0.25-1 and QP-

0.25-7 samples the prevalent type is the interlath lamellar one, but some blocky RA is 

also observed. As it was already reported in literature [21, 183], localized EBSD scans 

yield significantly lower RA fractions, being 5.9 %, 8.8 % and 5.0 % for the QP-0.25-

1, QP-0.25-3 and QP-0.25-7 samples, respectively. Therefore, the fraction of smallest 

austenite laths (film-like type), which are not detected by EBSD, is higher in the 

samples quenched at 224°C and 264°C, respectively. The volume fraction of UM is 

13.8 %, 14.1 % and 15.8 % for the samples quenched at 224°C, 244°C and 264°C 

respectively. Finally, the volume fraction of TM tends to slightly decrease with the 

QT: values of 72.0 %, 71.5 % and 70.7 % were obtained for the samples quenched 

at 224°C, 244°C and 264°C, respectively.  
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A hypothetical explanation for these observations can be offered: the fraction of 
martensite that undergoes carbon partitioning to the neighboring austenite during 
the partitioning step is determined to a large extent by the QT. The stabilized RA 
fraction is less dependent on higher QTs due to kinetic effects related to lower 
carbon diffusion in austenite creating pile-ups close to the grain boundaries resulting 
in local stabilization of austenite. Thus, a QT closely below the Ms temperature 
results in a small fraction of martensite, so the carbon available for partitioning 
might not be sufficient for the stabilization of the austenite. This indeed leads to a 
high fraction of relatively unstable austenite that transforms to martensite in the 
final quench. On the other hand, lower QT results in the formation of a higher 
fraction of martensite in the first quench. Therefore, a higher fraction of austenite is 
consumed during the initial quench, that will not be available for carbon enrichment 
during the partitioning step [16, 30].  

 

Figure 4-2. Engineering stress - engineering strain curves from tensile testing of the 
sample quenched at 224°C (QP-0.25-1), the sample quenched at 244°C (QP-0.25-3) and 
the sample quenched at 264°C for 500 s (QP-0.25-7). All of them were partitioned at  

350°C for 500 s. 
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4.1.1.2. Influence of PT 

In order to determine the effect of PT, the target QT was set to 244°C, followed by 
isothermal holding during 500 s at different PT (300°C, 350°C and 400°C). The RA 
average size is enlarged with increasing PT (0.4 ± 0.1 µm, 0.6 ± 0.1 µm and 0.7 ± 0.1 
µm, respectively). However, the PT does not have any influence on the TM average 
size (Table 4-2), as it is determined by the prior austenite grain size [185, 186] and, to 
some extent, by the QT (Section 4.1.1.1). The RA volume fraction obtained for the 
sample partitioned at 400°C is nearly 4 % higher than for the other two samples 
(Table 4-3). The effect of PT on microstructure has already been studied in previous 
works. Increasing PT accelerates the carbon partitioning from martensite to austenite 
[12]. For example, it was reported in [184] that for the same QT and Pt, the 
maximum RA volume fraction is reached at shorter times for higher PTs, i.e. carbon 
diffusion during partitioning is controlled more effectively by PT rather than Pt. 
These observations are in good agreement with the obtained results.  

 

Figure 4-3. Engineering stress - engineering strain curves from tensile testing of the 
sample partitioned at 300°C for 500 s (QP-0.25-2), the sample partitioned at 350°C for 

500 s (QP-0.25-3) and the sample partitioned at 400°C for 500 s (QP-0.25-5); all of them 
were quenched at 244°C. 
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Engineering stress - engineering strain curves in Figure 4-3 show the effect of PT on 

mechanical behavior of the Q&P processed steel. It is seen that the mechanical 

behavior of the samples partitioned at 300°C and 350°C (σUTS, εf  and n) is very 

similar. For temperatures above 350°C, ultimate tensile strength and strain 

hardening exponent decrease with increasing PT, whereas ductility shows an 

opposite trend (Table 4-4). Higher volume fraction of RA (Table 4-3) and larger RA 

grains (Table 4-2) in the QP-0.25-5 sample result in softening of the material and 

improvement of its ductility, compared to the Q&P steel grades with the lowest RA 

content (QP-0.25-2 and QP-0.25-3 samples). 

4.1.1.3. Influence of Pt 

The influence of Pt on microstructure and mechanical properties of a Q&P steel was 

also investigated in this work. Samples were partitioned at 400°C for 100 s, 500 s 

and 1000 s (QP-0.25-4, QP-0.25-5 and QP-0.25-6, respectively) (Table 4-1). The EBSD 

phase maps of the three samples partitioned for different times are shown in Figure 

4-1 g, h and i. Regarding the RA morphology, a mixture of interlath lamellar and 

blocky type can be found in the three conditions. The RA average size is enlarged 

from 0.5 µm to 0.7 µm, when Pt is raised from 100 s to 500 s (Table 4-2); however, it 

seems to stabilize with further partitioning until 1000 s. Apparently, increasing Pt 

does not have any influence on the TM grain size (Table 4-2). When Pt is increased 

from 100 to 500 s, the fraction of RA remains almost constant but its carbon 

content shows an increment from 0.84 % to 1.03 %. With further partitioning until 

1000 s, there is an increment in the RA fraction of up to ≈ 20 %, but its carbon 

content remains approximately constant around 1 % (Table 4-3). 
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0.81 1.00 1.23 1.52 1.88 2.32 2.85 max = 3.53 

 

0.74 1.00 1.34 1.80 2.43 3.63 4.39 max = 5.89 
 

Figure 4-5. Orientation distribution functions (ODFs) in ϕϕ2 = 0°, 45° and 65° sections for 
RA in sample QP-0.25-2 (a) and QP-0.25-3 (b). (RC = Rotated Cube, C = Copper, RG = 

Rotated Goss, B = Brass and G = Goss). 

On the other hand, as it can be seen in Figure 4-6, the martensite has a 

crystallographic texture which is frequently observed after double α–γ–α 

transformation of cold deformed BCC phase in AHHSs [21]. This is because the 

crystallographic texture has not changed much as a consequence of the Q&P 

treatment given to the as-received steel [189, 190]. All texture components observed 

in the BCC structure originate from deformed austenite with a good agreement with 

the observed texture of the retained austenite. Note that despite using identical color 

scales, there are differences in the strength of the textures (Figure 4-5 and Figure 4-6). 
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Figure 4-6. Orientation distribution functions (ODFs) in ϕϕ2 = 45° sections for martensite 
in sample QP-0.25-2 (a) and QP-0.25-3 (b).  

4.1.3. Conclusions to Section 4.1 

Steel with the QP-0.25 nominal composition was subjected to Q&P treatment with 

varying QT, PT and Pt. Multiphase microstructure consisting of different fractions of 

TM, UM and RA was obtained. The effect of Q&P parameters on the 

microstructure, texture and tensile mechanical properties was thoroughly studied. It 

was shown that: 

• The QT does not affect significantly the size and volume fraction of 

microconstituents, though the morphology of RA strongly depends on QT. 

Interlath lamellar RA prevails in the microstructure of the samples quenched 

at 224°C and 264°C which has high stability against transformation under 

strain, whereas blocky type RA dominates in the microstructure of the samples 

quenched at 244°C. The latter has low stability against transformation under 

strain which results in higher ultimate tensile strength. 

• The PT has a strong effect on size and volume fraction of microconstituents 

and mechanical properties of the Q&P steel. The RA average size increases 

with increasing PT, and the highest RA volume fraction is reached after 

(a)

(b)
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4-2). Nanohardness values of 6.4 ± 1.2 GPa and 5.5 ± 0.5 GPa were measured for 
partitioning times of 100 s (QP-0.25-4) and 500 s (QP-0.25-5), respectively (Table 
4-5). In addition, the elasto-plastic properties obtained for the UM provide 
nanohardness values of 6.6 ± 0.8 GPa and 8.8 ± 0.9 GPa for the QP-0.25-2 and QP-
0.25-4 specimens, respectively. Nanoindentation tests on TM yield very similar 
nanohardness values for all studied conditions, i.e. 5.3 ± 0.4 GPa, 5.6 ± 0.4 GPa and 
5.6 ± 0.5 GPa (Table 4-5).  

Table 4-5.  Elasto-plastic material properties obtained from the nanoindentation tests for 
the RA, TM and UM (nanohardness H). 

Specimen 
Retained 
Austenite 

Tempered 
Martensite 

Untempered 
Martensite 

H (GPa) H (GPa) H (GPa) 

QP-0.25- 
2 - 5.3 ± 0.4 6.6 ± 0.8 
4 6.4 ± 1.2 5.6 ± 0.4 8.8 ± 0.9 
5 5.5 ± 0.5 5.6 ± 0.5 - 

 

Next, the radius of the plastic zone for individual indents was estimated in order to 

validate the results presented in Table 4-5. The contact radius a' was obtained using 
the equation: 

푎′ = 퐴 휋 (Eq. 4-2) 

where A is the projected contact area of the indent. In the case of the TM 

microconstituent a' was found to be 314.6 ± 1.6 nm. For Berkovich tips, the ratio 

between the radius of the plastic zone c and the contact radius a' is determined as 
[191, 192]: 

푐 푎⁄ ′ = 3.4 (Eq. 4-3) 

From this ratio, the radius of plastic zone was calculated for each microconstituent. 
The radius of the plastic zone in TM (1.07 ± 0.005 µm) is well below of the TM block 
size consisting of several laths with identical crystal orientations, so plastic 
deformation occurs strictly in the interior of the blocks, validating the nanohardness 
values. The radius of plastic zone in RA (1.06 ± 0.001 µm) exceeds the size of RA 
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grains (see Table 4-2), extending into the surrounding microconstituents. As other 
phases have higher hardness, it can be concluded that nanohardness values of RA 
presented in Table 4-5 are overestimated. The radius of the plastic zone in the UM 
(1.04 ± 0.02 µm) should be comparable to the size of UM grains, which could not be 
precisely measured (see Section 4.1), so nanohardness data for this microconstituent 
presented in Table 4-5 are ambiguous. Nevertheless, as the nanohardness of the TM 
matrix is similar in all studied conditions, the elasto-plastic material properties 
obtained from the nanoindentation tests for the RA and the UM (Table 4-5) can be 
used for the comparative purposes. 

The Q&P treatment aims at concentrating carbon in RA formed after the first 
quench [15, 16, 19]. Therefore, like in TRIP steels [60, 193], the martensite formed 
during the final quench to room temperature (UM) usually contains higher amount 
of carbon (≈ 0.6 - 1 wt. %) than before the treatment. This, in turn, should lead to 
higher solid solution hardening in the UM microconstituents. Nanoindentation 
measurements (Table 4-5) show that nanohardness of UM is at least 25 % higher 
compared to that of TM (sample QP-0.25-2), and this difference increases to 56 % 
with increasing partitioning temperature (sample QP-0.25-4), even though the 
partitioning time is reduced. Therefore, it can be concluded, that the carbon 
enrichment of the prior RA grain is more effectively controlled by partitioning 
temperature, and the carbon diffusion is enhanced by partitioning temperature 
rather than by time, as it was suggested in [21]. 

Representative load-displacement curves from nanoindentation experiments on RA 
are presented in Figure 4-8 a. Detailed analysis of the loading curves shows that 
interlath lamellar RA present in the specimen partitioned at shorter time (QP-0.25-4) 
has higher deformation resistance compared to that of the blocky RA prevailing in 
the specimen after longer partitioning (QP-0.25-5). This is demonstrated by the 
higher maximum load for the same penetration distance. In addition, evidence for 
martensitic transformation of RA, i.e. TRIP effect [60, 83, 109], during 
nanoindentation is observed on loading curves as small discontinuities or pop-ins, 
indicated by black arrows in Figure 4-8. It should be noted that such pop-ins were 
more often observed in the sample containing blocky RA rather than interlath 
lamellar RA, indicating higher stability of the latter type of RA. Particularly, at an 
indentation depth of ≈ 80 nm and applied loads of ≈ 1450 µN and ≈ 1150 µN 
(Figure 4-8 a), a slight rise of the curve slope after the pop-ins suggests that 
martensitic transformation results in increased hardness [62, 194].  Figure 4-8 b and 
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presenting film-like or interlath lamellar morphologies have better transformation 
stability compared with a blocky one [77, 78]. This agrees well with the strain 
hardening behavior as well as with the low ductility values of the QP-0.25-2 sample 
(Table 4-4), where the film-like RA is stable against deformation. 

 

Figure 4-9. Representative load-displacement curves from nanoindentation experiments 
on TM in the studied steel. 

Figure 4-9 shows the load-displacement curves from nanoindentation on individual 
TM grains in all studied Q&P specimens. A pop-in is observed on all curves at 
indentation depth of ≈ 8 nm and applied load of ≈ 10 µN. Since the first pop-in 
represents the transition from elastic to elasto-plastic deformation during indentation 
[62, 79, 195, 196], the stresses at pop-in during spherical indentation can be 
estimated from the Hertzian elastic contact mechanics as [195-197]: 

푃 = 43 · 퐸 · 푅′ · ℎ .  (Eq. 4-4) 

where 퐸  is the reduced indentation modulus, R' the radius of the Berkovich 

indenter tip (R' ≈ 450 nm), which was experimentally obtained by AFM, and h the 
corresponding indentation depth. 
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Before the first pop-in, the theoretical curve (black line in Figure 4-9) obtained from 
(Eq. 3-4), fits the experimental loading curve well, indicating that the part of loading 
curve before the first pop-in is elastic, while the rest of the loading curve is elasto-

plastic. In [60], Furnémont et al. asserted that it is not possible to translate directly 
nanohardness values into plastic flow properties. Nevertheless, the maximum shear 
stress under the indenter along the symmetry axis at the first pop-in can be estimated 
using the relationship [195-198]: 

휏 = 0.31 · 푝  (Eq. 4-5) 

where 

푝 = 6 · 푃 · 퐸
휋 · 푅

/
 (Eq. 4-6) 

according to the standard Hertzian analysis. Using (Eq. 3-5) and (Eq. 3-6) and the 

load at the first pop-in, τmax was estimated as 4.5 ± 0.3 GPa, 5.1 ± 0.3 GPa and 5.1 ± 
0.02 GPa for the QP-0.25-2, QP-0.25-4 and QP-0.25-5 specimens, respectively (Table 
4-6). It is seen that the maximum shear stresses in TM in the specimens partitioned 
at 400oC (QP-0.25-4 and QP-0.25-5) are higher compared to that in the specimen 
partitioned at 300oC (QP-0.25-2). 

Table 4-6. Maximum shear stress in TM underneath the Berkovich indenter. 

Specimen 흉풎풂풙(GPa) 

QP-0.25- 
2 4.5 ± 0.3 
4 5.1 ± 0.3 
5 5.1 ± 0.02 

 

As it is well known, the time required for effective partitioning is mainly determined 
by two factors: the expected RA volume fraction and the local carbon content 
affecting RA stability [21]. For a lower PT, the time necessary to obtain higher 
volume fraction of RA with higher carbon content is longer. Comparison of samples 
partitioned at different temperatures for 500 s shows that a lower volume fraction of 
RA is obtained in the sample partitioned at 300°C (QP-0.25-2), but with a 
comparable carbon content in both cases (Table 4-3), whereas the reduction of 
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partitioning time at 400°C results in decrease of RA carbon content (Table 4-3). As 
the QT was kept constant for all studied conditions [21, 28], the volume fraction of 
martensite formed during the first quenching should be similar (Table 4-3). 
Martensitic transformation imparts high elastic strain energies that can only proceed 
in combination with accommodation processes, which introduce high dislocation 
density into martensite [199]. Both solid solution hardening (tetragonal lattice is 
supersaturated by interstitial carbon atoms) and dislocation hardening (due to high 
dislocation density) result in high strength of martensite [60]. Carbon diffusion from 
martensite into RA and partial annihilation of dislocations in martensite by their 
climb occur simultaneously during partitioning step, and there is some interplay 
between both processes due to interactions between diffusing carbon and iron atoms 
and dislocations [16, 200]. Contribution of both hardening mechanisms into 
hardness of TM should depend on the Q&P parameters. However, the variations in 
the nanohardness values measured on TM microconstituent in all studied conditions 
are not high (Table 4-5). Glide of dislocations nucleated underneath the indenter tip 
is the main deformation mechanism in TM [198, 201-203]. Several studies suggest 
that the first pop-in shown in the TM phase (observed in Figure 4-9) occurs either 
due to nucleation of dislocations at the theoretical strength if there are no 
dislocations in the highly stressed zone, or due to activation of pre-existing 
dislocations [60, 62, 79, 196]. Both 'scenarios' are characterized by avalanches in the 
motion of dislocations resulting in a pop-in on the loading curve, though the 
maximum shear stress is lower in the latter case. The lower value of the maximum 
shear stress measured on TM in the QP-0.25-2 sample indicates higher density of pre-
existing dislocations remained after partitioning process (Table 4-6). Indeed, lower 
partitioning temperature decreases dislocation climb controlled by diffusion process 
that reduces the amount of annihilated dislocations during partitioning process. 

4.2.2. Local plastic deformation of the Q&P steel 

The evolution of microscale plastic strain εyy distribution on the surface of the QP-

0.25-5 specimen in the loading direction during in situ tensile testing is illustrated in 
Figure 4-10. The onset and development of a network-like structure of 
interconnected bands of localized plastic flow, oriented at 45° to 60° with respect to 
the loading axis, is clearly seen, whereas a significant fraction of little deformed areas 
remains present. High strains accumulate at spots connected by deformation bands 
(Figure 4-10 c).  



Mechanical properties of advanced high-strength steels produced via Quenching and Partitioning 
 

- 92 - 

 

Figure 4-10. Evolution of in-plane local plastic strain distribution during tensile 
deformation of the sample partitioned at 400°C for 500 s (QP-0.25-5) to the global plastic 

strain of (a) 5 %, (b) 10 % and (c) 15 %. The loading direction is vertical (indicated by a 
black arrow). 
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strain of 22 % (Figure 4-11 b). In the areas where hard phases are present (UM 
blocks), the large difference in strength between microconstituents results in 
localization of plastic deformation in a softer TM matrix, that can also lead to slight 
rotation of microconstituents (rectangles 1 and 2). Local rupture at the interphase 
boundaries due to the localized plastic flow can be seen inside the necking area 
(white arrow in rectangle 3). 

The network-like plastic deformation maps observed in this work are similar to those 
reported earlier for inter-critically annealed Q&P steels [20], DP steels [69-71, 163] 
and MMCs [76]. The difference in mechanical properties of individual 
microconstituents in materials with multiphase microstructures can significantly 
affect the degree of strain partitioning during plastic deformation [67, 68]. Other 
factors affecting plastic deformation maps include morphology of microconstituents, 
their volume fraction, bonding strength between microconstituents, etc. The results 
presented in this work demonstrate that nanohardness of microconstituents present 
in the Q&P steel can vary significantly (see Section 1.3.2). That, in turn, results in 
significant strain partitioning during plastic deformation of the Q&P steel. Plastic 
deformation tends to accumulate in the 'soft' microconstituents, whereas 'hard' 
microconstituents provide less contribution to plastic deformation. For this reason, 
TM is deformed according to morphological restrictions and even rotation of TM 
grains can be observed in some cases (Figure 4-11). In addition, the strain 
experienced by the softer phase (TM) can be much higher than the macroscopically 
imposed strain (Figure 4-10). This effect is even enhanced when the TM is trapped 
between harder UM blocks (rectangle 2 in Figure 4-11 a and b). These results are 

analogous to those reported by Han et al. [67] for a DP steel. 

Figure 4-12 and Figure 4-13 show the evolution of microscale plastic strain εyy 
distributions on the surface of the QP-0.25-2 and QP-0.25-4 specimens, respectively. 
It is seen that local plastic deformation behavior of both specimens is quite similar to 
that described above for the QP-0.25-5 specimen.  
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average local plastic strain value as well as the distribution of the local plastic strain 
for the QP-0.25-2 and QP-0.25-5 samples in Figure 4-12 c are very similar, but the 
local plastic strain tends to have higher values in the QP-0.25-5 sample [101]. 

4.2.3. Conclusions to Section 4.2 

The effect of Q&P parameters (PT and Pt) on the microstructure and mechanical 
properties of the QP-0.25 composition was studied. Plastic deformation of the Q&P 

processed steel was carefully analyzed at macro- and micro-scales via in situ testing, 

DIC analysis and nanoindentation on individual microconstituents determined a 

priori by EBSD analysis. It was demonstrated that: 

• The Q&P parameters significantly affect the microstructure of the studied 
steel, including size, morphology, and distribution of microconstituents (RA, 
TM and UM), as well as the carbon content in individual phases. Carbon 
diffusion during partitioning is controlled more effectively by partitioning 
temperature rather than time. 

• Mechanical properties of individual microconstituents are strongly influenced 
by the Q&P parameters. Nanoindentation measurements on TM showed that 
the maximum shear stresses underneath the indenter tip in the specimens 
partitioned at 400°C are higher compared to that in the specimen partitioned 
at 300°C. This is related to the lesser annihilation of dislocations in 
martensite at 300°C, that leaves higher density of pre-existing dislocations, 
which, in turn, results in lower maximum shear stress. 

• Plastic deformation of all Q&P steels at microscale level has a complex 
character. Plastic deformation maps consist of network-like plastic 
deformation bands interconnected at high strain spots. There is a weak effect 
of the Q&P parameters on histograms of local plastic strain distribution that 
is related to volume fraction of individual microconstituents as well as 
morphology (i.e. stability) of RA.   
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Table 4-7. Average grain size (equivalent circle diameter) for the different 
microconstituents of the Q&P steel grades. 

Specimen Tempered martensite  
(TM) (µm) 

Retained austenite 
(RA) (µm) 

QP-0.25-5 3.1 ± 0.2 0.6 ± 0.1 
QP-0.28-1 2.3 ± 0.1 0.3 ± 0.04 
QP-0.28-2 2.3 ± 0.2 0.7 ± 0.1 

 

The average size of TM for the QP-0.28-1 and the QP-0.28-2 specimens is in the same 
range, being 2.3 ± 0.1 µm and 2.3 ± 0.2 µm, respectively. However, a slightly higher 
value of 3.1 ± 0.2 µm is found in the case of the QP-0.25-5 sample. Regarding the RA 
average grain size, the value obtained for the QP-0.28-1 is half of that obtained for 
the other two samples, being 0.3 ± 0.04 µm, 0.6 ± 0.1 µm and 0.7 ± 0.1 µm, 
respectively. Various RA morphologies are present in the microstructure (Figure 
4-14): film-like RA, lamellar RA and blocky RA. A thorough analysis of the available 
OIM micrographs shows that the prevalent type in the QP-0.28-1 sample is the film-
like one, whereas in the QP-0.25-5 it is the blocky one. In the QP-0.28-2 a mixture of 
blocky RA and lamellar RA can be found. Although the spatial resolution of the 
EBSD technique is reasonably high (step size is ≈ 40 nm), the smallest austenite laths 
formed between the martensite plates, as observed with TEM, have sizes in the range 
of 20–100 nm [21, 77]. These laths can therefore not be resolved by EBSD but are 
detectable with XRD. Table 4-8 lists the measurements of volume fraction and 
carbon content of RA fraction, as well as the volume fraction of TM and UM which 
were determined by X-ray diffraction combined with EBSD analysis. Average volume 
fractions of RA 11.5 %, 7.5 % and 23.8 % with carbon contents of 0.92, 1.1 and 1 
wt. % were measured in the QP-0.25-5, the QP-0.28-1 and the QP-0.28-2 samples, 
respectively (Table 4-8). On the other hand, localized EBSD scans yield significantly 
lower RA fractions, being 2.5 %, 1.2 % and 9.9 % for the QP-0.25-5, QP-0.28-1 and 
the QP-0.28-2 samples, respectively. 

 

 

 

 



Mechanical properties of advanced high-strength steels produced via Quenching and Partitioning 

 

- 100 - 

Table 4-8. Volume fraction and carbon content (wt. %) of RA and volume fraction of 
UM and TM in the studied steel grades. 

Specimen 
Retained austenite 

(RA) 
Untempered 
martensite (UM)  

(%) 

Tempered 
martensite (TM)  

(%) (%)  % C (wt.) 

QP-0.25-5 11.5  1.1 10.7 77.8 
QP-0.28-1 7.5  0.92 31.1 61.4 
QP-0.28-2 23.8  1 15.3 60.9 

 

Finally, Table 4-9 summarizes the mechanical properties measured on the studied 

steel grades. The results can be generalized as follows. The reported 0.2 % proof 

stress (σ0.2) values are superior to 1000 MPa in all samples. The highest σ0.2 value is 

obtained for the QP-0.28-1 sample, where also the highest σUTS is reached (Table 4-9). 

Nevertheless, this occurs to the detriment of both uniform elongation (εu) and 

elongation to failure (εf), which are almost 50% inferior compared to those of the 

QP-0.25-5 and the QP-0.28-2 samples. All these factors result in a different strain 

hardening behavior in all samples. 

Table 4-9. Mechanical properties measured on the studied Q&P steel grades (σσ0.2, σσUTS, 
εεu, εεf, n). 

Specimen 
σσ0.2 
 (MPa) 

σσUTS 
(MPa) 

εεu 
(%) 

εεf 
(%) 

n 

QP-0.25-5 1119 1341 9.5 12.9 0.12 
QP-0.28-1 1207 1943 4.9 8.1 0.22 
QP-0.28-2 1034 1425 9.6 15.8 0.17 

 

4.3.2. Three-dimensional models of fracture surfaces for analysis of fracture 

behavior                                                                                                      

SEM images of fracture surfaces of the broken Q&P steel specimens are illustrated in 

Figure 4-15 a, b and c. It is seen that all three conditions show a combination of 

quasi-cleavage mode with ductile fracture one. For the quasi-cleavage facets, fracture 

propagates along transgranular paths producing fracture surfaces similar to those 

caused by pure metallic cleavage. This feature of quasi-cleavage is indicated by a white 
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0.53 kJ/m2 (Table 4-10). For example, a value of 20 kJ/m2 was reported for a 

maraging steel in [178], where dimples had a height of 200-300 µm. No any 

correlation between volume fraction of RA (Table 4-8) and the  - values is 

observed. These observations can be rationalized based on high fraction of 

interphase and grain boundaries in the multiphase Q&P steels along with small size 

of microconstituents and significant stress partitioning in the microstructure [20, 

162], which promote void formation at interphase boundaries, acting as potential 

sites for void nucleation [102]. This results in much lower size of dimples compared 

to that observed in other steels [178]. Indeed, the largest dimples found in the 

sample QP-0.25-5 having largest TM grains (Table 4-7) and highest volume fraction 

of TM (Table 4-8) speak in favor of this hypothesis. 

Table 4-10. The depth of dimples and the plastic strain energy to form a unit area of the 
dimple structure on the fracture surface (Rsurf). 

Specimen 
Dimples depth (h0) 

(µm) 
Rsuf 
(kJ/m2) 

QP-0.25-5 0.61  0.53 
QP-0.28-1 0.16  0.22 
QP-0.28-2 0.29  0.28 

 

4.3.2.2. Local and global fracture toughness  

In this section, the procedure to determine the local crack tip opening displacement 

at the moment of fracture initiation is shortly described. The SEM micrographs in 

Figure 4-19 show corresponding regions in the midsection of both halves of the 

broken DENT QP-0.25-5 sample.  
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toughness at the moment of fracture initiation. The -values are summarized in 

Table 4-11. Values of 4 ± 0.7, 2.8 ± 0.6 µm and 4.1 ± 1.5 µm are obtained for the 

QP-0.25-5, QP-0.28-1 and QP-0.28-2 samples, respectively. It can be seen that the 

average values of local fracture initiation toughness, , are not greatly affected by 

microstructure.  

Table 4-11. The results of fracture surface analysis and estimation of fracture toughness 
and crack growth resistance. 

Specimen 
KQ 

(MPa·m1/2) 
CODi - δδt  
(µm) 

Ji 
(kJ/m2) 

COD0.2 - δδ0.2  
(µm) 

J0.2 
(kJ/m2) 

CTOA 
(°) 

Rtot 
(kJ/m2) 

QP-0.25-5 148.8 ± 5.9 4 ± 0.7  8.7  15.7 ± 0.7  34.1  3.7  92.3 
QP-0.28-1 73.2 ± 0.1 2.8 ± 0.6 9.3  9.3 ± 0.8  31.3  1  49.7 
QP-0.28-2 117.2 ± 9.0 4.1 ± 1.5 10.1  22 ± 3.1  54.2  3  124.1 

 

The  -values can be subsequently transformed to -values, using the 

well-known relationship between the J-integral and COD [169] : 

=
1

 (Eq. 4-9) 

The parameter  in (Eq. 4-9) is a dimensionless constant that depends on the strain 

hardening coefficient =1⁄ , and on the reference strain, = ⁄. The 

average Ji -values are also listed in Table 4-11.  

An analogous procedure to that described above for the -values calculation was 

used in order to estimate the .-values. In this case, the profiles are arranged so 

that the crack propagation, ∆, is 0.2 mm from the fatigue pre-crack front, as 

depicted in Figure 4-20. The results from the . calculation (Table 4-11) show 

the same tendency to those obtained for the  estimation. However, the 

difference between . for the QP-0.28-2 and QP-0.25-5 samples is larger. 
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where b is the ligament length, 휂 the pre-factor in the formula to evaluate J, and m is 
estimated as:  

푚 = 휎
휎

· exp (푛)(1 + 푛) · 푛
 (Eq. 4-11) 

The calculated 푅 -values for the crack extension at the beginning of crack 
propagation are presented in Table 4-11. It is seen that the total crack growth 
resistance tends to increase with increasing volume fraction of RA (Table 4-8). When 
the fraction of RA increases from 7.5 % to 11.5% (in samples QP-0.28-1 and QP-
0.25-5, respectively), the 푅  -value is enhanced from 49.7 kJ/m2 to 92.3 kJ/m2. 
However, a slightly modest increment is observed when the RA fraction is further 
increased up to 23.8 % (QP-0.28-2), reaching a 푅 -value equal to 124.1 kJ/m2.  

As it was reported in Section 4.3.2.1, the energy required for formation of dimple 
structure of surface 푅   is very low in all specimens. Therefore, as 푅  (see Figure 

4-18), results from the addition of 푅  and 푅 , only a small percent of the plastic 

energy spent, is used to form the fracture surfaces. The remaining part is spent in the 
deformation process below the surface. This energy is thus required to produce the 
global crack opening angle in the crack path [178]. 

4.3.3. The principles of microstructural design in Q&P steels to improve 
their fracture properties 

Based on the results above, it can be concluded that fracture properties in Q&P 
steels can be tuned via intelligent microstructural design. A general recipe for 
improvement of fracture behavior of multiphase Q&P steel grades includes: 

• Control of the volume fraction, size and morphology of RA. Enhanced RA 
volume fraction slightly improves fracture initiation toughness (퐶푂퐷 ) and can 
significantly improve the crack growth resistance (푅 ). Austenite - martensite 
phase transformation can be also controlled via factors determining stability of 
RA, such as their size, carbon content, crystallographic orientation, etc [162]. 

• Matrix conditions can play an important role in determining fracture behavior 
of Q&P steels. In particular, the specific plastic strain energy required to form 
the micro-ductile structure per the unit area 푅  was found to be dependent 

on the TM grain size and volume fraction. In addition, local discontinuities 
originating cleavage initiation may be generated by the rupture of either UM 
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island formed during Q&P cycle, or UM formed by phase transformation of 
RA due to applied stress. 

4.3.4. Conclusions to Section 4.3 

Fracture behavior of the Q&P steels was analyzed by fracture testing of DENT 
specimens and quantitative fracture surface analysis. The values of the local crack tip 
opening displacement, crack opening angle and dimple height were experimentally 
measured. The energy required for formation of fracture surface and total crack 
growth resistance were calculated. It is demonstrated that: 

• Local fracture initiation toughness is slightly increased in the sample with the 
highest volume fraction of RA, whereas total crack growth resistance of Q&P 
steels is significantly improved with increasing volume fraction of RA due to 
the TRIP-effect delaying crack propagation. 

• Matrix conditions (volume fraction of TM and UM) can play important role 
in fracture behavior of Q&P steels. 

• Fracture properties of Q&P steels can be tuned via intelligent microstructural 
design, i.e. manipulation with volume fraction and morphology of RA and 
matrix conditions. 
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4.4. Fatigue behavior of Q&P steels 

This work focuses on the effect of microstructure on high cycle fatigue of Q&P steels 
and its evolution during cyclic loading. For this purpose, due to the excellent 
compromise between tensile properties and fracture behavior, the QP-0.25-5 and QP-
0.28-2 chemistries were analyzed. 

It is demonstrated that increased content of RA improves fatigue limit of Q&P steels 
that is related to delay of crack propagation due to austenite-martensite phase 
transformation. Increasing stress amplitude promotes austenite-martensite phase 
transformation during cycling. It is shown that size and crystallographic orientation 
of RA are the main factors determining its stability, whereas its shape and spatial 
distribution do not seem to affect it significantly. Fatigue crack initiation during 
fatigue testing with high stress amplitudes occurs by inter-granular cracking, whereas 
transgranular cracking controls fatigue crack initiation during cycling loading with 
lower stress amplitudes. Transgranular crack propagation dominates in the second 
stage of fatigue at all stress amplitudes. The final stage of fatigue is also not affected 
by the stress amplitude. It is suggested that fatigue life of Q&P steels can be 
enhanced via improvement of strength of grain/interphase boundaries. 

4.4.1. Microstructure of the Q&P processed steels before cyclic deformation                  

OIM phase maps with BCC phase (martensite) in blue and FCC phase (RA) in 
yellow superimposed with the gray scale band contrast of the studied samples are 
shown in Figure 4-22 and Figure 4-23 (top images).  
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Table 4-13 lists the measurements of volume fraction and carbon content of RA, as 
well as the volume fraction of TM and UM which were determined by X-ray 
diffraction and by EBSD analysis.  

Table 4-13. Volume fraction and carbon content (wt. %) of RA and volume fraction of 
UM and TM in the studied steel grades. 

Specimen 
Retained austenite 

(RA) 
Untempered 

martensite (UM)  
(%) 

Tempered 
martensite (TM)  

(%) (%) % C (wt.) 

QP-0.25-5 11.5 1.1 13.3 75.2 
QP-0.28-2 23.8 1 16.0 60.2 

 

Average volume fractions of RA 11.5 % and 23.8 %, along with carbon contents of 
1.1 and 1 wt. % were measured by XRD in the QP-0.25-5 and the QP-0.28-2 samples, 
respectively (Table 4-13). The localized EBSD scans yield significantly lower RA 
fractions than XRD before fatigue testing, being 6.3 % and 4.0 % for the QP-0.25-5 
and the QP-0.28-2 samples (Table 4-14), respectively.  

Table 4-14. Fraction of RA (%) measured by EBSD before and after fatigue testing at the 
distance of 1 mm from the fracture surface. 

Specimen 
Before 
fatigue 

High stress 
amplitude 

Low  stress 
amplitude 

QP-0.25-5 6.3 2.2 4.0 
QP-0.28-2 4.0 1.8 3.2 

 

It should be noted that although the spatial resolution of the EBSD technique is 
reasonably high (step size is ≈ 55 nm), the smallest austenite laths formed between 
the martensite plates, as observed with TEM, have sizes in the range of 20–100 nm 
[21, 77, 210]. The smallest laths can therefore not be resolved by EBSD but are 
detectable with XRD. Similar observations have been reported for various Q&P 
steels in [21, 183, 210]. Therefore, it can be concluded that the fraction of smallest 
austenite laths (film-like type) which are not detected by EBSD, is higher in the QP-
0.28-2 steel grade. 
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4.4.2. Tensile properties of Q&P steels 

As it was already discussed in Section 4.3.1, the tensile properties measured on the 
studied steel grades are summarized in Table 4-9. The reported differences in 
mechanical behavior can be related to the microstructure of the Q&P processed 
steels. Both steel grades have similar grain size of TM and RA. However, much 
higher volume fraction of RA in the QP-0.28-2 steel (23.8 %) results in lower yield 
strength, higher strain hardening exponent and higher ultimate tensile strength of 
the material. In addition, in the QP-0.28-2 sample, ductility may be enhanced due to 
the contribution of the high volume fraction of film-like RA that is present in the 
microstructure [60, 109, 210]. 

4.4.3. Cyclic behavior of Q&P steels 

Figure 4-24 shows the S-N curve for the QP-0.25-5 and QP-0.28-2 steel grades. At the 
higher stress amplitudes laying in the range of 500-600 MPa, experimental points for 
both Q&P steels are overlapping. The number of cycles, that the steels can endure 
before failure, tends to increase with decreasing stress amplitude. For the QP-0.28-2 

steel, the S-N curve becomes horizontal at the stress amplitude of S = 445 MPa at 
2·106 cycles, which can be referred to as the fatigue limit of the material [101]. 
However, the fatigue limit for the QP-0.25-5 steel could not be estimated, as all tested 
specimens broke achieving maximum number of cycles of 2·105 at the lowest stress 
amplitude of 425 MPa. Nevertheless, it is clear that the QP-0.28-2 steel grade shows 
higher fatigue limit compared to the other material (Figure 4-24). 

It is well known that in the HCF regime, fatigue life is governed by crack nucleation 
[101]. Thus, materials with higher resistance against fatigue crack initiation have 
higher fatigue life. Obviously, the resistance of the material to crack nucleation is 
determined by its microstructure. In the next section, the effect of microstructure on 
fatigue behavior of the Q&P steels and evolution of microstructure during cycling is 
analyzed. 
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testing and the results are listed in Table 4-14. Partial RA transformation takes place 
during cyclic loading, as can be seen in Table 4-14. In addition, for both chemistries, 
the RA fraction measured in the specimen after fatigue testing with the highest stress 
amplitude is inferior to that measured in the specimen with the lowest stress 
amplitude (Table 4-14). This agrees well with the results previously reported for TRIP 
steels in [121], where higher applied stresses resulted in higher volume 
transformation of RA, due to the higher contribution of mechanical driving force to 
the total driving force for martensitic transformation, and to the higher damage 
accumulation in the form of cyclic plasticity [211]. Despite the fact that in both cases 
the maximum stresses reached during cyclic testing are well below the 0.2 % proof 
stress value measured for the Q&P steel (Table 4-9), the local stress reached in the 
RA microconstituent should be superior to its 0.2 % proof stress due to significant 
stress and strain partitioning in the Q&P steels [162]. Recent electron microscopy 
studies have also shown that transformation of RA to martensite is triggered ahead 
of the fatigue crack tip, leading to a delay in fatigue crack growth [212]. This was 
indirectly confirmed in the present study, where the Q&P steel with the higher 
volume fraction of RA shows higher fatigue life at lower stress amplitudes. 

The evolution of the RA grain size and RA aspect ratio during cyclic loading at both 
fatigue regimes and for both chemistries was also studied (Figure 4-25).  
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Figure 4-25. Histograms of RA grain size (a,c) and RA aspect ratio distribution (b,d) in 
the QP-0.25-5 (a,b) and the QP-0.28-2 (c,d) samples before and after fatigue testing.  

For both compositions, the RA grain size distribution before fatigue testing is 
broader (Figure 4-25 a and c) and it becomes narrower with fatigue testing, 
surrounding a peak located at 0.2 µm. This means that the smallest RA grains were 
more stable against cyclic deformation [162] and/or that some coarse RA grains were 
partially transformed [77] and reduced their size. This tendency is more evident in 
the case of the samples tested with the highest stress amplitude, as the RA 
transformation is enhanced by the higher applied stresses. On the contrary, no clear 
conclusions can be drawn from the RA aspect ratio histograms in Figure 4-25 b and 
d. Therefore, it can be concluded that neither the shape of RA nor its spatial 
distribution can significantly affect stability of RA during cyclic loading. 

4.4.4.2. Effect of crystallographic orientation of RA on its stability during cycling 

The effect of crystallographic orientation of RA on its stability in cyclic loading was 
studied in this work. As an example, the ODFs in ϕ2 = 0°, 45° and 65° sections of 
Euler space for RA in the QP-28-2 sample before and after fatigue testing [95, 210] 
are presented in Figure 4-26.  
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Figure 4-26. Orientation distribution functions (ODFs) in ϕϕ2 = 0°, 45° and 65° sections 
for retained austenite in sample QP-0.28 before and after fatigue testing. 

All the important orientations typical for rolled and annealed FCC materials can be 

found in these sections. The series expansion method (with Lmax = 16) was employed 

for representing each ODF. It should be noted that identical color scales are used for 

all conditions (Figure 4-26). In the material before fatigue testing, orientations with 

highest intensities are located in the vicinity of the Brass B {011} <112>, P {011} 

<111> and Cube C' {001} <110> components (see Figure 4-26). In the specimen after 

fatigue testing with the lowest stress amplitude, the textures of RA are rather weak 

compared to those of the undeformed material. In addition, the weak Cube texture 

should have fully undergone the transformation to martensite, as it does not appear 

in the corresponding ODFs. Moreover, the Brass and P components seem to weaken 

their intensity. Similar observations can be also reported for the specimen after 

fatigue testing with the highest stress amplitude. The behavior of the Brass 

component is analogous and even more pronounced for this testing regime, as it 

weakens its intensity and/or rotates at the expense of other random components. In 

this case, both the Cube and P texture should have fully undergone the 
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It should be noted that Q&P processing leads to formation of a very complex 
multiphase microstructure, where there are numerous other factors affecting 
transformation stability of RA, such as the carbon concentration in the RA grains 
[84, 87], the constraining effect of the surrounding phases [92], etc. The stability of a 
given RA grain is always determined by interplay of all those factors, and it is an 
extremely complicated task to determine the contribution of each individual factor 
[86].  

4.4.5. Fatigue fractography analysis and mechanisms of fatigue crack 
initiation and propagation 

As it is described in Section 1.6, fatigue failure proceeds in three distinct stages. 
These three areas are depicted on the fatigue fracture surface for the QP-0.28-2 grade 
tested at the highest stress amplitude (Figure 4-28). The SEM image of the overall 
fracture surface is shown in the top left image, along with indication of the location 
of the stages I, II and III. Figure 4-28 (I) illustrates the inter-granular cracking 
mechanism which was responsible for fatigue crack initiation on the specimen 
surface. The size of the fatigue crack initiation area is ≈ 25 µm. Transgranular crack 
propagation mechanisms dominate in the second stage, though some small areas of 
intragranular crack propagation are also observed (Figure 4-28 (II)). Roughly, the 
surface formed by intragranular cracking is estimated at ≈ 10 %. Finally the ultimate 
ductile failure surface (Figure 4-28 (III)) consists of dimples resulting from the growth 
of small neighboring voids until the material between them necks down and ruptures 
[104]. Size of dimples is in the range of 1-10 �m. The large dimples are surrounded 
by smaller ones formed during coalescence of larger voids. 







Results and discussion 

 

- 125 - 

that is related to delay of crack propagation due to austenite-martensite phase 
transformation. Volume fraction of RA tends to decrease with increasing 
stress amplitude in fatigue testing. 

• Stability of RA against phase transformation during cyclic behavior is 
determined mainly by their size and crystallographic orientation, as in the case 
of monotonic uniaxial loading. Smaller RA grains show higher stability 
compared to the larger ones. The orientations with the highest transformation 
potentials transform first and the orientations with lowest transformation 
potentials transform later or remain stable. These tendencies are more 
pronounced at higher stress amplitudes. 

• Inter-granular cracking is the only mechanism for fatigue crack initiation 
during fatigue testing with high stress amplitudes, whereas transgranular 
cracking is responsible for fatigue crack initiation during testing with lower 
stress amplitudes. Transgranular crack propagation dominates in the second 
stage of fatigue independently on the stress amplitude. The final stage of 
fatigue is also not affected by stress amplitude. Hence, the fatigue life of Q&P 
steels can be enhanced via improvement of strength of grain/interphase 
boundaries. 
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5. CONCLUSIONS 

 

 

Following conclusions can be drawn based on the analysis of the outcomes of this 

work: 

• Q&P steels have a complex microstructure: Irregular-shaped blocks of TM 

constitute the major phase of the microstructure, whereas the others (i.e. UM 

and RA) are dispersed in the matrix. 

• The Q&P parameters significantly affect the microstructure of the studied 

steels, including size, morphology and distribution of microconstituents (RA, 

TM and UM), as well as the carbon content in RA. Mechanical properties of 

individual microconstituents are also strongly influenced by the Q&P 

parameters. 

• Tensile mechanical properties of the Q&P steel grades are determined by their 

microstructure, particularly the volume fraction and morphology of RA. In 

addition, the plastic deformation of the Q&P steels at the microscale has a 

very complex character. Maps of local plastic strain distribution consist of 

network-like plastic deformation bands interconnected at spots which can 

accumulate very high amount of plastic strain.  

• Matrix conditions (volume fraction and average grain size of TM and UM) 

play important role in fracture behavior of the Q&P steels. Local fracture 

initiation toughness is slightly improved with increasing volume fraction of 

RA, whereas the total crack growth resistance is significantly enhanced. 

• Fatigue behavior of the Q&P steels is determined by their microstructure. In 

the studied materials, it is improved with increasing volume fraction of RA 

due to delay of crack propagation related to austenite-martensite phase 

transformation. Grain size and crystallographic orientation of RA are the key 

factors determining its stability against cyclic loading. Inter-granular cracking is 

the only fatigue crack initiation mechanism at high stress amplitudes, whereas 

transgranular cracking dominates at lower stress amplitudes. There is no effect 

of stress amplitude on mechanisms of fatigue crack propagation in the second 

and third stages of fatigue. 
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6. FUTURE WORK 

 

 

The following areas of future work are envisioned: 

 

• The optimum Q&P microstructure for enhanced fracture properties must be 

resolved. In order to do so, next studies should deepen into the effect of 

microstructural constituents on the fracture behavior of the Q&P steels. 

Special attention should be paid to the effect of morphology of RA, TM and 

UM on the crack propagation and fracture toughness in Q&P steels. 

 

• As AHSSs appear as attractive candidates for construction engineering 

applications in arctic locations, their properties and behavior at low 

temperatures are to be investigated. Particularly, the effect of microstructure 

on the ductile-brittle transition temperature (DBTT) is of interest.  

 

• The present PhD thesis focuses on uniaxial tensile ductility of Q&P steels. As 

Q&P steels have complex microstructure with metastable RA, significant 

effect of stress state on ductility can be expected. Analysis of formability of 

these materials in biaxial stretching could shed a light on the effect of stress 

triaxiality on their mechanical behavior.  

 

• No reports on dynamic/crash behavior of Q&P steels can be found in the 

literature up to-date. Therefore, it might be interesting to analyze the 

impact/crash behavior of Q&P steels. In addition, the effect of individual 

phase constituents on the dynamic behavior of Q&P steels is worthy of 

investigation. Strain rate sensitivity studies could also provide valuable 

information on mechanical behavior of Q&P steels. 
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